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Abstract 

 

A modeling method is introduced for predicting the effect of microencapsulation 

on the electro-optical behavior of polymer cholesteric liquid crystal (PCLC) flakes 

suspended in a host fluid.  The electric field acting on the flakes is significantly altered as 

various materials and boundary conditions are explored.  The modeling predicts that test 

cells with multiple materials in the electric field path can have a wide range of electro-

optic responses in AC electric fields.  For DC drive conditions at high field strengths and 

test cell materials with low dielectric constants, electrophoretic behavior is observed for 

PCLC flakes.  Prototype test cells for several encapsulation configurations are 

characterized for their resulting electro-optical behavior.  The observed flake motions are 

in good agreement with the predicted results.  This modeling method is shown to be a 

useful predictive tool for developing switchable particle devices utilizing 

microencapsulated dielectric particles in a host fluid medium.   

This work further builds on previous research on flake motion in a host fluid 

suspension, exploring flake doping effects, both internal and surface coated.  Host fluids 

were also doped for increased conductivity and are explored for their effect on PCLC 

flake motion.  A low dielectric property host fluid doped with an aqueous salt solution 

and a surfactant is found to enable Maxwell-Wagner reorientation in a DC electric field.  

In an AC electric field the doped host fluid is found to have dual-frequency response 

enabling a reverse drive for PCLC flakes.  Below the turnover frequency, flakes align 

parallel to the electric field and above the turnover frequency the flakes align 

perpendicular.   
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colored with Basic Blue 3 dye23, encapsulated in a PDMS 

binder. (c) Commercial freeze fractured PCLC flakes in PC 

host fluid encapsulated in a PDMS binder.   Images all taken 

with a POM from the top view in reflection. 

 

70 

Figure 4.13 Schematic representation of microencapsulation through 

coacervation: (a) dispersed liquid or solid particles in a 

colloidal solution, (b) induction of phase separation, (c) 

deposition of microdroplets at the surface, and (d) fusion into a 

membrane, adapted from reference 26. 
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Figure 4.14 (a) An illustration of an assembled Coacervation encapsulation 

test cell. (b) Image of a gelatin-gum arabic capsule with Rec4 

PCLC flakes in DMS-E09 host fluid within an assembled 

Coacervation encapsulation test cell, shown without crossed 

polarizers. (c) Image of the capsule shown in (b) with crossed 

polarizers.  All images are taken with a POM in reflection. 
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Figure 4.15 Illustrations of sample holders used for impedance 

measurements.  The sample is depicted by an orange color for 

all versions. (a) Parallel plate capacitor set up used for solid 

sample measurements.  The effective electrode area is 20 mm 

in diameter. (b) Parallel plate set up used for liquid sample 

measurements.  The bottom electrode assembly acts as a cup to 

hold the liquid.  The effective electrode area is 20 mm in 

diameter. (c) Parallel plate set up used for materials in an E-O 

test cell, the test cell electrodes are the parallel plates.  The 

effective electrode area is ~25 mm x ~25 mm. 

 

79 

Figure 4.16 Impedance measurements of SIT7757 and air at the same 

sample thicknesses.  The plots shown are (a) the Z1 portion of 

the impedance and (b) the Z2 portion of the impedance.  The 

impedance scans as a function of frequency may be used to 

calculate materials properties such as sample resistance, 

conductivity and dielectric constant.  These data are an average 

of four scans.  Data tabulated in Appendix 11. 

 

81 

Figure 4.17 Calculated (a) conductivity (σ=3.4 x 10-9 S/m) and (b) 

dielectric constant (ε=2.6) for SIT7757 host fluid based on 

impedance measurements over a frequency range of 0.1 Hz to 

30 MHz for an electrode gap of 0.3 mm from Fig. 4.16.  These 

results are calculated from averaged impedance data (see text). 
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Figure 4.18 POM image of a 10 vol. % CB doped Rec4 PCLC flake 

showing the length and width dimensions. 
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Figure 4.19 The thickness of a 10 vol. % CB doped Rec4 PCLC flake as 

measured on a Zygo NewView 5000 surface profiler.  The 

thickness of the PCLC flake is 4.85 μm. 
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Figure 4.20 Surface roughness of Rec4 PCLC shaped flakes as measured 

on a Zygo NewView 5000 surface profiler.  The rms surface 

roughness shown is 201 nm. 
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Figure 4.21 The transmission and total reflectance spectra of PCLC films 

were measured using a Lamba 900 UV/Vis/NIR 

spectrophotometer.  (a) The transmittance of an uncoated glass 

microscope slide as a baseline measurement.  (b) The total 

reflectance of an uncoated glass microscope slide showing the 

Fresnel reflection across the spectrum of wavelengths. (c) The 

transmittance of a neat (undoped) PCLC film with the film 

surface exposed to the incident light. (d) The total reflectance 

of a neat (undoped) PCLC film. Red arrows and line highlight 

absorption at lower wavelengths of the PCLC films.  

 

90 

Figure 4.22 Plot of the observed electrophoretic translation times for 

undoped Rec3 shaped flake types in SIT7757 fluid for two 

Basic type test cells.   A log-log plot of the data shows the 

translation time has an x-1.9 dependence on the electric field 

strength. 
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Figure 4.23 Illustration of the set up for AC electric field frequency testing 

of E-O test cells.  AC power is supplied from the function 

generator, through an amplifier and to the E-O test cell. 
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Figure 4.24 Illustration of the set up for DC electric field testing of E-O 

test cells.  DC power is supplied directly from the Fluke High 

Voltage Power Supply to the E-O test cell. 
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Figure 5.1 Plots of the electric field magnitude for the Basic test cell 

configuration with each of three host fluids with a 7.5 Vrms (50 

mVrms/μm) potential applied.  The three host fluids are: (a) 

SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric 

field and resulting electrostatic torque acting on the flake and 

corresponding reorientation time for each host fluid type. 
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Figure 5.2 Plots of the electric field magnitude for the Microwell test cell 

configuration with each of three host fluids with a 7.5 Vrms (50 

mVrms/μm) potential applied.  The three host fluids are: (a) 

SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric 

field and resulting electrostatic torque acting on the flake and 

corresponding reorientation time for each host fluid type. 
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Figure 5.3 A dielectric material within a parallel plate capacitor may 

modify the electric field. (a) When a dielectric is inserted 

between two parallel plates as in a capacitor, the charge 

storage capacity increases but the electric field is unchanged.  

(b)  If more than one dielectric layer is added, then the electric 

field is altered within each material.  The term Ea represents 

the electric field in air/vacuum.  Dielectric materials reduce 

this value by 1/ε. 
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Figure 5.4 Plots of the electric field magnitude for the Microcube test cell 

configuration with each of three host fluids with a 7.5 Vrms (50 

mVrms/μm) potential applied.  The three host fluids are: (a) 

SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric 

field and resulting electrostatic torque acting on the flake and 

corresponding reorientation time for each host fluid type.  A 

negative value for the reorientation time indicates that gravity 

is the dominant force and the flake is relaxing to θ=0o, not 

reorienting.  
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Figure 5.5 Plots of the electric field magnitude for the Direct 

encapsulation type (I) test cell configuration with each of three 

host fluids with a 7.5 Vrms (50 mVrms/μm) potential applied.  

The three host fluids are: (a) SIT7757, (b) DMS-E09, (c) PC.  

(d) A summary of the electric field and resulting electrostatic 

torque acting on the flake and corresponding reorientation time 

for each host fluid type.  A negative value for the reorientation 

time indicates that gravity is the dominant force and the flake 

is relaxing to θ=0o, not reorienting.  
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Figure 5.6 Plots of the electric field magnitude for the Direct 

encapsulation type (II) test cell configuration with each of 

three host fluids with a 7.5 Vrms (50 mVrms/μm) potential 

applied.    The three host fluids are: (a) SIT7757, (b) DMS-

E09, (c) PC.  (d) A summary of the electric field and resulting 

electrostatic torque acting on the flake and corresponding 

reorientation time for each host fluid type.  A negative value 

for the reorientation time indicates that gravity is the dominant 

force and the flake is relaxing to θ=0o, not reorienting. 
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Figure 5.7 Plots of the electric field magnitude for the Coacervation 

encapsulation test cell configuration, all three host fluids have 

a 7.5 Vrms (50 mVrms/μm) potential applied. The three host 

fluids are: (a) SIT7757, (b) DMS-E09, (c) PC.  (d) A summary 

of the electric field and resulting electrostatic torque acting on 

the flake and corresponding reorientation time for each host 

fluid type.  A negative value for the reorientation time 

indicates that gravity is the dominant force and the flake is 

relaxing to θ=0o, not reorienting. 
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Figure 5.8 Comsol Multiphysics output of the electric field as a function 

of test cell geometry (insets highlight geometry).  The fluid 

surrounding the flake has the properties of propylene carbonate 

(ε=60, σ=1x10-4), the flake is PCLC (ε=2.2, σ=1x10-9), the 

encapsulating material (binder) is SU-8 3050 (ε=3.2, 

σ=2.13x10-8) and the applied voltage to the 150 μm thick cell 

is 7.5 V. The direction and size of the arrows represent the 

direction and strength of the electric field, the surface plot 

color also represents the strength of the electric field and the 

scale range is 0 (dark blue) to 106 (dark red) V/m.  Basic (a) 

and Microwell (b) configurations have uniform electric fields 

because the materials in the path of the electric fields have 

uniform dielectric properties.  Microcube (c) and Direct 

encapsulation (d) configurations have nonuniform electric 

fields because materials in the path of the electric fields have 

dissimilar dielectric properties.  The expanded view (e) shows 

the cross-over point in the electric field due to the vertical 

interface between the materials. 

 

114 



 xxxiii

List of Figures (continued) 
Figure Title Page
Figure 5.9 The effect of the electric field is shown as a function of fluid 

properties for a Microcube cell; (a) low ε,σ (SIT7757), (b) 

moderate ε,σ (DMS-E09) and (c) high ε,σ (PC). (d) 

Corresponding plot of predicted reorientation times for 

SIT7757 and DMS-E09 with an applied potential of 7.5 V to a 

150 μm thick cell as a function of AC frequency and host fluid 

type. The direction and size of the arrows represent the 

direction and strength of the electric field, the surface plot 

color also represents the strength of the electric field and the 

scale range is 0 (dark blue) to 106 (dark red) V/m. The terms 

ESIT, EE09 are the calculated electric fields acting on the PCLC 

flake for each host fluid.  No curve for PC is shown because 

EPC is insufficient to reorient the flake (see text). 
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Figure 5.10 Plots of the electric field distribution for the Microcube and 

Direct encapsulation test cell configurations.  All 

configurations use SU-8 3050 as the encapsulant.  The 

comparisons show that when an abrupt change in dielectric 

properties occurs at an interface non-normal to the propagation 

of the electric field between electrodes, distortions in the 

electric field occur.  (a) A Microcube cell with SIT7757 as the 

host fluid; (b) a Microcube cell with PC as the host fluid; (c) a 

Direct encapsulation type (II) cell with SIT7757 as the host 

fluid; (d) a Direct encapsulation type (II) cell with PC as the 

host fluid. 
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Figure 5.11 Predicted vs. observed flake reorientation times using DMS-

E09 as the host fluid in an AC electric field; (a) Basic test cell 

configuration, (b) Microwell test cell configuration, (c) 

Microcubes test cell configuration, and (d) Direct 

encapsulation type (I) test cell configuration.  A, B, and C are 

labels that refer to three individual test cells.  The differences 

between predicted and observed values are likely due to low 

ion mobility in the DMS-E09 host.  Data are tabulated in 

Appendix 8.  Data for predicted reorientation times are 

tabulated in Appendix 8.  The dielectric properties of the test 

cell materials are considered constants for these predictions.  

Frequency dependence for ε and σ are tabulated in Appendix 

11. 

 

121 

Figure 5.12 The predicted reorientation times are a function of the electric 

field magnitude acting on the flake for a Basic test cell 

configuration.  The minimum reorientation time and width of 

the curves are a function of electric field magnitude only and 

not a function of test cell configuration. 

 

122 

Figure 5.13 The observed PCLC flake translation times in SIT7757 are a 

function of applied DC electric field magnitude and test cell 

geometry. All configurations follow the same relationship, the 

translation time decreases with increasing electric field 

strength.  A log-log plot of the translation time shows an xy 

dependence on the electric field strength, (basic y=-1.9, 

microwell y=-1.5, microcube y=-1.3, direct y=-1.3).   Data are 

tabulated in Appendix 9. 
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Figure 5.14 Material and geometry effects on the electric field for 

microencapsulated flake/host fluid suspension (applied 

potential of 7.5 Vrms and a 150-μm cell gap). The color bar 

scale for the electric field’s magnitude on all plots has a range 

of 0 (dark blue) to 106 (dark red) V/m. (a) PCLC flake 

suspended in a low dielectric constant host fluid encapsulated 

in a low dielectric constant binder (e.g., SIT7757 in PVA) 

shows high electric field magnitude in the host fluid. (b) PCLC 

flake suspended in a moderate dielectric constant host fluid 

encapsulated in a moderate dielectric constant binder (e.g., 

DMS-E09 in Gum Arabic) shows high electric field magnitude 

in the host fluid. (c) PCLC flake suspended in a moderate 

dielectric constant host fluid encapsulated in a low dielectric 

constant capsule, 1-μm-thick capsule wall, dispersed in a 

moderate dielectric constant binder (e.g., DMS-E09 

encapsulated in a PVA capsule dispersed in a SU-8 3050 

binder) shows high electric field magnitude in the host fluid.  

(d) A summary of the electric field and resulting electrostatic 

torque acting on the flake and corresponding reorientation time 

for each of the three scenarios shown in (a), (b), and (c).  The 

difference in the plots of electric field strength for (a), (b), and 

(c) are caused by material changes only. 
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Figure 5.15 Material and geometry effects on the electric field for 

microencapsulated flake/host fluid suspension (applied 

potential of 7.5 Vrms and a 150-μm cell gap). (a) PCLC flake 

suspended in a high dielectric constant host fluid directly 

encapsulated in a low dielectric constant binder (e.g., PC 

emulsified into a PDMS binder) with a 1-μm gap between the 

electrodes and capsule wall shows low electric field strength in 

the host fluid. (b) PC emulsified into a PDMS binder, as in (a), 

but now the capsule bridges the gap between the electrodes, 

resulting in a moderate electric field magnitude in the host 

fluid. (c) plot showing the increase in electric field magnitude 

as the gap between the capsule wall and electrode decreases. 
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Figure 6.1 Images of doped SIT7757 fluid variations aged over a three 

day period.  The formulation of SIT7757 doped with 0.475% 

water and 0.025% NaCl, labeled as (D), enables the reverse 

drive mechanism and is shown clearing with time. 
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Figure 6.2 There are significant differences between microscopy images 

for emulsions with and without NaCl added. (a) SIT7757 host 

fluid and commercial flakes with AOT (1%), water (0.5%) 

added, shown at 100x magnification in reflection; the water 

droplets or micelles are visible and the flakes appear to clump.  

(b) There are no micelles visible in the image of SIT7757 host 

fluid and commercial flakes with AOT (1%), water (0.475%) 

and NaCl (0.025%) added, shown at 100x magnification in 

reflection.  (c) There are no micelles visible in the image of 

SIT7757 host fluid and commercial flakes with AOT (1%), 

water (0.475%) and NaCl (0.025%) added, shown at 1000x 

magnification in reflection.    
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Figure 6.3 Impedance measurements for doped SIT7757 host fluid 

variants where (a) shows the Z1 impedance and (b) shows the 

Z2 impedance.  Doped fluids were tested less than 1 hour after 

emulsification and data are an average of four scans for each 

fluid variant at a sample thickness of 150 μm.  Data are 

tabulated in Appendix 11. 
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Figure 6.4 Conductivity measurements for doped SIT7757 host fluid 

variants.  Doped fluids were tested less than 1 hour after 

emulsification and the data are an average of four scans for 

each fluid variant at a sample thickness of 150 μm.  Data are 

tabulated in Appendix 11. 
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Figure 6.5 Impedance measurements for doped SIT7757 host fluids from 

1 Hz to 3000 Hz.  (a) The Z1 impedance shows a distinct 

difference above and below a transition value of ~60 Hz for 

the water/NaCl doped SIT7757 fluid from the other two 

variants.  (b) The Z2 shows a distinct difference from the other 

two variants only at frequencies lower than the transition 

frequency of ~60 Hz.  Doped fluids were tested less than 1 

hour after emulsification and plotted values are an average of 

four scans of each fluid variant at a sample thickness of 150 

μm.  Data are tabulated in Appendix 11. 
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Figure 6.6 Plot of the dielectric constants for doped SIT7757 host fluids 

calculated between 1 Hz and 3000 Hz.  Doped fluids were 

measured less than 1 hour after emulsification and based on 

four impedance scans for each fluid variant at a sample 

thickness of 150 μm.  Data are tabulated in Appendix 11. 
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Figure 6.7 Plot of reorientation times in a Basic type test cell as a function 

of DC electric field magnitude for PCLC flakes in doped SIT 

host fluid (1% AOT, 0.475% water, 0.025% NaCl). A log-log 

plot of the reorientation time shows a xy dependence on the 

electric field strength, (209 y=-2.9, 215 y=-2.3). 
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Figure 6.8 Plot of AC reorientation (color off) and reversal (color on) 

times as a function of frequency for PCLC flakes in a SIT host 

fluid doped with 1% AOT, 0.475% H2O, and 0.025% NaCl, 

within a Basic test cell. (a) Test cell #209 at 233 mV/um, cell 

gap~150 μm; the flakes align parallel with the electric field 

<40 Hz and the flakes align perpendicular with the electric 

field >50 Hz.  (b) Test cell #215 at 233 mV/um, cell gap~150 

μm; the flakes align parallel with the electric field <20 Hz and 

the flakes align perpendicular with the electric field >40 Hz. 
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Figure 6.9 Plot of AC reorientation (color off) and reversal (color on) 

times for a Microcube test cell as a function of frequency for 

PCLC flakes in a SIT7757 host fluid doped with 1% AOT, 

0.475% H2O, and 0.025% NaCl. The turnover frequency is 

lower than for a Basic test cell type and the reorientation times 

are slower.  Electric fields applied are ~267 mVrms/μm and the 

turnover frequency is ~5 Hz. 
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Figure 6.10 The turn over frequency decreases as the age of the test cell 

increases.  Data shown for Basic and Microcube type test cells 

with doped SIT7757 host fluid and commercial freeze 

fractured PCLC flakes with an AC electric field applied.  Lines 

are drawn to guide the eye.  Devices 209, 211 and 213 had an 

electric field of ~276 mVrms/μm applied.  Device 219 had an 

electric field of ~250 mVrms/μm applied and device 220 had 

~286 mVrms/μm applied. 
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Figure 7.1 The dispersion of a conductive dopant in a polymer matrix 

(flake or film) has a significant influence on the conductivity 

of the composite.  (a) An undoped film has low conductivity 

across the polymer matrix.  (b) A doped film with CB type 

particles well dispersed in the polymer matrix has low 

conductivity.  (c) A doped film with CB type particles forming 

conductive chains across the polymer matrix has increased 

conductivity.  (d)  A doped film with CB type particles 

forming conductive chains but the chains do not bridge across 

the film has low conductivity.  
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Figure 7.2 Electron microscopy images of green Rec4 undoped shaped 

flakes. (a) The red circle highlights the area of interest on the 

flake used for all four images. (b) As magnification is 

increased a spiral surface structure becomes visible. (c) The 

spiral structures are approximately 1.5μm in diameter. (d) The 

ridges of the spirals have approximately 200 nm of separation. 

The flakes were coated with ~3 nm of gold to eliminate 

charging before imaging.3
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Figure 7.3 SEM image of Rec4 shaped flakes internally doped with 10 

vol. % of CB without any conductive overcoat.  The distortion 

of the flake appearance is due to charging, but charge build up 

would be much higher with out flake doping, and no useful 

imaging would possible. 
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Figure 7.4 A Basic test cell configuration is illustrated in (a) containing a 

layered Rec3 flake in a host fluid used for modeling of doped 

flake behavior.  The Comsol Multiphysics finite element mesh 

used to model the test cell is shown in (b). 
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Figure 7.5 Electric field (Vrms/m) calculated for the doped flake variations 

in SIT7757 host fluid.  The Basic cell configuration has 5 Vrms 

applied and a 50 μm cell gap.  White surface plot color 

indicates a negative electric field value as calculated by 

Comsol Multiphysics. 
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Figure 7.6 Electric field (Vrms/m) calculated for the doped flake variations 

in DMS-E09 host fluid.  The Basic cell configuration has 5 

Vrms applied and a 50 μm cell gap.  White surface plot color 

indicates a negative electric field value as calculated by 

Comsol Multiphysics. 
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Figure 7.7 Electric field (Vrms/m) calculated for the doped flake variations 

in PC host fluid.  The Basic cell configuration has 5 Vrms 

applied and a 50 μm cell gap. 
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Figure 7.8 Plot of the observed electrophoretic translation times for each 

of the doped Rec3 shaped flake types in SIT7757 fluid.  

Increasing the flake σ lowers voltage needed for EP motion 

and decreases translation times.  Designations (1) and (2) refer 

to two doping samples for each doping state. A log-log plot of 

the data shows the translation time has a xy dependence on the 

electric field strength, (undoped y=-1.9, CB 10% y=-3.8, 

PEDOT y=-2.9). 
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Figure 7.9 Plot of the zeta potentials from Table 7.8 for each of the test 

cells, measured and grouped by dopant type. 

 

180 

Figure 7.10 Three sets of total reflectance and transmittance measurements 

are shown for the doped PCLC films used in this work. (a) The 

transmission profile for a neat (undoped) PCLC film with the 

film surface exposed to the incident light.  Red arrows and line 

highlight absorption at shorter wavelength of the PCLC films. 

(b) The reflection profile for a neat (undoped) PCLC film. (c) 

The transmission profile for a PCLC film uniformly doped 

with 10 vol. % of CB VPA90 with the film surface exposed to 

the incident light. (d) The reflection profile for a PCLC film 

uniformly doped with 10 vol. % of CB VPA90. (e) The 

transmission profile for a surface doped PCLC film with a 

layer of PEDOT/PSS on top and the surface of the 

PEDOT/PSS exposed to the incident light.  The measurements 

plotted do not include any correction for Fresnel reflection. 
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Figure 7.11 Three sets of total reflectance and transmittance measurements 

for multi-layered films used in this work. (a) A transmission 

profile for a 2-layer film where both colors (blue and green), of 

left handed circularly polarized light are reflected. (b) A 

reflection profile for a 2-layer film where both colors (blue and 

green), of left handed circularly polarized light are reflected. 

(c) A transmission profile for a 3-layer film where only the 

blue color is reflected because the black middle layer blocks 

transmission to and reflection from the green layer. (d) A 

reflection profile for a 3-layer film where only the blue color is 

reflected because the black middle layer blocks transmission to 

and reflection from the green layer. (e) A transmission profile 

for a 2-layer film where the top green layer reflects left handed 

circularly polarized light and the bottom black layer blocks 

light transmission. (f) A reflection profile for a 2-layer film 

where the top green layer reflects left handed circularly 

polarized light and the bottom black layer blocks light 

transmission.  The measurements plotted do not include a 

correction for Fresnel reflection from the multiple PCLC 

layers and glass microscope slide surface. 

 

186 

Figure A.1.1 Writing a phase grating into a cholesteric liquid crystal.  RCP 

and LCP denote the polarization of the light (right- and left-

handed circularly polarized, respectively) used to illustrate 

different regions of the CLC and so form a grating.  The RCP 

light is reflected by the right-handed cholesteric helix, whereas 

the LCP light is transmitted.  Adapted from reference 1. 
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Figure A.4.4.1 Roll mill setup for mixing flake/host fluid suspensions in 

aqueous PVA solutions.  Four vials are shown mounted in the 

outer four slots.  The materials are mixed by wall shear in the 

vials. 

 

223 

Figure A.6.1 Two views of the Solartron impedance gain/phase analyzer 

showing the cabling hookup for the Solartron 1296 2A sample 

holder with the solids parallel plate electrodes installed. 

Diagram shows cable layout used in set up. 
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Figure A.6.2 Sample holder for E-O test cells, clamps supply power to test 

cell as shown in picture on the left. 
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Figure A.6.3 The Sweep Frequency settings are shown. 
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Figure A.6.4 The analyzer settings are shown. 
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Figure A.6.5 The current settings are shown. 
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Figure A.6.6 The interface settings are shown. 
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ai length of i semi-axis of the ellipsoid  

A area of electrode in contact with the sample 

A amp 

μA microamp 

Ai depolarization factor in the i direction 

AC alternating current 

AOT Aerosol OT-100 

α absorption coefficient 

C capacitance 

Ca  capacitance of air 

CEi electrostatic torque constant in the i direction 

CGi gravitational torque constant in the i direction 

CHi hydrostatic torque constant in the i direction 

CB Carbon Black 

CB VPA Carbon Black Vulcan PA 90 

ChLC polymer stabilized cholesteric liquid crystal 

ChLCD cholesteric liquid crystal display 

CLC cholesteric liquid crystal 

d cell thickness (gap) 

di thickness of material i 

DC direct current 

EP  electrophoresis 

EPD electrophoretic particle display 

ε dielectric constant (relative permittivity) 

εi material i dielectric constant 
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List of symbols and abbreviations 

(continued) 

εο permittivity of a vacuum 

εp PCLC flake dielectric constant 

εh host fluid dielectric constant 

εPC dielectric constant of propylene carbonate 

εE09 dielectric constant of DMS-E09 

εSU8 dielectric constant of SU8 

E electric field 

Ei electric field in material i 

E0 normal component of the electric field 

Ex x-component of the electric field 

Ey y-component of the electric field 

Ez z-component of the electric field 

Ea electric field in air/vacuum 

E-O electro-optic 

E09 DMS-E09  

FEA finite element analysis 

Fig. figure 

Figs. figures 

FWHM Full width half maximum 

Hz hertz 

IP Interfacial polarization 

kHz  kilohertz  

MHz megahertz 

g gram 

IMOD interferometic modulation 

ITO indium tin oxide 

k extinction coefficient 

kg kilogram 
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List of symbols and abbreviations 
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Ki
* Clausius-Mosotti factor 

κο coupling coefficient 

λ wavelength of selective reflection 

λο peak wavelength of selective reflection 

L thickness 

LCD liquid crystal display 

LHCP left handed circularly polarized 

MEMS microelectromechanical systems 

M meter 

mm millimeter 

μm micron 

min minutes 

MMA methyl methacrylic acid 

MW Maxwell-Wagner 

μe electrophoretic mobility 

n index of refraction  

n  average refractive index of the nematic substructure 

0n  ordinary index of refraction of the nematic sublayers 

en  extraordinary index of refraction of the nematic sublayers 

Δn birefringence 

nm nanometer 

N newton 

NA not applicable 

n/a not applicable 

n/m not measured 

η dynamic viscosity 

ηo viscosity of host fluid 

ηp viscosity of PCLC material 
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NCR no carbon required 

Ωi angular velocity of a PCLC flake 

π pi 

P helical pitch length of the cholesteric liquid crystal 

PC propylene carbonate 

PCLC polymer cholesteric liquid crystal 

PIPS polymerization induced phase separation 

PEDOT/PSS poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

POM polarizing optical microscope 

PVA polyvinyl alcohol 

PDMS polydimethyl siloxane 

R resistance 

Req equivalent resistance 

Rec3 rectangular 3:1 ratio 

Rec4 rectangular 4:1 ratio 

RHCP right handed circularly polarized 

Ri fresnel reflection 

RT total reflection 

ρp density of PCLC flake 

ρh density of host fluid 

s second 

S siemens 

SEM scanning electron microscope 

SIT SIT7757 

σ conductivity 

σi conductivity of material i 

σp PCLC flake conductivity 

σh host fluid conductivity 
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Chapter 1 
 

Motivation and objectives of the thesis 
 

In recent years a new family of image display devices has appeared in the 

commercial market.1  Reflective particle displays have many advantages over 

traditional emissive displays because they can be thin, flexible, lightweight and 

require no backlight when ambient light is available, all while having low power 

consumption.2, 3  Reflective particle displays are promoted as paper-like displays and 

are targeted toward applications such as electronic paper, handheld devices, wireless 

updatable labels, billboards and wearable displays.  Polymer Cholesteric Liquid 

Crystal (PCLC) flake technology belongs in this class of reflective particle displays; it 

offers the possibility to meet many of the requirements for electronic paper, such as 

full color display, high reflectivity, low power consumption and bright saturated 

colors without the use of color filters or polarizers.3   

PCLC flake technology is still relatively new. This research is focused on 

developing an understanding of materials issues regarding the electro-optic behavior 

of microencapsulated polymer cholesteric liquid crystal flakes, a medium not 

previously modeled in our group.  This is a next step in the process of 

commercialization, since flexible displays will require microencapsulation of the 

flakes.  The specific objectives of this research are listed below. 

1. Extend the understanding of PCLC flake technology into a microencapsulated 

system. 
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a. Develop a modeling method to predict the Maxwell-Wagner 

polarization type behavior of microencapsulated PCLC flake/host fluid 

suspensions. 

b. Compare model predictions with experimental data. 

c. Develop techniques to microencapsulate various flake/host fluid 

suspensions. 

d. Develop techniques to construct and test electro-optic cells with 

microencapsulated PCLC flake/host fluid suspensions. 

e. Expand PCLC flake technology by introducing a variety of 

microencapsulation materials for the AC and DC regimes. 

f. Confirm the main mechanisms that drive microencapsulated flake 

motion in the AC and DC regimes. 

g. Determine critical factors for optimal PCLC flake motion in a 

microencapsulated system. 

2. Extend the understanding of PCLC flake materials and flake manufacturing 

strategies. 

a. Expand the manufacturing techniques for shaped PCLC flakes. 

b. Expand understanding PCLC flake doping effects, internal versus 

surface doping. 

c. Expand manufacturing techniques and materials for layered PCLC 

flake manufacture. 
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3. Extend understanding of host fluid doping effects on the electro-optic 

behavior of PCLC flakes. 

a. Expand PCLC flake technology by introducing new materials for host 

fluid doping. 

b. Expand understanding of mechanisms that drive PCLC flake motion in 

a doped host fluid. 

 

 
References: 
 

1. R. Zehner, "Display Week 2008 Review: Reflective Displays and E-Paper," 

Information Display 24, 12-16 (2008). 

2. T. Z. Kosc, "Particle Display Technologies become E-Paper," Optics & 

Photonics News 16, 17-23 (2005). 

3. K. L. Marshall, T. Kosc, A. Trajkovska-Petkoska, and S. D. Jacobs, "Polymer 

Cholesteric Liquid Crystal (PCLC) Flake/Fluid Host Electro-Optical 

Suspensions and Their Applications in Flexible Reflective Displays," in 

USDC Flexible Microelectronics and Displays Conference, (Phoenix Arizona, 

2006). 

 

 

 



 4

Chapter 2 

Introduction 

This chapter begins by giving a brief overview of polymer cholesteric liquid 

crystal (PCLC) flakes and their reflective properties.  Next, the application of PCLC 

flakes to switchable particle devices and the current state of particle display 

technology is reviewed.  A summary is then given of previous research covering the 

electro-optical behavior of PCLC flakes. Lastly, a description and introduction to 

microencapsulation as it applies to PCLC flake/host fluid suspensions is given. 

 

2.1. Polymer Cholesteric Liquid Crystal Flakes 

Polymer cholesteric liquid crystal (PCLC) flakes are micrometer scale 

platelets of PCLC material either generated by freeze fracturing of molecularly well-

aligned, environmentally robust macroscopic PCLC films or formed in controlled 

shapes and sizes by means of a number of photolithographic, molding, or stamping 

techniques (Fig. 2.1).1-3  Both processes rely on shear stress applied to the PCLC 

material surface during film or particle formation to align the cholesteric helical 

structure normal to the film surface. The unique temperature stability, circular 

polarization and selective wavelength reflection of the parent films are preserved 

during the flake manufacturing process.4   
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Figure 2.1. Methods for forming PCLC flakes from either molecularly well-aligned parent films: blade 
coated film on a 4-in.-diameter polished silicon wafer (left), freeze fractured into flakes (top right), or 
shaped flakes made by soft lithography (bottom right).5 
 

First developed in the 1990s for passive optical applications, PCLC flakes 

display a Bragg-like (selective) reflection effect, where incident light of a specific 

wavelength and (circular) polarization component is strongly reflected from the flake 

to produce highly saturated, circularly polarized colors. Selective reflection occurs 

when the wavelength, λ, of incident light satisfies the condition  (where  and 

P are the average refractive index of the nematic substructure 

Pn
_

=λ
_
n

( )
⎥⎦
⎤

⎢⎣
⎡ +

=
2

_
eo nnn  and the 

helical pitch length, respectively, of the PCLC material).  This “selective reflection” 

is due to the helical structure inherent to the PCLC material and can be designed to 

reflect either left- or right-handed circularly polarized light, depending on the 

molecular structure of the PCLC polymers from which they are comprised (Fig. 2.2). 
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The individual color states depend on the flake’s helical pitch length which may be 

tuned from the deep UV (nm scale) to the IR (μm scale) region, including the entire 

visible spectrum.  The handedness of the PCLC material is determined by the 

direction of helical twist along the path travelled by the light through the PCLC 

material.  In Fig 2.2, left-handed circularly polarized light is reflected because the 

nematic layers are arranged in a counterclockwise helix (left-handed).  The circular 

polarization convention followed in this work is described in Appendix 1. 

 

P CLC Film

Left-Handed 
Circularly 
Polarized Light 
Reflected

Right-Handed 
Circularly 
Polarized Light 
Transmitted

Unpolarized
Incident Light

λ=nP

P CLC Film

Left-Handed 
Circularly 
Polarized Light 
Reflected

Right-Handed 
Circularly 
Polarized Light 
Transmitted

Unpolarized
Incident Light

λ=nPλ=nP

 

Figure 2.2.  Cholesteric Liquid Crystal selective reflection.  Light is reflected of a specific wavelength 
(green in the illustration) and handedness of polarization.  The left side of the diagram illustrates 
schematically a set of nematic layers rotated slightly from each adjacent layer and eventually rotating 
360o (one pitch length, P).  Each layer shown in the figure is made up of hundreds of layers.  The small 
black arrows represent the general direction of orientation for the molecules in each nematic layer.  
Adapted from references 6 and 7. 
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In addition to the pitch length, the actual color reflected by PCLC flakes 

depends on the angle of observation, as illustrated in Fig. 2.3.  Bragg-like selective 

reflection occurs at incident light wavelengths that satisfy the 

relationship ϕλ cosPn= , for si ϕϕ = .7 

 

 

 
 

ϕ i ϕ s

Vary observation 
angle 

Vary flake orientation 
angle for fixed observer 

 

Figure 2.3.  Reflected color of a PCLC flake depending on the angle of observation where 
ϕλ cosPn= , for si ϕϕ = , adapted from reference 8. 

 

2.2. Application of PCLC flakes to switchable particle devices 

Switchable particle-based technologies are of increasing interest for a number 

of applications, as industry looks to develop products with unique optical properties 

and capabilities.  An obvious application for switchable reflective particles is 

information displays requiring low power consumption and paper-like color images 

using ambient light.  A PCLC particle display does not require polarizers or 

backlighting in daytime light conditions and would be uniquely suited for point of 

sale devices, portable devices and flexible media on either flat or curved surfaces (e.g. 
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large-area signs, automobile dashboards, heads-up displays and electronic paper).  

The reflective display (e-paper) market is predicted to grow dramatically in the 

coming years as it moves into applications currently dominated by traditional paper.  

The plot in Fig 2.4 illustrates the trend for e-paper market revenue predicted by 

Corning Incorporated.9 

 

Figure 2.4.  World wide application market revenue prediction for e-paper, source: Peter Bocko, Chief 
Technology Officer, Corning East Asia, Corning Incorporated.9  [Image used with permission]. 
 

The current state of technology for reflective displays and e-paper can be 

broken down into four categories: particle based reflective displays (electrophoretic), 

dye based reflective displays (electrowetting), bistable reflective LCDs (polymer 

stabilized cholesteric liquid crystals and switchable surface alignment), and 

microelectromechanical systems (MEMS) based reflective displays [interferometic 

modulation (IMOD) and photonic crystals].  PCLC flake technology for reflective 
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displays uses particles for reflection in a way that is similar to an electrophoretic 

particle display (EPD), but based upon the unique reflective properties of cholesteric 

liquid crystal (CLC) materials used in polymer stabilized CLC displays.  These 

technologies also share the use of microencapsulation and similar display device 

structures as a means to manufacture rigid or flexible displays.   

E Ink’s VizplexTM film, an EPD, is the dominant e-paper technology in 

today’s market.  E Ink’s product consists of a film of microencapsulated “electronic 

ink” (colored particles in a host fluid), coated onto a thin plastic substrate.  When the 

coated plastic substrate is laminated on to a pixilated backplane, the particles within 

the microcapsules can be rearranged with an electric field to display an image. As is 

shown in Fig. 2.5(a), the charged particles are attracted toward the oppositely charged 

electrode when an electric field is applied. This creates an image from the contrast 

between the two types of colored particles as shown in Fig. 2.5(b).10, 11    Companies 

using E Ink’s technology in their products include Samsung, LG Display, and 

Polymer Vision as well as many smaller companies.10, 12  The most well known 

product using this technology is Amazon’s “Kindle”, a wireless electronic reading 

device, Fig 2.6.13  Another soon to be released product also using E Ink technology is 

the ReadiusTM by Polymer Vision.  The ReadiusTM is a mobile device with a rollable 

display as shown in Fig. 2.7.14  One of the drawbacks to these electrophoretic type of 

devices is that the reflectivities (theoretical light out/light in) are typically only 40% 

for black and white images while paper is ~70%.10, 15  Also, the filters necessary to 

 



 10

create a color EPD display can reduce the reflectivity by as much as 60% to give only 

~24% reflectivity overall.16 

 

a)  

 

b) 

Figure 2.5.  a) An illustration of microencapsulated E-Ink particles and host fluid demonstrating how 
E Ink technology works. b) Two cell phone displays are shown contrasting an E-Ink 2-color particle 
display with an inset highlighting the use of microcapsules and a typical cell phone with a backlit LCD 
display.11  [Images used with permission.] 
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Figure 2.6.  Amazon Kindle, a wireless reading device using E Ink’s Visplex film as the reflective 
particle display.13, 17  [Image used with permission.] 
 

Figure 2.7. Readius™, a mobile device with a rollable display made by Polymer Vision, allows a 
display larger than the device itself to be incorporated into the design.14  [Images used with 
permission.] 
 

Recent publications have indicated new research on solving some of the 

limitations of electrophoretic displays.18, 19  This research involves grayscale and 

color rendition in electrophoretic displays without using color filters.  Both 

approaches use in-plane electrophoresis to move colored particles in and out of the 

viewing path.  Grayscale is achieved by the number and color of particles in the 
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viewing path and controlled by the magnitude of voltage applied.  An illustration of 

this concept is shown in Fig. 2.8.  It shows a subtractive color scheme and stacked 

layers with a yellow and cyan suspension above a magenta and black suspension on 

top of a white reflector.  Each layer can be switched to a reflective state to realize all 

color combinations.  The reported brightness is as high as 48% with a contrast ratio of 

7:1.19 These values are comparable to that of a commercial e-paper device (E Ink’s 

Vizplex film). 

+ - - - - - - - - - - - - - - - - - - - + + + 
+ + + + 

+ + + + + + + + + + + 

- - - - - - - - - - - - - - - - - - - 

+ 
+ 

+ + + + + + 
+ 

+ + 
+ + 

+ + + + + + 

V

V

Electrode 
White reflector 

Transparent substrate 

_ + 

_ + 

 

Figure 2.8.  A schematic illustration of a full-color concept for electronic paper is shown using two 
stacked layers for full color pixels.  All applied voltages are 10 V or less and the magnitude of voltage 
controls the levels of grayscale in the viewing path.  The particles are suspended in a low dielectric 
property fluid.  Adapted from reference 19. 

 

Kent Displays Inc., is the market leader in polymer stabilized CLC displays.  

Their displays consists of a film of microencapsulated polymer stabilized CLC coated 

onto various substrates. They have produced both rigid and flexible displays and, 
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depending on their application, use one of two encapsulation methods: 

polymerization induced phase separation (PIPS) or emulsification as illustrated in 

Fig. 2.9.20  When coated onto a pixilated backplane, the polymer stabilized CLC can 

be oriented with an electric field to either a reflective planar (helix in line with 

electric field) or transmitting focal conic (random helical alignment) orientation. 

 

Polymer Binder CLC
Substrates

Electrodes

On / Reflect Off / Transmit 

Figure 2.9. Schematic diagram of the CLC display cross-section. The polymer stabilized CLC 
droplets (emulsion has the same form) are shown reflecting with the CLC molecule helical structure in 
a planar state, and transmitting when in a focal conic state. Adapted from reference 20. 
 

 

Figure 2.10. CLC displays in USB flash drive and portable hard drive applications.21  [Image used 
with permission] 
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A current disadvantage of CLC displays is their limited resolution of 100 dpi, 

and therefore the market targeted is segmented displays such as USB displays where 

low power and bistability are key to success.  Examples are shown in Fig. 2.10.21  

Another disadvantage is that each layer of CLC can reflect only one handedness of 

circularly polarized light, therefore reflectivities are a maximum of about 40%, 

similar to EPD devices.  Typical CLC displays require high peak drive voltages (~35 

Vrms) to switch reflective states, a constraint also found in current commercial EPD 

devices. 

Due to their intrinsic selective reflection, PCLC flakes can provide bright, 

saturated colors in particle display applications without the need for additional color 

filters and polarizers.5  PCLC flake materials can reflect either right- or left-handed 

circularly polarized light, depending on their composition and structure. Composite 

PCLC flake systems composed of either stacked left- and right- handed PCLC 

materials, or a half-wave plate material sandwiched between two materials of the 

same handedness can potentially lead to particle displays with reflectivities 

approaching 80%.22  

Other applications suitable for PCLC flakes include switchable and tunable 

devices for color manipulation (i.e. switchable or tunable color filters), switchable 

and tunable optical retardation  or modulation elements for polarized light at desired 

wavelengths or bandwidth, switchable micropolarizers, switchable “smart windows“ 

for either energy or privacy control, switchable coatings for use in decorative 

applications and switchable coatings for applications in military security, camouflage, 
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substrate reflectance control, document security, anticounterfeiting and object tagging 

or identification.23 

 

2.3. Electro-optical behavior of PCLC flakes 

Kosc et al. were the first to investigate the switchable behavior of PCLC flakes in an 

applied electric field.24-27  When flakes in an appropriate host fluid are subjected to an 

AC electric field, electro-orientation (flake reorientation) results due to Maxwell-

Wagner (MW) interfacial polarization.  Charges accumulate at the interface of the 

flake and the fluid, inducing a dipole on the flake.  The applied electric field then acts 

on that dipole to reorient the flake parallel to the electric field.  Interfacial 

polarization is driven by the difference between the flake and host fluid dielectric 

properties.  Devices containing these “polarizing pigments” suspended in a 

commodity dielectric host fluid (e.g. silicone oil) at concentrations ranging from 3 to 

5 wt% switch rapidly (<1 s) at very low voltages (10 to 100 mVrms/μm).5, 28  Figure 

2.11 shows the electric field–induced behavior of a PCLC flake/host fluid suspension 

in a typical, sandwich-cell geometry.26, 29  Figure 2.11(a) indicates the dimensions of 

the neat, rectangular shaped, 3:1 (Rec3) aspect ratio polysiloxane PCLC flakes used 

for the majority of the work reported here unless noted.2  With no field applied, the 

flakes lie nearly parallel to the substrates and selectively reflect one circularly 

polarized component of the incident light, illustrated in Fig. 2.11(b). An electric field 

applied to patterned electrodes produces flake reorientation by MW polarization and 

extinguishes the selective reflection color exposing the black back plane of the 
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device, as shown in Fig. 2.11(c). The angle of rotation can range from ~1° to 90°, 

depending on the dielectric constant and conductivity of both the flakes and the fluid 

host; 15o of rotation is often sufficient to extinguish the reflectivity. 

 

x
y

z

 V

Field ON = Reflection OFF

 

Glass ITO Host Fluid Flake

V

Field OFF = Reflection ON

 

(a) 

(b) 

(c) 

20μm 
5μm 

5μm 60μm

20μm 

E

Figure 2.11. (a) Dimensions of a shaped Rec3 PCLC flake. (b) Flakes lie approximately parallel to the 
cell substrates when no electric field is applied and appear colored (e.g., green in this figure) as a result 
of selective reflection caused by the helical molecular structure of cholesteric liquid crystals, as 
depicted by the enlarged cross-sectional view of a flake.  The longest axis is drawn out of the page. A 
switchable prototype PCLC flake/host fluid display is pictured on the right in the Field OFF state. (c) 
Flakes reorient with one long axis parallel to the applied field.  As viewed from the incident light 
direction, rotated flakes appear dark since light is absorbed by the black back plane. A switchable 
prototype PCLC flake/host fluid display is pictured on the right in the Field ON state. (Adapted from 
reference 5.) 
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Trajkovska-Petkoska et al. extended Kosc’s work to shaped flakes, layered 

flakes and doped flakes.3, 8, 30  Uniformly shaped flakes lead to more uniform 

reorientation times in an applied electric field.  When the difference between host and 

flake conductivities is increased by doping, faster reorientation times and translational 

motion in a DC regime are observed.  When the dopant is not uniformly distributed 

throughout the particle however, a combination of translational and rotational motion 

is observed.  With moderately conductive hosts, 90o orientation is observed in the DC 

regime. For comparison, translational particle motion in a low dielectric host fluid 

and DC electric field, defined as electrophoresis, is the mechanism employed by 

current particle displays such as E Ink’s Vizplex film, Fig 2.5.  Trajkovska-Petkoska 

also expanded upon the original reorientation time model developed by Kosc, 

including a gravity term for modeling flake relaxation times upon removal of the 

electric field.8, 31  This expanded analytical model was used for the reorientation time 

calculations presented here; relaxation times are not addressed in this work. 

 

2.4. Microencapsulation of PCLC flake/host suspensions 

For PCLC flakes to achieve their potential in many switchable particle device 

applications, high volume, low cost manufacturing techniques such as roll-to-roll 

processing must be developed with the use of microencapsulation.10, 16, 32-37  

Microencapsulation as it is applied to PCLC flakes can be defined as suspending the 

PCLC flakes in a host fluid and encapsulating this suspension in an optically 

transparent shell (capsule).  Microencapsulation is necessary to prevent flake 
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migration or agglomeration, and to allow application of the flake/host fluid system to 

any surface (rigid, flexible or curved).  Microencapsulation of the PCLC particle and 

host fluid allows the capsules to be dispersed in a flexible binder and coated onto a 

flexible substrate by a number of means, including knife coating, die coating, roll 

coating and printing via ink-jet techniques.  Two examples of this are shown in Fig. 

2.12, both are currently employed by particle display manufactures.10, 38  

Trajkovska-Petkoska et al. compared the E-O PCLC flake motion in various 

host fluids, developed a process to make shaped flakes, explored doping and layering 

of PCLC flakes.  They extended the analytical model to include the effect of gravity 

on flake motion.  In this thesis the effect of microencapsulation on PCLC flake 

motion is modeled and experimentally verified in three host fluids and six 

microencapsulation configurations, for both MW and EP type motions.  Previous 

work is further extended with doped and layered flakes to compare uniformly doped 

and surface doped flakes along with new methods to manufacture layered freeze 

fractured and shaped flakes.  Finally, we describe a recently discovered means for 

driving flakes back to their original orientation. 
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a)  E Ink VizplexTM film microencapsulation technology 

(-) Black
Pigment

Clear fluid

(

 

b)  SiPix Microcup technology 

Figure 2.12.  Two examples of commercial microencapsulation and roll-to-roll methods used to 
manufacture electrophoretic particle displays. a) An illustration of E Ink VizplexTM film technology, 
where microencapsulated particles in a dielectric fluid are coated onto a flexible PET film and then 
assembled into a display cell.10 b) An illustration of SiPix’s Microcup technology, where 
microencapsulated particles in a dielectric fluid are sealed into a microembossed flexible film for 
assembly into a display cell.38  [Images used with permission.] 
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Chapter 3 

Modeling methodology for electro-optical behavior of 

microencapsulated PCLC flakes 

In this chapter, the interactions of PCLC flake particles in a host fluid acted on 

by an electric field are discussed.  As a result of the influence of the electric field, the 

particles are subjected to polarization forces, hydrodynamic drag and gravity.  The 

summation of these forces determines if the PCLC flakes will align with the electric 

field. 

This chapter begins with a review of factors that influence the PCLC flake 

motion in an electric field and previous analytical modeling by earlier researchers.  

The previously developed analytical model’s applicability to a microencapsulated 

system is then reviewed along with a set of proposed microencapsulation types.  Next 

a new modeling method using Finite Element Analysis (FEA) is introduced to 

account for the complexities in calculating the electric field for a microencapsulated 

system.  Lastly, a method is proposed to model the effect of flake doping on flake 

behavior in an electric field. 

 

3.1. Factors that influence PCLC flake motion 

The electric field that acts on the PCLC flake directly influences its E-O 

behavior.  In an AC electric field the strength of the rotational torque applied to the 

flake depends on: 

1. the effective electric field strength acting on the flake; 
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2. the strength of the MW polarization induced on the flake surface, which is 

controlled by: 

a. the difference between the dielectric constants of the flake and host 

fluid; 

b. the difference between the conductivities of the flake and host fluid; 

c. the flake geometry. 

When a DC field is applied, the E-O behavior results from either interfacial 

polarization (IP) or electrophoresis (EP).  Which effect dominates will depend on: 

1. the intrinsic charge on the flake in the host fluid; 

2. the strength of IP induced on the flake surface by the difference between the 

dielectric constants of the flake and host fluid; 

3. the effective strength of the electric field acting on the flake. 
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3.2. Previous analytical modeling of PCLC flake motion in an electric field 

The reorientation of a PCLC flake parallel to an applied electric field, is the 

result of a balance of torques applied to the flake.1, 2  The electrostatic torque (ΓE) 

from the applied electric field, acts to reorient the flake as shown in Fig. 3.1(a) (field 

on) and gravity relaxes the flake as shown in Fig. 3.1(b) (field off).  The resistance to 

rotation is the sum of the torques due to the hydrodynamic force (ΓH) and gravity (ΓG) 

as shown in eq. 3.1.  The moment of inertia has been shown to be negligible in 

previous work.3 

 

GHE ΓΓΓ +=         (3.1) 

 

 

(a) V=ON 

  
ΓH

ΓG

ΓΕ 

E 
 

(b) V=OFF 

   ΓH

ΓG

ΓΕ = 0 

 

Figure 3.1.  Illustration of torques acting on a PCLC flake in an electro-optic test cell when the flake 
density is greater than that of fluid.  (a) When an electric field is applied, an electrostatic torque acts to 
orient the flake in line with the electric field and the torques due to gravity and hydrodynamic drag 
resist.  (b) When the electric field is turned off, the torque due to gravity acts to reorient the flake and 
hydrodynamic drag resists.  Adapted from reference 4. 
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For purposes of modeling, the PCLC flake is defined as an ellipsoid described 

by axes a1, a2, a3 where the lengths of the semi-axes designated as ai, aj, ak, are shown 

in Fig. 3.2.  A depolarization factor (Ai), where i=1,2,3, is defined to describe the 

electric field along each axis of the ellipsoid (eq. 3.2).3  The depolarization factor is 

based on an elliptical integral defined along each axis, i. 
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Figure 3.2.  Definition of flake dimensions and angle θ used in eq. 3.4: a) dimensions of the flake 
where the semi-axes are defined as ai>aj>ak and the electric field (E) is applied along the z-axis; b) at 
θ~0o, E=0; c) at θ~90o, E=Eo. 
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The Clausius–Mosotti factor (Ki
*) is a measure of the strength of the effective 

polarization of the flake. This factor incorporates the dielectric constant and 

conductivity of both the PCLC flake (εp, σp) and host fluid (εh, σh), the 

depolarization factor of the flake (Ai), as well as the frequency of the applied electric 

field (ω). 
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The electrostatic torque that drives flake reorientation may be written as a 

function of the length of the flake’s semi-axes (ai), the dielectric constant of the host 

fluid, the imaginary portion of the Clausius–Mosotti factor5, the depolarization factor 

of the flake, the strength of the electric field applied to the flake (E0), and the angle of 

the flake (θ) relative to the electric field as shown in eq. 3.4. 
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The dimensions and angle of the flake are defined in Fig. 3.2.  Note that the 

flake rotates about an edge, as it must for gravity to reorient the flake when the 
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electric field is turned off.  One explanation for this is that if the density of the flake 

and fluid are different, when the electric field is off the flake will sink or float until it 

comes in contact with a substrate surface.  At that point it will begin to rotate about an 

edge due to gravity.  This behavior has been confirmed by observation in this work. 

The hydrodynamic torque (ΓHi) counteracts the electrostatic torque and may 

be defined as  
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η0 is the host fluid viscosity, and Ωi is the angular velocity of the flake about its axis. 

The torque caused by gravity (ΓGi) is specific to the configuration in which the 

experiments are conducted. In this work the test devices lie flat and the force of 

gravity acts in the –z direction as defined in Fig. 3.2(b). The gravitational torque is a 

function of the PCLC flake volume (Vp), density of both the flake (ρp) and host fluid 

(ρh), gravity (g), flake dimension (aj) and the angle of the flake (θ) relative to the 

electric field as shown in Fig. 3.2(c). 
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θCθ)gaρ(ρVΓ GijhppGi coscos =−=     (3.6) 

where: . jhppGi )gaρ(ρVC −=

 

Substituting eq. 3.4, eq. 3.5, and eq. 3.6 into eq. 3.1 we can solve for the 
angular velocity of the flake. 
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Equation 3.7 may then be integrated for the time to reorient the PCLC flake from an 
initial angle θ0 ~ 0° to its final position θf ~ 90° as 
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The time to reorient the flake is calculated in the analytical model from θ = 

0.5o to θ = 89.5o using the above equations.  No dipole is formed when the flake is 

perpendicular to the electric field at θ = 0o. 
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3.3. Finite element analysis modeling of microencapsulated PCLC flakes 

To develop the analytical model above, a basic test cell containing only a 

flake/host fluid suspension in the cell gap between the electrodes was used by our 

group to characterize PCLC flake motion in AC and DC electric fields, as shown in 

Fig. 2.11.1-3, 5  This type of cell is used as a baseline for the work reported here.   

As the complexity of the cell design increases due to microencapsulation, the 

boundary conditions required for an analytical solution make the calculation of the 

electric field applied to the flake much more challenging.  In order to account for the 

added boundary conditions that microencapsulation of the PCLC flake/host fluid 

suspension creates, another method to model the electric field within the test cell is 

required.  Finite element analysis based software offers a straight forward method to 

account for these boundary conditions in the calculation of the electric field acting on 

the PCLC flake.  The calculation of the electric field using FEA combined with the 

analytical model enables the prediction of PCLC flake motion due to MW 

polarization in an electric field for complex cell geometries.  Comsol Multiphysics6 is 

the FEA based software package used as the front end for the analytical model used 

for the research presented here. 

In the FEA modeling used for this work, the model is divided into a 

continuous mesh of finite elements. Each configuration includes a sub-domain of the 

host fluid in a 1 μm thick area immediately surrounding the flake. The normal 

component of the electric field as defined in Comsol Multiphysics 

( ) ( ) ⎟
⎠
⎞⎜

⎝
⎛ += 22.,. yzO EEEge  is integrated over this sub-domain to calculate the value 

 



 33

of the electric field acting on the flake due to the boundary conditions for each 

configuration. The analytical model however assumes E0~Ez because the y-

component of the electric field is perpendicular to the applied electric field.  The 

normal component calculated in Comsol Multiphysics is a reasonable approximation 

for E0 used in the analytical model because Ez > 10 Ey.  For the basic cell this 

subdomain integration is not necessary because the medium in the cell gap (and thus 

the electric field) surrounding the flake is homogenous, but this step becomes 

important when the flakes are encapsulated. Once the electric field acting on the flake 

has been calculated, this value is input into the analytical model.  The analytical 

model results are then calculated using Mathematica7 (Wolfram Research) to evaluate 

the PCLC flake reorientation times as a function of the electric field’s amplitude and 

frequency and the physical properties of the flake/host fluid system.2, 8  The algorithm 

used in Mathematica is given in Appendix 2. 
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3.4. Test cell configurations 

Microencapsulation can take many different forms depending on the materials 

used and the desired end results.  Six variations of microencapsulation have been 

selected for study in this research to show the effect of increasing complexity in 

boundary conditions on the electric field acting on the PCLC flake.  The 

configurations were selected because of their similarity to commercially used 

microencapsulation methods applied to particle display applications such as those 

shown in Figs. 2.5-7 and Fig. 2.10.  Comsol Multiphysics was used to analyze the 

electric field for six types of test cell configurations with three types of host fluids for 

each configurational variant.  The six configurations studied are illustrated in Fig. 3.3.  

The Basic cell, Fig. 3.3(a), with only a flake/host fluid suspension in the cell gap is 

used as a baseline for our work.  The Microwell cell, Fig. 3.3(b), adds vertical walls 

(photoresist) to the cell gap to constrain the flake/host fluid suspension.  The fluid is 

still in contact with the electrodes as in the Basic cell and the electric field 

experiences a continuous material path between the electrodes, except for the PCLC 

flake.  The Microcube cell, Fig. 3.3(c), is very similar to the Microwell configuration 

but has an added layer of photoresist above and below the host fluid creating a 

discontinuous path for the electric field between the electrodes.  For Direct 

encapsulation cells two possible methods of assembly are shown.  Direct 

encapsulation type (I), Fig. 3.3(d), has the flake/host fluid constrained in a capsule.  

The path for the electric field is both discontinuous and nonuniform, as the curved 

edges of the capsule are along the path between the electrodes.  This configuration 
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also includes a layer of epoxy adhesive used for assembly between the binder layer 

and the top electrode.  The binder layer is the bulk material that the capsules are 

dispersed in and is in contact with at least one electrode.  Direct encapsulation type 

(II), Fig. 3.3(e) also has the flake/host fluid constrained in a capsule similar to (I) 

except there is no adhesive layer between the binder layer and top electrode.  Finally, 

the Coacervation cell, Fig. 3.3(f), represents a device that, once assembled, is very 

similar in appearance to the direct encapsulation devices.  With one important 

exception, there is an additional discontinuous material forming a separate capsule 

shell that further complicates the path of the electric field. 

 

 



 36

Basic 
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(b)
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(e)
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Test cell configurations

   Photoresist    Photoresist 
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Binder 
 

UV Epoxy  
 

ITO electrodes

Capsule Shell 

Figure 3.3. Six configurations of PCLC flake test cells studied.  (a) Basic test cell: contains only a 
flake/host fluid suspension in the cell gap. (b) Microwell: insulative vertical walls (photoresist) confine 
flake/host fluid suspension within the well; fluid in contact with electrodes.  (c) Microcubes: cube 
(photoresist) fully encapsulates flake/host fluid suspension; fluid not in contact with electrodes.  (d) 
Direct encapsulation (I):  polymer binder (capsule) fully encapsulates flake/host fluid suspension, fluid 
not in contact with electrodes and an epoxy layer between polymer binder and top electrode.  (e) Direct 
encapsulation (II): polymer binder (capsule) fully encapsulates flake/host fluid suspension, fluid not in 
contact with electrodes and no epoxy layer between polymer binder and top electrode.  (f) 
Coacervation encapsulation: polymer binder surrounds a capsule, composed of a thin shell of material 
different than the bulk layer, which fully encapsulates flake/host fluid suspension.  The fluid is not in 
contact with electrodes and there is an epoxy layer between polymer binder and top electrode. 

 

The different encapsulation types are intended to show an evolution of 

complexity in moving from a test cell with only a flake/host fluid suspension in an 

applied electric field, to a flake/host fluid suspension microencapsulated within 

discrete gelatin capsules.  Figure 3.4(a) illustrates a Coacervation encapsulation type 

test cell used for electro-optic characterization; the capsules have been dispersed into 

a separate film-forming polymer binder, coated onto an ITO electrode coated 

substrate and then attached to a second substrate with a UV cured adhesive.  The 

capsules depicted schematically in Fig. 3.4(a) have multiple flakes and oval capsules.  
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In reality the capsules have a size distribution and many have multiple flakes.  The 

capsules may also become oval as the binder shrinks during curing.  Figure 3.4(b) 

represents the 2-D cross-section of the cell to be modeled.  Figure 3.4(c) is the 

matching finite element mesh generated within Comsol Multiphysics, using the “In-

Plane Electric Currents” module to analyze the electric field.  The coacervation type 

capsule with a UV adhesive layer in this configuration is the most complex material 

set studied in this work.   

V

Glass

ITO electrodes
Host Fluid Flake Capsule

UV EpoxyBinder

(a) Coacervation encapsulation test cell

(b) Cross-section of 
Coacervation encapsulation

(c) Finite element mesh of 
Coacervation encapsulation

E

Capsule ShellHost Fluid
Flake

Binder

UV epoxy
Electrodes

V

Glass

ITO electrodes
Host Fluid Flake Capsule

UV EpoxyBinder

(a) Coacervation encapsulation test cell

(b) Cross-section of 
Coacervation encapsulation

(c) Finite element mesh of 
Coacervation encapsulation

EE

Capsule ShellHost Fluid
Flake

Binder

UV epoxy
Electrodes

Figure 3.4.  (a) An illustrated cross-section of a Coacervation encapsulation test cell, a more complex 
version of the configuration shown in Fig. 3.3(f). (b) The equivalent cross-section for analysis of (a) 
with fluid, flake, capsule, UV epoxy and polymer binder boundaries in the cell gap. (c) A finite 
element model of the Coacervation test cell cross-section in (b) generated in Comsol Multiphysics. 
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3.5. Modeling methodology for doped and layered flakes 

In addition to studying the effects of microencapsulation and different host 

fluids on the electric field acting on a PCLC flake, modeling of variations in PCLC 

flake conductivity and structure are also studied.  Previous research found that when 

the difference between host fluid and PCLC flake conductivity was increased by 

doping, faster reorientation time in a high conductivity and high dielectric constant 

host fluid (PC) was observed.2  For PCLC flakes doped for increased conductivity 

suspended in a moderately conductive host fluid (DMS-E09), 90o reorientation in the 

DC regime was observed.2  Doped PCLC flakes in a moderately conductive host fluid 

were also observed to reorient in AC electric fields with a shift of the minimum 

reorientation time to a higher frequency.  The analytical model predicted a faster 

reorientation time for doped flakes in both high and moderately conductive host fluids 

in an AC electric field as well.2  In a low conductivity and low dielectric constant host 

fluid (SIT7757), combinations of translational and rotational motion were observed in 

a DC electric field. The apparent bias of some flakes to rotate 180o so that one side of 

the flake was facing the negative electrode was hypothesized to be the result of the 

nonuniform dopant distribution with more dopant to one side of the flake due to 

processing.2  

In the research reported here, Comsol Multiphysics is used to model the effect 

of doping on the electric field acting on the PCLC flake in a low dielectric constant 

and low conductivity host fluid (SIT7757).  SIT7757 is used because a low dielectric 

constant and low conductivity host fluid is desirable for design of a low current (and 
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therefore energy efficient) particle switching device.  In an effort to understand the 

effect of dopant distribution on PCLC flake E-O behavior, three flake variations are 

considered: undoped, uniformly doped and surface doped.  These are compared, in 

Fig. 3.5(a-c).  To model and compare these three types of flakes, a two-layer-flake 

geometry is used for all three cases, as shown in Fig 3.5(d).  For the undoped and 

uniformly doped flakes, both layers are assigned the dielectric properties 

representative of the whole flake.  For the poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) [PEDOT/PSS] surface doped flake, layer 1 is assigned 

dielectric properties of undoped PCLC and layer 2 is assigned the properties of 

PEDOT/PSS, a transparent conductive polymer.  In the analytical portion of the 

model the surface doped flake is modeled as having the uniform properties of 

PEDOT/PSS, because there is no method for specifying layers. 

To study the effect that flake doping has on the E-O behavior, we need only 

consider the host fluid and flake in our model.  The flake E-O behavior is only 

affected by the electric field acting on it and the host fluid properties in which it is 

suspended.  Consequently, the basic type test cell configuration [see Fig. 3.3(a)] will 

be used for modeling of doped flakes.  Doped flake work is presented in Chap. 7. 
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Figure 3.5.  Illustration of three doped PCLC flake configurations modeled and tested experimentally; 
the dimensions are those of a Rec3 shaped flake.  (a) An undoped PCLC flake with all properties 
uniform, (b) PCLC flake doped with 10 vol. % carbon black with all properties uniform, (c) PCLC 
flake with a thin layer of PEDOT/PSS conductive polymer on one surface denoted in blue, and (d) a 
cross section used to model doping of a PCLC flake in an electric field (test cell). 
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Chapter 4 

Materials and techniques 

This chapter reviews the materials and techniques used in the work described 

in this thesis.  It begins with the materials used and their relevant properties, followed 

by manufacturing methods used to prepare the shaped, doped and freeze fractured 

PCLC flakes.  Next the six types of test cell configurations and their preparation are 

reviewed, followed by a review of the characterization techniques used for PCLC 

flakes, films and the six test cell configurations. 

 

4.1. Materials 

4.1.1. PCLC flakes 

All of the PCLC materials used for flake manufacture in this work were non-

crosslinkable and reflect left-hand circularly polarized light.  The PCLC materials are 

cyclic siloxanes substituted with mesogenic groups which are connected to the 

backbone by aliphatic spacers.1-3    Depending on the mesogenic groups, these PCLC 

materials can have different structures and therefore different properties; e.g. passive 

(double refraction, dipole moment) and active (switchability in an electric field).1, 2  

They also have a low degree of polymerization (low molecular weight), typically 5 Si 

in the cyclic siloxane ring, which results in low viscosity in the liquid state.  These 

materials do not crystallize but are amorphous and have a glass transition temperature 

of Tg~50oC and a clearing temperature of ~200oC (as measured by the manufacturer3, 

and by Korenic4).  Other PCLC properties relevant to this work were examined by 
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Korenic, Kosc, Trajkovska-Petkoska and the manufacturer, and are summarized in 

Table 4.1.2-5  

 
 Table 4.1. Selected characteristics of PCLC materials and commercially available flakes used in this 
work.  

PCLC Material
Noncrosslinkable 

(e.g. C4754)
Crosslinked Flakes 

(commercial)

Manufacturer
Wacker Chemie 

GmbH Wacker Chemie GmbH

Supplied as
dry chunks or 

powder

irregularly shaped flakes 
average dia. ~35μm 

thickness ~5μm
Composition polysiloxane polysiloxane

Density, ρ [kg/m3] 1100 1100

Index of refraction, n (@589.6nm)†
no=1.5235      
ne=1.6685

*

Δn=ne-no 0.145 *
Selective reflection wavelength (nm) ** 540 (green) green

Handedness (reflected light) left left
Bandwidth (nm) [Δλ=PΔn] ~50 *

Dielectric constant, ε 2.2 *
Conductivity, σ  (S/m) 1x10-9 *

Tg 
oC 45-55 n/a

Tc 
oC 180-210 n/a

Soluble in
Toluene, methylene 

chloride not soluble
Viscosity ηp [mPa.s] 0.5-1.5 (at 150oC) n/a

* Information not provided by manufacturer,  Properties are assumed to be similar to C4754
** see Fig. 4.21 for examples
† index data for nematic substructure, or nematic phase at room temperature.  
n/a = not applicable
 

4.1.2. PCLC flake dopants 

Dopants are used in this work to alter flake electrical properties.  In doping a 

small particle such as a PCLC flake, the dimensions of the dopant are important.  If a 

uniform dispersion of the dopant is desired, then a dopant with dimensions much 

smaller than the particle is required.  The PCLC flakes used in this work are on the 
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order of tens of microns.  Therefore, for a uniform dispersion, the dopant should be 

less than a micron in size.  Carbon black (Vulcan PA90) was used by Trajkovska-

Petkoska as a dopant to increase the conductivity of PCLC flakes by several orders of 

magnitude.2, 6  Carbon black (CB) is used similarly in this work as an internal dopant 

uniformly dispersed in the polymer matrix.  One new dopant to increase PCLC flake 

conductivity is introduced in this work, a transparent conductive polymer 

PEDOT/PSS supplied as an aqueous solution is used as a conductive layer on one 

side of the PCLC flake.7  Table 4.2 lists the dopants studied in this work and pertinent 

material properties.  A more detailed discussion of the doping methods can be found 

in Sections 4.2.1.2. and 4.2.1.3.  Doped flake experiments are described in Chapter 7. 

 

Table 4.2. Material properties of dopants used to increase the conductivity of PCLC flakes. 

Dopant
Particle size 

(nm) σ (S/m)
Density 
[kg/m3] Doping method

CB Vulcan PA90 17 0.02* 1800

solution coating of dispersion in 
methylene chloride**/PCLC 

solution
PEDOT/PSS 30 0.3 n/m spin coat

* measured on Solartron Impedance gain/phase analyzer, tabulated data in Appendix 11
** methylene chloride, biosynthesis grade (EMD Chemicals Inc., Madison, WI)
n/m = not measured
 
 

4.1.3. Host fluids 

The selection of a host fluid to use in the flake/host fluid suspension directly 

influences the electro-optical (E-O) behavior of the PCLC flake.  Previous research 

showed that a difference in the dielectric constant between the host fluid and PCLC 

flake was necessary for flake rotational reorientation to occur as a result of MW 
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polarization.  The larger the difference, the faster the reorientation. 2, 5, 8  To further 

extend this work into a microencapsulation regime, host fluids with a wide range of 

dielectric constants are used to study E-O behavior of PCLC flakes.  The chosen host 

fluids have a wide range of dielectric constants and do not dissolve or swell the PCLC 

flakes.2, 8  These fluids and some of their important properties are listed in Table 4.3.  

Selection criteria for the host fluids include transparency, commercial availability, 

environmental friendliness, inertness and low cost.  The first two host fluids listed in 

Table 4.3 meet these objectives.  SIT7757 (1,1,5,5-tetraphenyl-1,3,3,5 tetramethyl 

trisiloxane) has a low dielectric constant similar to a PCLC flake and DMS-E09 

(polydimethyl siloxane, epoxypropoxypropyl terminated) has a moderate dielectric 

constant.9, 10  Propylene carbonate11 was selected because it has a high dielectric 

constant and was used extensively in previous research.2, 5, 11    It provides a good 

baseline for this work. 

 
Table 4.3.  Host fluids used to study microencapsulated PCLC flake E-O behavior over a range of host 
fluid dielectric constants. Data adapted from reference 2; representative data tabulated in Appendix 11. 

Host Fluid
ηo[mPa*s] 

at 25oC
ρ [kg/m3] 
at 20oC

n at 20oC 
(λ=589.6 nm)

εh at 
100kHz*

σh at 1 kHz 
[S/m]* Supplier

SIT7757 35 1070 1.551 2.7 3x10-8 Geleste
DMS E09 9 995 1.446 7 9x10-8 Geleste

Propylene Carbonate 2 1200 1.421 60 1x10-4 Acros Organics
* measured with Solartron 1260, Impedence gain/phase analyzer 

 

4.1.4. Host fluid dopants 

Increasing the host fluid conductivity by doping was shown by Trajkovska-

Petkoska to modify the E-O behavior of a PCLC flake in an insulating fluid.2  The 

fluid dopant used previously, Orasol B Black dye, was of limited use because the dye 
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made the host fluid very dark and greatly lowered the reflectivity of the flakes in 

suspension.  In order to extend this work, a dopant is needed that maintains the 

transparency of the host fluid.  Initially, several ionic surfactants and salts were tried, 

but none raised the conductivity of either siloxane host fluid, SIT7757 or DMS-E09.  

However, in a review by Morrison it was noted that the conductivity of a nonaqueous 

insulating fluid could be raised if a small amount of water was emulsified into the 

fluid with a suitable surfactant.12  The data in Table 4.4 show that emulsifying the 

siloxane fluids with 1 wt. % Aerosol OT-100 (AOT) surfactant,13 and a small amount 

of water by manually shaking, successfully raises the conductivity of the SIT7757 

and DMS-E09 siloxane fluids several orders of magnitude.  Emulsification of an 

aqueous solution of 5 wt. % NaCl14 works even better.  Chapter 6 contains a 

description of the experiments conducted with doped host fluids.   
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Table 4.4. Data showing the conductivity increase due to incorporating water and salt water (5 wt. % 
NaCl) into siloxane host fluids SIT7757 and DMS-E09, using the surfactant Aerosol OT-100.  The 
weight percentages used for the fluid, surfactant and water or salt water solutions are also listed.  
Conductivity measurements were taken at 1 kHz with an impedance gain/phase analyzer and a sample 
thickness of ~500 μm.15  

Host Fluid Host % AOT‐100 % Water % NaCl % Conductivity (S/m)

SIT7757 100 0 0 0 1.04E‐08
SIT7757 98.5 1 0.375 0.125 3.28E‐08
SIT7757 98.5 1 0.45 0.05 2.37E‐08
SIT7757 98.5 1 0.475 0.025 2.51E‐08
SIT7757 98.5 1 0.495 0.005 3.85E‐06
SIT7757 98.5 1 0.5 0 3.18E‐08
SIT7757 96.5 1 2.375 0.125 7.54E‐04
SIT7757 96.5 1 2.5 0 9.81E‐07
SIT7757 94 1 4.75 0.25 7.54E‐04
SIT7757 94 1 5 0 1.17E‐05

DMS‐E09 100 0 0 0 7.07E‐07
DMS‐E09 98.5 1 0.375 0.125 4.43E‐06
DMS‐E09 98.5 1 0.45 0.05 4.86E‐06
DMS‐E09 98.5 1 0.475 0.025 8.00E‐06
DMS‐E09 98.5 1 0.5 0 8.60E‐06
DMS‐E09 97.5 1 1.425 0.075 8.19E‐06
DMS‐E09 97.5 1 1.5 0 8.62E‐06
DMS‐E09 96.5 1 2.375 0.125 1.12E‐02
DMS‐E09 96.5 1 2.5 0 2.34E‐05
DMS‐E09 94 1 4.75 0.25 1.08E‐01
DMS‐E09 94 1 5 0 3.57E‐05

 

4.1.5. Encapsulants for flake/host fluid suspensions 

Several types of materials are used in this work as encapsulants for flake/host 

fluid suspensions, since the different types of microencapsulation schemes compared 

in Fig. 3.3 require different encapsulation techniques.  These materials can be divided 

into three groups: those used for direct encapsulation by emulsification, those 

requiring photolithographic techniques, and those employing microencapsulation by 

complex coacervation.  Microencapsulation by emulsion uses different materials 

depending on the host fluid being encapsulated.  These materials are listed in Table 
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4.5.  When the hydrophobic siloxane based fluids (SIT7757 and DMS-E09) are 

encapsulated, an aqueous solution of polyvinyl alcohol (PVA) is used as a binder to 

emulsify the flake/host fluid suspension.  OG142-13 UV epoxy is used as an adhesive 

to attach the second substrate when PVA is the binder.  When PC is the host fluid, 

Sylgard 184 silicone elastomer, a polydimethyl siloxane (PDMS), is used as the 

binder.  Novec FC4430 is a surfactant added to the PC to help emulsification and to 

prevent the PCLC flakes from adhering to the capsule walls.  In this case, no separate 

adhesive is needed to attach the second substrate.     

 

Table 4.5.  List of materials and their properties for use in direct encapsulation by emulsion.  Binders 
are host fluid specific. 

 

Material ε σ (S/m) Function Supplier
Applicable host 

fluid(s)
PVA (80% hydrolyzed) 2 1x10-9 Binder Sigma Aldrich SIT7757, DMS-E09

OG142-13 UV Epoxy * 6.9 2.8x10-7 Adhesive Epoxy Technology SIT7757, DMS-E09

Sylgard 184* 2.6 1x10-9 Binder Dow Corning PC
Novec FC4430 n/m n/m Surfactant 3M PC

n/m = not measured
* measured on Solartron 1260 Impedance gain/phase analyzer, data tabulated in Appendix 11

 
In microencapsulation by photolithography, three materials are used to 

encapsulate the flake/host fluid suspension.  SU-8 3050 UV epoxy photoresist is used 

to form the side walls of the microwells or side walls and top/bottom layers for the 

microcubes.  SU-8 developer is used to remove the uncured SU-8, and isopropyl 

alcohol is used to rinse away residual developer.  A list of these materials is shown in 

Table 4.6.  Microencapsulation by photolithography is used with all three host fluids-

SIT7757, DMS-E09 and PC. 
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Table 4.6.  List of materials and their dielectric properties for use in photolithographic encapsulation.  
These materials are used for all host fluids. 
 

Material ε σ (S/m) Function Supplier

SU-8 3050* 3.2 2.13x10-8 Binder/wall MicroChem

SU-8 Developer n/m n/m Developer MicroChem
Isopropyl Alcohol HPLC 

grade n/m n/m Developer rinse VWR International
n/m = not measured

* measured on Solartron 1260 Impedance gain/phase analyzer, data tabulated in Appendix 11
 

In microencapsulation by complex coacervation, several materials are 

required in order to accomplish the task.  The most important are the gelatin and gum 

arabic polymers that form the capsule shell, and glutaraldehyde which is used to 

crosslink (harden) the capsule shell.  A list of complex coacervation materials is 

shown in Table 4.7.  Complex coacervation is only used with SIT7757 and DMS-E09 

host fluids. 

 
Table 4.7. List of materials and their dielectric properties for use in encapsulation by complex 
coacervation.  These materials are only used for siloxane based host fluids (SIT7757, DMS-E09). 
 

Material ε σ (S/m) Function Supplier
Porcine Gelatin, type A 5.4 1.79x10-6 Capsule shell Sigma Aldrich
Gum Arabic (Acacia) 

reagent grade* 6.5 1.08x10-4 Capsule shell Sigma Aldrich
Glutaraldehyde        
(25% in H2O) n/m n/m Hardener J.T. Baker

NaOH n/m n/m pH control EMD Chemicals
Acetic Acid, glacial 

reagent grade n/m n/m pH control J.T. Baker
n/m = not measured

* measured on Solartron 1260 Impedance gain/phase analyzer, data tabulated in Appendix 11
 
4.1.6. Electro-optic test cell components 

Electro-optic test cells are used to characterize the PCLC flake behavior in the 

various microencapsulation configurations.  These test cells are constructed with a 
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microencapsulated flake/host fluid suspension sandwiched between two indium tin 

oxide (ITO) electrode coated glass substrates.  Test cell components used and the 

applicable test cell configurations are shown in Table 4.8. 

 

Table 4.8. Electro-optic test cell components and the associated test cell configurations. 
 

Material Dimensions Electrical Function Test cell type Supplier
ITO electrode coated 

glass 25mm x 25mm x 3mm
100 ohm/sq      

750Å film thickness Substrates all Thin Film Devices
Microspheres 80μm dia +/-4μm n/m Spacers basic Duke Scientific

Laboratory tape ~200μm thick n/m Spacers direct w/ PDMS VWR International

OG-154 UV epoxy* n/a 8x10-9 S/m
Sealant / 
Adhesive

basic, microwell, 
microcube Epoxy Technology

OG142-13 UV epoxy* n/a 2.8x10-7 S/m Adhesive
direct w/ PVA, 
complex coac. Epoxy Technology

n/m = not measured
n/a = not applicable

* measured on Solartron 1260 Impedance gain/phase analyzer, data tabulated in Appendix 11

 

4.1.7. Miscellaneous materials 

Table 4.9 gives a list of miscellaneous materials that are used in this research 

but are not called out in any specific data or procedure.  

 

Table 4.9. Miscellaneous materials mentioned in this work that are not specific to any data set or 
procedure.  

Material Function Supplier

Oil Red O dye (biological stain)
Color the Si host fluids for initial 

encapsulation studies Sigma Aldrich

Basic Blue dye 3
Color the PC host fluid for initial 

encapsulation studies Sigma Aldrich
 

4.2. PCLC flake manufacture 

The basic techniques for making PCLC films, irregularly shaped flakes by 

freeze fracture, and for manufacturing shaped flakes, are covered in previous theses 

and papers.2, 4, 5, 8, 16  In the following sections, improvements to the basic techniques 
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are introduced as a way to increase the rate of flake production and/or for the 

manufacture of unique flake geometries (shaped and layered). 

 

4.2.1. Shaped flakes 

PCLC flakes with known dimensions (shape and thickness) are more 

consistent in their E-O behavior than irregularly shaped flakes and they are easier to 

model.2  Therefore in this thesis shaped flakes are used in experiments wherever 

possible.  The large quantities of flakes required for the manufacture and testing of 

the six configurations makes the previous production method inadequate.  

Specifically, the shaped flakes do not release easily from the PDMS mold that forms 

them during twisting and bending, previously used to gather enough shaped flakes to 

make a basic test cell.2, 8 

 

4.2.1.1. Undoped shaped flakes 

The original procedure for manufacturing shaped flakes from 

noncrosslinkable PCLC material by soft lithography was developed by Trajkovska-

Petkoska in her thesis work.2  A similar procedure was used in this work for creating 

a flexible PDMS mold required for soft lithography.  The method is illustrated in Fig 

4.1 and described in more detail in Appendix 3.1. 
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Figure 4.1. Illustration of PDMS mold manufactured by soft lithography, adapted from reference 8. 

Patterned silicon wafer* 

Pouring PDMS 
over the master 

Curing and peeling 
off PDMS 

PDMS mold 

3 cm

30 um 
patterned silicon wafer 

30 um 

 

In order to produce larger quantities of flakes needed for the 

microencapsulation work in this thesis, changes were made to the original 

manufacturing method.  The new method is shown in Fig. 4.2 and documented in 

more detail in Appendix 3.2.  The first three steps are similar to original method, 

where a patterned PDMS mold is filled with PCLC by blade coating, except that a 

Kapton polyimide release film17 is used for ease of spreading the PCLC, and larger 

sections of mold are filled.  A different method from the original procedure is used to 

remove the flakes from the mold.  Instead of twisting and bending the mold by hand 

to remove a small portion of the flakes, the flakes are removed by laminating them to 

a glass substrate.  Once on the glass, the flakes may be easily scraped from the glass 

with a host fluid-wetted razor blade.   
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(a) (b) (c) 

(d) (e) (f) 

 

Figure 4.2. Process to manufacture shaped PCLC flakes. (a) Preheat PDMS mold on a microscope 
slide and melt PCLC material on Kapton film, (b) fill mold with PCLC by inverting Kapton film onto 
mold and squeeze off extra material, (c) peel Kapton film off and then quench mold still on the slide to 
solidify flakes, (d) peel filled mold off of slide and place mold flake side down on second glass slide 
and cover with paper, (e) laminate flakes to glass with heat and pressure, (f) remove mold and then use 
host fluid-wetted razor blade to separate flakes from the glass. 
 

Polarized optical microscopy (POM) images of undoped PCLC flakes in the 

form of circles and rectangles, produced using the above method, are shown in Fig. 

4.3.  The circles are shown laminated to the glass substrate at 1000x magnification 

and the rectangles shown at 500x magnification are still in the PDMS mold.  Note the 

disclination lines that outline reflective blue domains on the image of the circles and 

are also present on the rectangles.  Inside of the domains are regions generally of 
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uniform molecular alignment but local variations in the Grandjean texture cause 

slight shifts in the peak wavelength of reflection and magnitude of the selective 

reflection.  The disclination lines are the boundaries between regions.18  On these 

disclination lines the molecular orientation is undefined.  Chapter 7 contains further 

discussion of undoped shaped flake surface features. 

 

Figure 4.3. Undoped shaped PCLC flakes imaged by polarized optical microscopy (POM) in reflective 
mode with crossed polarizers.  Left, circles at 1000x magnification laminated to a glass substrate and at 
right, Rec4 (4:1 length to width ratio, 80x20 μm) flakes at 500x still in a PDMS mold.  The flakes are 
all ~5 μm thick.  Disclination lines are seen in all flakes. 
 

4.2.1.2. Uniformly doped shaped flakes 

Uniformly doped shaped flakes are formed using the same method as for 

undoped shaped flakes.  The difference is that the PCLC material is predispersed with 

the dopant of choice.  In the work presented here, flakes are uniformly doped with 

Carbon Black VPA90 (CB).  Predispersion is accomplished by dissolving PCLC in 

methylene chloride, adding CB and using a high shear mixer19 to break apart the CB 
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agglomerates and fully disperse the suspension, see Appendix 3.3.  A few drops of 

this suspension are applied to a Kapton film and the methylene chloride is evaporated 

off leaving PCLC material with carbon black particles uniformly dispersed within.  

The method outlined in Section 4.2.1.1 for manufacturing undoped shaped flakes can 

then be followed to manufacture uniformly doped shaped flakes.  Examples of shaped 

flakes uniformly doped with 10 vol. % (15.4 wt. %) of CB are shown in Fig. 4.4.  The 

color variations seen here in Fig. 4.4 are discussed in Section 7.3. 

 

Figure 4.4. Rec4 (4:1 length to width ratio, 80x20 μm, 5μm thick) shaped flakes uniformly doped with 
10 vol. % of CB.  Flakes have been removed from the mold and are adhered to a glass substrate. 
 

4.2.1.3. PEDOT/PSS surface coated shaped flakes 

PEDOT/PSS surface coated (2-layer) shaped flakes are manufactured by using 

the undoped shaped flake method as in Section 4.2.1.1, except that the flakes are not 

removed from the mold until a second layer is added (detailed procedure in Appendix 

3.4).  The second layer possesses a different conductivity and/or dielectric constant 
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than the PCLC, and acts as a surface dopant.  For this work we use PEDOT/PSS, a 

transparent conductive polymer.  Before applying the PEDOT/PSS to the top surface 

of the shaped flakes, the PDMS mold with flakes within is plasma treated20, to 

promote better adhesion.  An aqueous solution of PEDOT/PSS is then spin coated 

onto the surface of the mold/flakes and air dried.  The PEDOT/PSS solution 

preferentially migrates to the PCLC leaving the PDMS mold largely uncoated.  

Although both the PCLC and PDMS are hydrophobic, the plasma treatment 

(cleaning) improves the wettability of the PCLC material significantly.  Since the 

conductive layer is transparent the coated flakes do not appear any different under 

examination by optical microscopy. SEM images (Fig. 4.5) clearly show the 

conductive layer because the two materials have different dielectric properties and 

therefore charge differently.  The more conductive layer appears darker in color.  The 

PEDOT/PSS layer shown in Fig. 4.5(a) is ~0.5μm thick at the edge of the flake. 
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(a)

PEDOT layer

PCLC bulk 

 

(b) 

PEDOT side 

PCLC side 

 
 
Figure 4.5. SEM images of surface doped Rec 4 shaped flakes. (a) a cross-sectional view of a 
PEDOT/PSS coated PCLC shaped flake where the more conductive layer appears darker in color.  (b) 
four PEDOT/PSS coated flakes.  The darker flake has the PEDOT/PSS side up, and the other flakes 
have the PCLC side up. 
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4.2.2. Freeze fractured flakes 

4.2.2.1. Single-layer freeze fractured flakes 

The original method used in previous work (and here) to manufacture single 

layer (1-layer) irregularly shaped flakes involves blade coating a thin film (5-10μm 

thick) of noncrosslinked PCLC material onto a silicon wafer that is subsequently 

covered with liquid nitrogen to initiate fracture.2, 4, 5  The silicon wafer and the PCLC 

are well adhered to each other by the blade coating process, but their different 

coefficients of thermal expansion promote fracture of the PCLC film into irregularly 

shaped flakes of random sizes.  Noncrosslinked material is used, because crosslinking 

toughens the polymer and prevents fine fracturing needed for our work.   

 

4.2.2.2. 2-layer freeze fractured flakes 

Some forms of layered flakes are not easily made into shaped flakes as 

described in Section 4.2.1.3.  Freeze fractured flakes are a better manufacturing 

option for a variety of layered materials.  In previous work by Trajkovska-Petkoska, 

the concept of 2-layered flakes was introduced and prototypes were made.2  The 

manufacturing method however was not ideal; it was not possible to produce a two 

layered flake from similar noncrosslinked PCLC materials.  The second layer of 

PCLC melted the first layer if it was blade coated hot, or it dissolved the first layer if 

cast as a solution.  In order to solve this problem a new process was developed to 

laminate two separate noncrosslinked PCLC films together which could then be 

freeze fractured with liquid nitrogen.  The procedure is detailed in Appendix 3.5.  
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One PCLC film is blade coated onto a glass microscope slide or other suitable rigid 

substrate and a second PCLC film is blade coated onto a flexible heat resistant 

material such as a film of Kapton.17  Once quenched the two PCLC film surfaces are 

stacked facing each other between the glass and Kapton film and then run through a 

laminator at a high enough temperature (~150oC) and pressure (~65 psi)  to bond the 

two materials together.  The lamination temperature is chosen to be lower than that 

which would permit flow.  Once the sandwiched layers are cooled, the Kapton film 

may be peeled away leaving a 2-layer film adhered to the glass.  The 2-layer film may 

now be freeze fractured as in previous work.2, 4, 5  This is a convenient way to 

manufacture two colored PCLC flakes.  It may also be used to combine the PCLC 

material with other types of polymer films.  Figure 4.6 gives an example where a 

pigmented acrylic paint21 was sprayed as an aerosol onto a Kapton film and then 

laminated to a PCLC film.  If the paint is sprayed directly onto the PCLC film it 

beads up preventing a uniform coating.  The resulting 2-layer flake has two distinctly 

different sides, one highly reflecting in the blue and the opposing side that is black. 
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Figure 4.6. A 2-layered PCLC flake made by lamination of a blue PCLC film and a black pigmented 
acrylic film. The blue is shown face up on the left; flipping the flake to the opposite side exposes the 
black layer (right). 
 

4.2.2.3. Multi-layered freeze fractured flakes 

The method described for manufacture of a 2-layer film may also be used to 

create multi-layered films.  A third film is blade coated onto a flexible film such as 

Kapton and the lamination step repeated to bond the third film to the second.  

Multiple layers can be formed using this technique, but the increased thickness of 

stacked layers in one dimension may degrade the ability of the flake to orient and 

reorient in an electric field.  An example of 3-layer flakes is shown in Fig. 4.7.  One 

side of the freeze fractured flakes reflects a blueish-green and the opposing side 

reflects a dark blue color.  The inner layer is black to prevent light from transmitting 

through the flake.  This creates a flake reflecting two distinct colors without color 

mixing.  If only two layers of PCLC material are used then light would be reflected 

from both layers regardless of which layer faces the incident light.  In the image 
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shown in Fig. 4.7, some of the layers delaminated because the materials were not hot 

enough for complete bonding and the black layer is exposed. 

100 μm

Figure 4.7.  POM image of a 3-layer, two color PCLC flakes made by lamination.  One side of the 
flake reflects a bluish-green color; the opposing side reflects a dark blue color.  The middle layer is a 
black color.  Some flakes delaminated, leaving the black layer exposed.  
 

4.3. Test cell configurations and preparation 

Six variations of microencapsulation are studied in this research to show the 

effect of increasingly complex boundary conditions on the electric field acting on the 

PCLC flake.  These six configurations are illustrated in Fig. 3.3. The dimensions and 

materials used to model each cell configuration are listed in Table 4.10; experimental 

test cells may differ slightly.  In this section the materials and techniques used to 

prepare each configuration are reviewed.  
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Table 4.10.  Nominal dimensions and materials used for modeling and manufacture of the six 
experimental test cell configurations. (As-built dimensions are similar.) 
 

Configuration
cell gap 

(μm)
wall ht. 

(μm)

wall 
width 
(μm)

top/bot 
thickness 

(μm)
capsule 
dia. (μm)

capsule 
shell 

thickness 
(μm)

epoxy 
layer 

thickness 
(μm)

Basic+++ 150 n/a n/a n/a n/a n/a n/a
Microwell+++ 150 150 50 n/a n/a n/a n/a
Microcube+++ 150 150 50 20 n/a n/a n/a
Direct Encapsulation (I)++ 190 n/a n/a n/a 100 n/a 40
Direct Encapsulation (II)+ 150 n/a n/a n/a 100 n/a n/a
Coacervation ++ 190 n/a n/a n/a 100 1 40

Configuration
wall 

material

top/bot 
layer 

material
binder 

material
capsule 
material

Basic+++ n/a n/a n/a n/a
Microwell+++ SU-8 n/a n/a n/a
Microcube+++ SU-8 SU-8 n/a n/a
Direct Encapsulation (I)++ n/a n/a PVA n/a
Direct Encapsulation (II)+ n/a n/a PDMS n/a

Coacervation ++ n/a n/a PVA
gelatin-

gum arabic

n/a = not applicable
+ one fluid tested: Propylene Carbonate
++ two fluids tested: SIT7757, DMS-E09
+++ three fluids tested: SIT7757, DMS-E09, Propylene Carbonate
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4.3.1. Basic test cell configuration 
 

The Basic test cell, Fig. 3.3(a), with only a flake/host fluid suspension in the 

cell gap was studied in previous work and is used as a baseline for this work.2, 5  The 

components of the Basic test cell are shown in Fig. 4.8 and the detailed procedures 

for cell construction are given in Appendix 4.1.  The test cell is constructed from two 

ITO electrode coated glass substrates, separated by glass spacer beads dispersed in 

epoxy.  The resultant cell gap is filled by capillary action with the flake/host fluid 

suspension to be studied.  

BasicBasic

Cross-sectional view
Top view

Figure 4.8.  Illustration of Basic type test cell construction and components. 
 

 

4.3.2. Microwell test cell configuration 

The Microwell test cell, Fig. 3.3(b), adds vertical walls (photoresist) to the cell 

gap to constrain the flake/host fluid suspension.  The fluid is still in contact with the 

electrodes as in the Basic test cell. The components of the Microwell test cell are 

shown in Fig. 4.9 and the detailed procedure to assemble it is given in Appendix 4.2.  

The test cell is constructed of two ITO electrode coated glass substrates separated by 

ITO electrodesGlass substrates
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square wells of SU-8 3050 epoxy photoresist that are coated onto the bottom 

substrate.  The wells are filled by flood coating with the flake/fluid suspension, 

attaching the top substrate and then sealing the test cell with a UV cured epoxy.   

(a)(a) Microwells

(b)  

Figure 4.9. (a) Illustration of Microwell test cell construction and components. (b) POM image of 
Microwell test cell filled with flake/host fluid suspension (top view).  The microwells have a cross-
sectional area of 500μm x 500 μm and a wall thickness 100 μm.  The depth of the microwells is ~105 
μm. 
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4.3.3. Microcube test cell configuration 

The Microcube test cell, Fig. 3.3(c), is constructed in a manner that is very 

similar to that used to fabricate the Microwell configuration, but with an added layer 

of photoresist above and below the host fluid.  These extra layers fully encapsulate 

the flake/fluid suspension in SU-8 epoxy. The components of the Microcube test cell 

and an image of a test cell taken with a POM in reflection are shown in Fig. 4.10.  A 

detailed procedure for assembly of a Microcube test cell is given in Appendix 4.3.   
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Figure 4.10. (a) Illustration of Microcube test cell construction and components. (b) Image of a 
Microcube test cell filled with flake/host fluid suspension (top view).  The microcubes have a cross-
sectional area of 500 μm x 500 μm and a wall thickness 100 μm.  The depth of the microwells is ~55 
μm, the top photoresist layer is 25 μm and the bottom photoresist layer is 35 μm. 
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4.3.4. Direct encapsulation type (I) test cell configuration 

The Direct encapsulation type (I) test cell, Fig. 3.3(d), is made from an 

emulsion (mixture containing droplets of one liquid in another liquid) of the 

flake/host fluid suspension in a binder material.  PVA is used as the binder (the bulk 

material that fills the gaps between the capsules and other test cell layers) in this work 

for type (I) test cells.  The aqueous PVA binder forms capsules to constrain the 

hydrophobic flake/host fluid suspension.  The PVA emulsion must air dry on the 

bottom substrate with nothing on top during manufacture.  Therefore the test cell 

includes a layer of epoxy adhesive to adhere the binder layer to the top electrode.  A 

detailed procedure for assembly of a Direct encapsulation type (I) test cell is given in 

Appendix 4.4.  An illustration of the test cell configuration is shown in Fig. 4.11, 

along with an image of a Direct encapsulation type (I) test cell taken with a POM 

from the top view in reflection.  
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60μm

(b) (c)

(d)

60 μm

250 μm

1262 μm

Direct Encapsulation – PVA
Cell 157  SIT7757
Rec3 shaped PCLC flakes1243 μm

Figure 4.11. Direct encapsulation type (I) test cells.  (a) An illustration of a Direct encapsulation type 
(I) test cell assembly. (b) An image of a type (I) test cell with Rec3 flakes in large capsules, (c) higher 
magnification image of capsules with multiple Rec3 flakes, (d) An image of a capsule with multiple 
3:1 ratio elliptical shaped flakes (60 x 20 x 5 μm) and Oil Red O dye (biological stain)22 in SIT7757 
host fluid.  All images were taken with a POM from the top view in reflection. 
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4.3.5. Direct encapsulation type (II) test cell configuration 

The Direct encapsulation type (II) test cell, Fig. 3.3(e), is also made from an 

emulsion of the flake/host fluid suspension in a binder material similar to type (I), 

except that the cell is assembled and then the binder is cured in situ.  In this case the 

binder itself adheres to the top substrate without any additional materials; 

hydrophobic PDMS is used as the binder in this work with a hydrophilic host fluid, 

PC.  A detailed procedure for assembly of a Direct encapsulation type (II) test cell is 

given in Appendix 4.5 and an illustration of the Direct encapsulation test cell type (II) 

configuration is shown in Fig. 4.12 along with an image taken from the top view with 

a POM in reflection.  The encapsulated PC shown in Fig. 4.12(b) has been doped with 

Basic Blue 3 dye (Table 4.9) to enhance the visibility of capsules being studied.  

After some initial work it was discovered the Basic Blue 3 dye poisons the PC and 

prevented MW flake reorientation.  The mechanism that prevents MW reorientation 

was not explored but is suggested in Section 8.2 for further study.  The image in Fig. 

4.12(c) shows an undoped PC capsule in a test cell that is functional for flake 

reorientation by MW polarization. 
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Figure 4.12.  Direct encapsulation type (II) test cells. (a) An illustration of a Direct encapsulation type 
(II) test cell assembly. (b) Image of commercial freeze fractured PCLC flakes in PC host fluid colored 
with Basic Blue 3 dye23, encapsulated in a PDMS binder. (c) Commercial freeze fractured PCLC flakes 
in PC host fluid encapsulated in a PDMS binder.   Images all taken with a POM from the top view in 
reflection. 
 

4.3.6. Coacervation encapsulation test cell configuration 

The Coacervation encapsulation test cell, Fig. 3.3(f), is a device that, once 

assembled, is very similar to the direct encapsulation devices.  However, unlike direct 

encapsulation by emulsion, the encapsulation takes place in a preliminary step.  The 
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flake/host fluid suspension is encapsulated in a gelatin-gum arabic capsule shell by 

complex coacervation.  The process of complex coacervation was originally 

developed Green & Schleicher of the National Cash Register Company for carbonless 

paper in 1957 and is referred to as the NCR process (No Carbon Required).24  Green 

encapsulated an oil/dye suspension using complex coacervation of gelatin and gum 

arabic to form microcapsules that could be coated on paper to make carbonless copy 

paper.  This process is also used for many other products including fragrances, 

pharmaceuticals, and liquid crystal temperature sensing products.25 

Coacervation, also known as aqueous phase separation, is a colloid 

phenomenon.  If one starts with a solution of a colloid in an appropriate solvent, then 

according to the nature of the colloid, various changes can bring about a reduction of 

the solubility of the colloid.  As a result of this reduction a large part of the colloid 

can be separated out into a new phase.  The original one phase system becomes two 

phases.  One is rich and the other is poor in colloid concentration. The colloid-rich 

phase in a dispersed state appears as amorphous liquid droplets called coacervate 

droplets.  Upon standing these coalesce into one clear homogenous colloid-rich liquid 

layer, known as the coacervate layer.  This layer can be deposited so as to produce the 

wall material of the resultant capsules. An illustration of this concept is shown in 

Figure 4.13.26  Coacervation may be initiated by changing the temperature, changing 

the pH or by adding a second substance (e.g. a concentrated aqueous ionic salt 

solution or a non-solvent).  As the coacervate forms, it must wet the suspended core 

particles or core droplets and coalesce into a continuous coating for the process of 

 



 72

microencapsulation to occur.  The final step for microencapsulation is the hardening 

of the coacervate wall and the isolation of the microcapsules, which is usually the 

most difficult step in the total process.27 

There are two types of coacervation: simple and complex coacervation.  

Simple coacervation involves the use of either a second, more-water soluble polymer, 

or an aqueous non-solvent for the colloid. This produces the partial 

dehydration/desolvation of the colloid molecules at a temperature above the gelling 

point (the temperature at which the mixture becomes a semisolid). The partial 

dehydration of the colloid molecules results in the separation of a liquid colloid-rich 

phase in association with an equilibrium liquid (colloid-poor) which, under optimum 

separation conditions, can be almost completely devoid of colloid.  Simple 

coacervation can be accomplished either by mixing two colloidal dispersions, one 

having a high affinity for water, or it can be induced by adding a strongly hydrophilic 

substance such as alcohol or sodium sulfate. The water soluble polymer is 

concentrated in water by the action of a water miscible, non-solvent for the emerging 

polymer (colloid) phase.  Phase separation can also be accomplished by the addition 

of an electrolyte such as an inorganic salt to an aqueous solution of a polymer.27   
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Figure 4.13.  Schematic representation of microencapsulation through coacervation: (a) dispersed 
liquid or solid particles in a colloidal solution, (b) induction of phase separation, (c) deposition of 
microdroplets at the surface, and (d) fusion into a membrane, adapted from reference 26. 

(a) (b)

(c) (d)

(a) (b)

(c) (d)

 

Complex coacervation involves systems having two dispersed hydrophilic 

colloids of opposite electric charges. Neutralization of the overall positive charges on 

one of the colloids by the negative charge on the other is used to bring about 

separation of the polymer-rich complex coacervate phase.  The gelatin-gum arabic 

(gum acacia) system is the most studied complex coacervation system in the 

literature. Complex coacervation is possible only at pH values below the isoelectric 

point (the pH value at which the charge on the molecule is neutral) of gelatin. It is at 

these pH values that gelatin becomes positively charged, but gum arabic continues to 

be negatively charged. A typical complex coacervation process using gelatin and gum 

arabic colloids is as follows: The core material is emulsified or suspended either in 

the gelatin or gum arabic solution. The aqueous solution of both the gelatin and gum 

arabic should each be below 3 percent by weight. Then, the gelatin or the gum arabic 
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solution (whichever was not previously used to suspend the core material) is added 

into the system. The temperature of the system must be higher than the gel point of an 

aqueous gelatin solution (greater than 35oC). The pH is adjusted to 3.8-4.3 and 

continuous mixing is maintained throughout the whole process. The system is cooled 

to 5oC and the gelled coacervate capsule walls are insolubilized by either adding 

glutaraldehyde or another hardening agent.  The pH is then adjusted to ~10 to 

complete the reaction.27  After microencapsulation and hardening, the resulting 

capsules are dried and/or cast in an appropriate binder for coating on a substrate.  In 

this work the capsules are dispersed in an aqueous PVA solution, cast on an ITO 

electrode coated substrate and assembled using the same method as described for a 

Direct encapsulation type (I) cell.  A detailed procedure for making capsules by 

complex coacervation and assembling them into a Coacervation test cell is given in 

Appendix 4.6.  An illustration of an assembled complex Coacervation test cell is 

shown in Fig. 4.14 along with an image taken of a complex Coacervation test cell 

with a POM in reflection.  The capsule shown in Fig. 4.14 has wrinkles due to 

capsule shrinkage from the hardening reaction.  The capsules contract as the pH is 

raised, squeezing the water out of the polymer matrix and shrinking the capsule shell 

nonuniformly. 

For a proof of concept device such as is presented in this work, the capsule 

shrinkage is not a problem.  Our gelatin-gum arabic capsules are dispersed in an 

aqueous binder such as PVA.  During the drying process the PVA binder shrinks 

considerably as the water is removed.  The binder shrinkage in turn compresses the 
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capsules to an elliptical or domed shape.  The compression of the capsules stretches 

them and removes the majority of the wrinkles.  The new shape does not adversely 

affect the flake motion and returns the capsules to an optically clear state.  To 

minimize capsule distortion so that spherical capsules may be used, a better option 

would be to use a different capsule shell material.  Several options are being explored 

currently in our group including PVA, Nylon and Polyurea as alternative capsule 

shell materials.28  
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Figure 4.14. (a) An illustration of an assembled Coacervation encapsulation test cell. (b) Image of a 
gelatin-gum arabic capsule with Rec4 PCLC flakes in DMS-E09 host fluid within an assembled 
Coacervation encapsulation test cell, shown without crossed polarizers. (c) Image of the capsule shown 
in (b) with crossed polarizers.  All images are taken with a POM in reflection. 
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4.4. Dielectric property characterization 

4.4.1. Impedance gain/phase analyzer 

For some of the materials used in this work, no dielectric property data 

[dielectric constant (ε), resistance (R), conductivity (σ)] are available from the 

manufacturer.  For such materials, impedance measurements are taken and used to 

calculate the dielectric material properties.  Impedance is measured using a Solartron 

1260 Impedance gain/phase analyzer (+ 1% error).15  The settings and set up are 

described in Appendix 6.  The instrument is designed to measure electrochemical 

phenomena in materials or test devices using different holders for solids and liquids.  

When a voltage potential is applied to a material or device, the current between the 

electrodes is measured. This current is determined by the mechanisms characterizing 

the motion of charge within the material.2, 29  When an AC voltage is applied to the 

sample, the ratio of voltage to current is known as the impedance, Z.  Generally, the 

impedance represents the opposition of the circuit to the flow of an AC signal.  

Impedance is a complex term that varies as a function of frequency that is related to 

the material properties of the sample.  The equivalent impedance, Zeq, of the circuit 

consists of a real part, Req (resistance in the circuit), and the imaginary part, Xeq 

(reactance of the circuit), where Z1 and Z2 are the real and imaginary portions of Zeq 

respectively.2, 30-32 

  (4.1) eqeqeq iXRZZZ +=+= 21

  Z1 is the resistance, Req, in the circuit and Z2~iXeq which includes the capacitance of 

the circuit. 
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Three types of sample holder set ups are used in this work for dielectric 

property measurements as shown in Fig. 4.15, all are assumed to be equivalent to a 

parallel plate capacitor.  The gap between the electrodes is measured by a micrometer 

that is indexed to move the top electrode up and down.  Solid samples (powders, 

films and disks) use Solartron sample holder 1296 2A,15 with two electrodes that form 

a parallel plate capacitor, Fig. 4.15(a).  A film or disk sample is simply sandwiched 

between the electrodes for measurement if the surface of the disk is smooth to allow 

full contact with the electrodes.  If not the disk may be painted with a conductive 

silver paint to assure good electrical contact with the electrodes.  A powder is 

measured by spreading it on aluminum foil cut larger than the area of the bottom 

electrode in the parallel plate set up.  The aluminum foil has tape on the opposite side 

from the powder, insulating all of the foil except for an area the shape and size of the 

bottom electrode.  The powder is then compressed by lowering the top electrode until 

the clutch in the micrometer slips to form a compacted disk.  Liquids are tested using 

the same sample holder but with a different set of electrodes.  The electrodes still 

form a parallel plate capacitor, but the bottom electrode has an insulative cup around 

it to hold the liquid samples depicted in green in Fig 4.15(b).  The third type of 

impedance set up is an electro-optic test cell where the ITO electrode coated glass 

substrates form the parallel plate capacitor and the materials being tested fill the gap 

as shown in Fig. 4.15(c). 
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Figure 4.15. Illustrations of sample holders used for impedance measurements.  The sample is 
depicted by an orange color for all versions. (a) Parallel plate capacitor set up used for solid sample 
measurements.  The effective electrode area is 20 mm in diameter. (b) Parallel plate set up used for 
liquid sample measurements.  The bottom electrode assembly acts as a cup to hold the liquid.  The 
effective electrode area is 20 mm in diameter. (c) Parallel plate set up used for materials in an E-O test 
cell, the test cell electrodes are the parallel plates.  The effective electrode area is ~25 mm x ~25 mm. 
 

Since all test set ups are in a parallel plate configuration an equivalent 

resistance and capacitance circuit in parallel maybe used.  Therefore, Zeq can be 

represented as: 
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Z1 and Z2 can be written in terms of R, C and ω, where ω=2πf and f=frequency.30 
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The resistance and capacitance can then be written in terms of Z1 and Z2. 
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The conductivity can then be calculated in terms of the resistance: 

 
RA
d

=σ  (4.8) 

where d is the sample thickness (or gap between electrodes) and A is the electrode 

area that is in contact with the sample.  From the capacitance we may calculate the 

dielectric permittivity, εx, of the sample.  The measured capacitance of the sample is 

related to the dielectric permittivity through the equation: 

 
A

Cd
x =ε  (4.9) 

The relative permittivity or dielectric constant, ε, of a sample is given by the ratio of 

the sample permittivity to the permittivity of a vacuum (~air) and is given by the 

equation: 

 
aa

x

C
C

==
ε
εε  (4.10) 

In this work the capacitance of materials is calculated from measured impedance of 

the material and an equivalent thickness of air.  For example, the impedance scans for 

a liquid, SIT7757, and air, shown in Fig. 4.16 are an average of four scans for each 

material.   
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Fig. 4.16.  Impedance measurements of SIT7757 and air at the same sample thicknesses.  The plots 
shown are (a) the Z1 portion of the impedance and (b) the Z2 portion of the impedance.  The impedance 
scans as a function of frequency may be used to calculate materials properties such as sample 
resistance, conductivity and dielectric constant.  These data are an average of four scans.  Data 
tabulated in Appendix 11. 
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4.4.2. Material constant calculations 

Figure 4.17 gives an example of a liquid dielectric properties measurement 

and calculation.  SIT7757 fluid is placed in the impedance gain phase analyzer 

sample holder at a thickness of 0.3 mm, and an impedance measurement is taken over 

a frequency range of 0.1 Hz to 30 MHz as shown in Fig. 4.16.  From the impedance 

data the conductivity of SIT7757 may be calculated as a function of frequency as 

shown in 4.17(a).  The measurement is repeated with air at a thickness of 0.3mm for 

use in calculating the sample dielectric constant, ε, as shown in Fig. 4.17(b). 

SIT7757 is a low dielectric constant fluid, and it exhibits increased noise in 

the impedance measurements when compared to measurements performed on more 

conductive materials.  At low frequencies, < ~1 KHz, the noise increases 

dramatically.  Therefore all material conductivity measurements in this work are 

determined from data taken at and averaged from ten points around 1 KHz (0.3-3 

kHz) unless noted, as highlighted in Fig. 4.17(a).  The conductivity determined in Fig. 

4.17(a) is σ=3.4x10-9 S/m.  Dielectric constant measurements are determined 

similarly about 105 Hz unless noted, as illustrated in Fig. 4.17(b).  The dielectric 

constant determined in Fig. 4.17(b) is ε=2.6. 
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Figure 4.17. Calculated (a) conductivity (σ=3.4 x 10-9 S/m) and (b) dielectric constant (ε=2.6) for 
SIT7757 host fluid based on impedance measurements over a frequency range of 0.1 Hz to 30 MHz for 
an electrode gap of 0.3 mm from Fig. 4.16.  These results are calculated from averaged impedance data 
(see text). 
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4.5. PCLC flake/film characterization 

PCLC flakes and films are characterized for several key characteristics: 

dimensions, surface roughness, reflectivity, and zeta potential. 

 

4.5.1. PCLC flake dimensions and surface roughness 

The dimensional measurements of PCLC flakes are accomplished by two 

methods.  For two dimensional measurements when flakes are either in a mold or in a 

device, optical images are taken using a Leica DMXR POM33 in reflection mode 

coupled with a Q-Imaging Retiga 4000R Fast camera and QCapture Pro software.34  

An example of dimensional measurements of Rec4 PCLC shaped flakes is shown in 

Fig. 4.18.  The second method employed is interferometry on a Zygo NewView 5000 

white light surface profiler.35  This method is convenient for measuring the thickness 

of a flake as shown in Fig. 4.19, as well as for verifying the optical measurements 

illustrated in Fig. 4.18.   
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Figure 4.18.  POM image of a 10 vol. % CB doped Rec4 PCLC flake showing the length and width 
dimensions. 
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Figure 4.19.  The thickness of a 10 vol. % CB doped Rec4 PCLC flake as measured on a Zygo 
NewView 5000 surface profiler.  The thickness of the PCLC flake is 4.9 μm. 
 

The NewView 5000 surface profiler is also useful for measuring the surface 

roughness of PCLC flakes as shown in Fig. 4.20.  A comparison of the rms surface 

roughness for undoped Rec4 shaped flakes and surface doped Rec4 shaped flakes 

coated with PEDOT/PSS is shown in Table 4.11.  Coating the surface of the flake 

with PEDOT/PSS is seen to greatly reduce the rms surface roughness from an 

average of 255 nm to an average of 59 nm.   
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Figure 4.20. Surface roughness of Rec4 PCLC shaped flakes as measured on a Zygo NewView 5000 
surface profiler.  The rms surface roughness shown is 201 nm.  
 

Table 4.11. Surface roughness of Rec4 PCLC shaped flakes as measured on a Zygo NewView 5000 
surface profiler (one line-out per flake sample examined).  The average surface roughness of undoped 
flakes (255 nm) is much larger than PEDOT/PSS coated flakes (59 nm). 

sample 1 
(nm)

sample 2 
(nm)

sample 3 
(nm)

average 
(nm)

std dev 
(nm)

Undoped 201 417 147 255 143
PEDOT 78 52 46 59 17
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4.5.2. Reflectivity and Transmission measurements of parent PCLC films 

The reflectivity and transmission spectra of the different parent PCLC film 

types used in this work were measured on a Lambda 900 UV/Vis/NIR 

spectrophotometer,36 using a 1 mm x 11.7 mm beam cross-section at the sample with 

a PELA-1020 integrating sphere to measure the total reflectance and transmittance.  

The samples were measured at an 8o angle of incidence for reflection measurements.  

This is within the range of incidence angles where the s- and p-components of 

reflection are equal so no correction for polarization is necessary. The samples were 

measured at an 0o angle of incidence for transmission measurements. 

All films were prepared and measured on a 1 mm thick, VWR VistaVision 

glass microscope slide37 and are not corrected for any Fresnel reflection (reflection at 

the interface between materials with different indicies of refraction).  All film 

samples measured were oriented film side toward the incident light beam unless 

noted.  A minimum of three scans for each sample were performed. The samples were 

removed from the sample holder and then remounted between scans, and are denoted 

by different color lines on each plot as in Fig. 4.21(c).  Repositioning caused a 

variation in the location on the film through which the measurement was made, which 

caused variations in the measurement profiles. 

In Fig. 4.21 (a) and (b), the transmittance and reflectance are given for an 

uncoated microscope slide as a baseline measurement. The transmittance for the 

uncoated glass microscope slide measures ~92% at 590 nm and agrees well with an 

expected value of 91.5%; see Appendix 5 for further details.  The magnitude of the 
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reflection for an uncoated glass microscope slide was measured to be ~9% at 590 nm.  

This measurement is close to the expected value of 8.5% calculated for soda-lime 

glass.  These data illustrate the expected Fresnel reflection due to the glass 

microscope slide on which the PCLC films are measured. 

An example of the transmission and reflection profiles for a PCLC film is 

shown in Fig. 4.21(c) and (d). The scans for an undoped (neat) green PCLC film 

show the transmission profile has a minimum transmission at ~500 nm due to the 

reflection of the LHCP (left handed circularly polarized) portion of the incident light 

being reflected.   Increased absorption by the PCLC film at the shorter wavelengths 

for the transmission profile is highlighted by the red arrows and line and will be 

discussed later in Section 7.7.  The reflectance scans for an undoped green PCLC film 

show the reflectivity of the sample is ~47%, with its peak wavelength at ~500 nm.  

The three scans of the undoped film show differences in their reflection profiles due 

to the heterogeneous nature of the PCLC film, described earlier in Section 4.2.1.1.   
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Figure 4.21.  The transmission and total reflectance spectra of PCLC films were measured using a 
Lamba 900 UV/Vis/NIR spectrophotometer.  (a) The transmittance of an uncoated glass microscope 
slide as a baseline measurement.  (b) The total reflectance of an uncoated glass microscope slide 
showing the Fresnel reflection across the spectrum of wavelengths. (c) The transmittance of a neat 
(undoped) PCLC film with the film surface exposed to the incident light. (d) The total reflectance of a 
neat (undoped) PCLC film. Red arrows and line highlight absorption at lower wavelengths of the 
PCLC films.  
 

4.5.3.  PCLC flake zeta potential 

Electrophoresis (EP) is the translation of a charged particle in a fluid due to a 

uniform applied electric field.  If EP of particles is observed in a fluid, the particle 

must possess a surface charge.   The intrinsic charge on a particle in a fluid may be 

measured using an instrument such as a Brookhaven ZetaPALS zeta potential and 

particle size analyzer,38 as long as certain particle size and shape conditions are met. 

Unfortunately, our PCLC flakes do not meet these conditions; the flakes are too large 

and nonspherical, and attempts to measure their zeta potential with this instrument 
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were not successful.  However, our E-O test cells can function as a zeta potential 

analyzer because they have the same basic components; two electrodes that generate a 

known electric field between them, causing translation of a charged particle and a 

method to measure the velocity of that particle. 

The Smoluchowski equation is typically used for calculations involving EP 

and may be used to calculate the zeta potential of a particle in a fluid.39 

η
ζεεμ 0=e  (4.11) 

Where μe is the electrophoretic mobility, ε is the dielectric constant of the dispersion 

medium, ε0 is the permittivity of free space (C2 N-1 m-2), η is dynamic viscosity (Pa.s) 

of the fluid in which the particle is dispersed, and ζ is zeta potential (mV).  The 

electrophoretic mobility is the coefficient of proportionality between particle velocity 

υ and electric field strength: 

Ee
υμ =  (4.12) 

Rearranging these equations then gives us the equation for the zeta potential of the 

particle. 

 

E0εε
ηυζ =  (4.13) 

A plot of the observed electrophoretic translation times in a Basic type test cell for 

undoped shaped flakes in SIT7757 is shown in Fig. 4.22. Using this data, the electric 

field needed to translate the flake across the cell gap in 5 (s) was determined.  5 (s) 

 



 92

was used as the standard translation time in our zeta potential calculations.  From the 

time for translation and the cell gap width, a flake velocity was calculated.  A listing 

of the subsequent zeta potentials calculated for the undoped shaped flakes are shown 

in Table 4.12.  The undoped shaped flakes have an average zeta potential of -98.5 + 

33 mV.  The flakes translated toward the positive electrode and therefore have a 

negative zeta potential.  A negative zeta potential indicates that the undoped PCLC 

flakes have a negative intrinsic charge in SIT7757. 
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Figure 4.22.  Plot of the observed electrophoretic translation times for undoped Rec3 shaped flake 
types in SIT7757 fluid for two Basic type test cells.   A log-log plot of the data shows the translation 
time has an x-1.9 dependence on the electric field strength. 
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Table 4.12.  Listing of the data used to calculate zeta potential for undoped shaped flakes in SIT7757 
fluid.  All the flakes translate toward the positive electrode and therefore have a negative zeta potential. 

cell # volts
trans. 
time cell gap (m) E (V/m) v (m/s)

zeta pot. 
(mV)

zeta pot. 
avg. (mV)

zeta pot. 
std dev 

(mV) doping
183 103 5 2.00E-04 5.15E+05 4.00E-05 -122 Undoped
184 167 5 2.00E-04 8.35E+05 4.00E-05 -75 Undoped-98 33

 
 
4.6. Test cell characterization 

A minimum of two prototype test cells for each of the six configurations 

shown in Section 4.3 were assembled and evaluated for E-O flake behavior.  Also, a 

minimum of two prototype test cells for each of the doped flake variations were 

assembled in the Basic cell configuration and tested for E-O behavior.  Each 

prototype was similar to the devices shown in Fig. 2.11, but without patterned 

electrodes.  Each device was tested within 48 hrs of assembly to reduce the effect of 

aging on the test cell.  Aging may increase the reorientation times of the PCLC flakes 

if the ITO electrodes are not insulated from the host fluid.  This is due to ions that 

migrate from the ITO into the host fluid.2 

 

4.6.1. Electro-optic motion of PCLC flakes in test cells 

Optical microscopy and video images are used to characterize the electro-

optic motion of PCLC flakes.  The optical and video images are taken using a Leitz 

Orthoplan POM in reflection mode coupled with a MicroPix C1024 CCD camera and 

Streampix software.40-42  Generally, crossed polarizers are used for optical 

microscopy to reduce glare and enhance the focus of the PCLC flakes.  Also, the 
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depth of focus feature is used during characterization of flake motion to characterize 

translation in the vertical direction. 

 

4.6.2. Test cell dimensional characterization 

The dimensions of the electro-optic test cells used in this work, specifically 

the gap between electrodes, are measured using a micrometer.43 

 

4.6.3. Applied electric field 

The AC power applied to the E-O test cells is supplied from a Stanford 

Research function generator and a HP 6827A Bipolar Power Supply/Amplifier.44, 45  

An illustration of the instrument set up to test E-O behavior is shown in Fig. 4.23.   
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Figure 4.23.  Illustration of the set up for AC electric field frequency testing of E-O test cells.  AC 
power is supplied from the function generator, through an amplifier and to the E-O test cell. 
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The range of AC frequencies over which the E-O test cells are tested goes 

from 0.01 Hz to 106 Hz, and the applied electric field is varied from 1 Vrms to as high 

75 Vrms.  The electric field magnitude used for each test cell is set to the minimum 

amount of voltage needed to observe a reasonable amount of flake motion.  The 

starting and ending time for flake reorientation is recorded as the time from the initial 

application of the electric field until the flake reaches θ ~90o (see Fig. 3.2).  If the 

flake does not begin to reorient within 180 s then it is considered not to exhibit 

motion. 

The equipment setup used for applying a DC field to the E-O test cells is 

illustrated in Fig. 4.24.  The amplifier and function generator in Fig. 4.23 are replaced 

by a DC power supply. The DC power supply is a Fluke High Voltage Power Supply 

model 412B and no power amplifier is used.46  The DC voltage range over which the 

cells are tested is 1 V to as high as 300 V.  The starting and ending time for flake 

reorientation is recorded as the time from the initial application of the electric field 

until the flake reaches θ ~90o (see Fig. 3.2).  If the flake does not begin to reorient 

within 180 s then it is considered not to exhibit motion.  For flake translation in dc, 

the time recorded is determined from the initial application of the electric field until 

the flake has translated from one electrode and come to rest against the opposite 

electrode. If the flake does not begin to translate within 60 s then it is considered not 

to exhibit motion. 

 

 



 96

DC Power SupplyDC Power SupplyOn / Off
Switch

On / Off
Switch

E-O test cell

Microscope
view angle

DC Power SupplyDC Power SupplyOn / Off
Switch

On / Off
Switch

E-O test cell

Microscope
view angle

Figure 4.24.  Illustration of the set up for DC electric field testing of E-O test cells.  DC power is 
supplied directly from the Fluke High Voltage Power Supply to the E-O test cell. 
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Chapter 5 

Model predictions and experimental results for microencapsulated 

PCLC flakes in an electric field 

In this chapter the modeling predictions for MW type behavior of PCLC 

flakes in six microencapsulation configurations are reviewed and compared to 

experimental results.  The effect of test cell geometry is considered on the electric 

field acting on the PCLC flake along with the effect of the host fluid type.  Lastly the 

MW and electrophoretic type behaviors are explored for uniformly and layered doped 

flakes.   

 

5.1. Electro-optic test cell modeling assumptions 

When modeling the PCLC flake in an E-O test cell, it was assumed that the 

flake was always centered in the test cell gap, had an initial angle of 20o with respect 

to the substrate and was the only flake in the cell gap.  This differed from the actual 

microencapsulation test cells where the flakes often started their reorientation when in 

contact with an electrode due to density differences between the fluid and flake.  

Often, other flakes were nearby or in contact as well, but this did not seem to affect 

motion.  All PCLC flakes are modeled as Rec3 shaped flakes, Fig 2.11. 

A 2D geometry of each test cell cross-section is generated in the Comsol 

Multiphysics “In-Plane Electric Currents” module. Each sub domain (geometric 

section) is assigned a conductivity, dielectric constant and thickness in the x-direction 

(out of the plane of the page, Fig. 3.2). The glass substrates and ITO electrode layers 
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are not included in the model, consistent with Fig. 3.4(c).  A voltage potential is 

applied to the lower boundary (electrode) of the model (7.5 Vrms unless noted) and the 

top boundary (electrode) is set to ground potential.  The side boundaries are defined 

to be electrically insulating.  The frequency is set at 100 Hz and the overall cell gap is 

150 μm unless noted.    The material properties of SU-8 3050 photoresist were used 

to model the Microwell/Microcube walls, the Direct encapsulation binder and the 

Coacervation encapsulation binder, to enable a direct comparison of electric fields 

among the device geometries. 

 
5.2. Modeling predictions for test cell configurations and host fluid types 

The environment (cell geometry) surrounding the flake has a large effect on 

flake motion because it influences the applied electric field strength, which is directly 

proportional to the electrostatic torque applied to the flake.  Each test cell geometry is 

modeled in Comsol Multiphysics for each of the three host fluids.  Using the electric 

field values from Comsol Multiphysics, the effect of cell geometry and host fluid type 

on flake motion is predicted by the analytical model. 

 

5.2.1. Basic test cell configuration  

When the path of the electric field between the electrodes encounters constant 

material properties, as in the Basic test cell configuration, a strong uniform electric 

field is present in the cell gap.  A plot of the electric field acting on the flake for each 

of three host fluids in a Basic test cell, the resulting electrostatic torques and 

corresponding reorientation times are shown in Fig. 5.1.  If the dielectric constants 
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and conductivities of the host fluid and PCLC flakes are similar then the model 

predicts a low electrostatic torque on the flake, consistent with Fig. 5.1(a) and 

indicated by the long reorientation time in Fig. 5.1(d) for SIT7757.  If the dielectric 

constants and conductivities of the host fluid and PCLC flake are significantly 

different, the model predicts a high electrostatic torque on the flake, consistent with 

Fig. 5.1(b) and (c) as well as indicated by the short reorientation times in Fig. 5.1(d) 

for DMS-E09 and PC. 
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(d) SIT7757 DMS-E09 PC
Elect. Field (mV/μm) 49.6 53.0 55.0

Torque (N/m) 5.01E-17 1.98E-16 4.31E-16
Reorient. time (s) 92.4 6.1 0.4

 

Figure 5.1.  Plots of the electric field magnitude for the Basic test cell configuration with each of three 
host fluids with a 7.5 Vrms (50 mVrms/μm) potential applied.  The three host fluids are: (a) SIT7757, (b) 
DMS-E09, (c) PC.  (d) A summary of the electric field and resulting electrostatic torque acting on the 
flake and corresponding reorientation time for each host fluid type. 
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5.2.2. Microwell test cell configuration  

The Microwell test cell configuration, as in the Basic test cell configuration, 

has constant material properties along the electric field path between the electrodes.  

This leads to a strong uniform electric field present in the cell gap similar to the Basic 

test cell configuration.  A plot of the electric field acting on the flake for each of three 

host fluids in a Microwell test cell, the resulting electrostatic torques and 

corresponding reorientation times are shown in Fig. 5.2.  The results are identical to 

those in Section 5.2.1 for the Basic test cell. 
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(d) SIT7757 DMS-E09 PC
Elect. Field (mV/μm) 49.6 53.0 55.0

Torque (N/m) 5.01E-17 1.98E-16 4.31E-16
Reorient. time (s) 92.4 6.1 0.4

 

Figure 5.2.  Plots of the electric field magnitude for the Microwell test cell configuration with each of 
three host fluids with a 7.5 Vrms (50 mVrms/μm) potential applied.  The three host fluids are: (a) 
SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric field and resulting electrostatic torque 
acting on the flake and corresponding reorientation time for each host fluid type. 
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5.2.3. Microcube test cell configuration  

The Microcube test cell configuration does not have constant materials along 

the electric field path between the electrodes.  The host fluid is separated from the 

electrode by a layer of photoresist.  The electric field must first pass though the 

photoresist and then the host fluid and then back through the photoresist before it 

reaches the opposite electrode.  Therefore, the strength of the electric field is very 

dependent on the dielectric constants of the host fluid and the photoresist.  If the host 

fluid dielectric constant is similar to that of the photoresist, then the electric field will 

be relatively unchanged.  If they are dissimilar then the electric field can change 

dramatically.  When the electric field encounters discontinuities in dielectric constant 

as it passes through different materials, the electric field will vary as Ei=Ea/εi.  

Consider a dielectric material inserted between two parallel plates as in a capacitor.  

The charge storage capacity increases but the electric field is unchanged as shown in 

Fig. 5.3(a).  If, however, more than one dielectric layer is added, then the electric 

field is altered within each material.  The term Ea represents the electric field in 

air/vacuum.  Dielectric materials reduce this value by 1/ε as shown in Fig. 5.3(b).   

A plot of the electric field acting on the flake for each of three host fluids in a 

Microcube test cell is shown in Fig. 5.4, along with the resulting electrostatic torques 

and corresponding reorientation times.  In Fig. 5.4(a), as in the Basic test cell, the 

material properties along the path of the electric field are similar and therefore the 

model predicts high electric field strength.  The flake and host fluid have similar 

dielectric constants and conductivities, therefore low torque and a long reorientation 
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time is predicted, Fig. 5.4(d).  In Fig. 5.4(b) and (c), material properties along the path 

of the electric field are dissimilar and the model predicts the electric field strength 

acting on the flake will decrease as the electric field passes from a low dielectric 

constant material into a higher dielectric constant material.  In Fig. 5.4(b), the 

photoresist and host fluid dielectric constants are εSU8=3.2 and εE09=7 respectively, 

while the conductivities are similar.  Therefore as indicated by the red color in the 

photoresist material and the orange color around the flake, the electric field decreases 

as it travels from the photoresist into the host fluid.  The increased dielectric constant 

of the host fluid however has the opposite effect on the electrostatic torque acting on 

the flake, increasing it and lowering the predicted reorientation time of the flake, Fig. 

5.4(d), as compared to the host fluid SIT7757 in Fig. 5.4(a).   In Fig. 5.4(c), the 

decrease in electric field is even more dramatic as the dielectric constant for the host 

fluid is now εPC=60 and the conductivities of the two materials are σSU8=1x10-4 S/m 

and σPC=9x10-8 S/m.  This large difference between material properties drastically 

lowers the predicted electric field acting on the flake as indicated by the change from 

red to blue as the electric field crosses the interface of the photoresist to the host fluid.  

The electric field is also lower at the midpoint of the vertical interfaces between the 

microcube walls and the host fluid (yellow and green areas).  A distortion of the 

electric field is typical near material interfaces not perpendicular to the direction of 

electric field propagation between electrodes where the two materials have significant 

differences in dielectric constant and conductivity.  Also, even though there is a large 

difference between the host fluid and flake dielectric constants, which tends to  
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increase the torque acting on the flake, the electric field is so weak that reorientation 

is not predicted.  Figure 5.4(d) indicates a negligible torque and unrealistic 

reorientation time for PC as the host fluid.  A negative value for the reorientation time 

indicates that gravity is the dominant force and the flake is relaxing to θ=0o without 

reorientation. 

Ea=V/d=0.1 V/μm 
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(b) 

Figure 5.3.  A dielectric material within a parallel plate capacitor may modify the electric field. (a) 
When a dielectric is inserted between two parallel plates as in a capacitor, the charge storage capacity 
increases but the electric field is unchanged.  (b)  If more than one dielectric layer is added, then the 
electric field is altered within each material.  The term Ea represents the electric field in air/vacuum.  
Dielectric materials reduce this value by 1/ε. 
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(d) SIT7757 DMS-E09 PC
Elect. Field (mV/μm) 50.1 32.5 0.1

Torque (N/m) 5.12E-17 7.44E-17 5.66E-22
Reorient. time (s) 90.7 13.7 -20.2

 

Figure 5.4.  Plots of the electric field magnitude for the Microcube test cell configuration with each of 
three host fluids with a 7.5 Vrms (50 mVrms/μm) potential applied.  The three host fluids are: (a) 
SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric field and resulting electrostatic torque 
acting on the flake and corresponding reorientation time for each host fluid type.  A negative value for 
the reorientation time indicates that gravity is the dominant force and the flake is relaxing to θ=0o, not 
reorienting.  
  

o, not 
reorienting.  

5.2.4. Direct encapsulation type (I) test cell configuration  5.2.4. Direct encapsulation type (I) test cell configuration  

The Direct encapsulation type (I) test cell configuration, similar to the 

Microcube configuration, does not have constant material properties along the electric 

field path between the electrodes.  The Direct encapsulation type test cell has 

spherical capsules instead of cubes to contain the flake/host fluid suspension.  As 

such, the path of the electric field does not intersect perpendicular boundaries, 

causing more distortions in the electric field than the Microcube configuration.   

The Direct encapsulation type (I) test cell configuration, similar to the 

Microcube configuration, does not have constant material properties along the electric 

field path between the electrodes.  The Direct encapsulation type test cell has 

spherical capsules instead of cubes to contain the flake/host fluid suspension.  As 

such, the path of the electric field does not intersect perpendicular boundaries, 

causing more distortions in the electric field than the Microcube configuration.   

A plot of the electric field acting on the flake for each of three host fluids in a 

Direct encapsulation type (I) test cell, the resulting electrostatic torques and 

A plot of the electric field acting on the flake for each of three host fluids in a 

Direct encapsulation type (I) test cell, the resulting electrostatic torques and 
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corresponding reorientation times are shown in Fig. 5.5.  In Fig. 5.5(a), the material 

properties along the path of the electric field have similar properties and therefore the 

model predicts high electric field strength acting on the flake shown as a red color in 

the plot and given in 5.5(d).  The epoxy layer, shown in yellow, does not affect the 

electric field acting on the flake.  Similar host fluid and flake material properties 

however result in a low electrostatic torque applied to the flake, and long 

reorientation time is predicted.  In Fig. 5.5(b), an orange color indicates a slight 

decrease in the electric field as it passes from the photoresist into the host fluid, 

because of the moderate increase in the dielectric constant of the host fluid over the 

photoresist.  The change in host fluid dielectric constant, however, increases the 

difference in dielectric constant between the host fluid and flake.  Therefore the 

electrostatic torque on the flake increases and reorientation time decreases as is given 

in Fig. 5.5(d).  In Fig. 5.5(c), a blue color indicates a dramatic drop in the electric 

field as it passes from the photoresist into the host fluid, because of the large increase 

in the dielectric constant of the host fluid over the photoresist.  The change in host 

fluid dielectric constant, however, increases the difference in dielectric constant 

between the host fluid and flake.  The electrostatic torque on the flake, however, is 

low because of the weak electric field acting on the flake, and as was seen for the 

microcube case, an unrealistic reorientation time is predicted as is given in Fig. 

5.5(d). 
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Figure 5.5.  Plots of the electric field magnitude for the Direct encapsulation type (I) test cell 
configuration with each of three host fluids with a 7.5 Vrms (50 mVrms/μm) potential applied.    The 
three host fluids are: (a) SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric field and 
resulting electrostatic torque acting on the flake and corresponding reorientation time for each host 
fluid type.  A negative value for the reorientation time indicates that gravity is the dominant force and 
the flake is relaxing to θ=0o, not reorienting.  

(d) SIT7757 DMS-E09 PC
Elect. Field (mV/μm) 53.1 33.1 0.1

Torque (N/m) 5.75E-17 7.72E-17 4.80E-22
Reorient. time (s) 82.2 13.3 -20.2
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5.2.5. Direct encapsulation type (II) test cell configuration  

The Direct encapsulation type (II) test cell configuration is the same as type 

(I), except that it has no epoxy layer at the top of the test cell.  The electric field 

magnitudes are slightly lower for type (II) than type (I) but the electric field 

distributions are very similar.  A plot of the electric field acting on the flake for each 

of three host fluids in a Direct encapsulation type (II) test cell, the resulting 

electrostatic torques and corresponding reorientation times are shown in Fig. 5.6.  

Without the epoxy layer above the photoresist the electric field above and below the 

capsule are symmetric. 
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(d) SIT7757 DMS-E09 PC
Elect. Field (mV/μm) 49.7 29.9 0.1

Torque (N/m) 5.03E-17 6.32E-17 3.57E-22
Reorient. time (s) 92.2 15.5 -20.2

 

Figure 5.6.  Plots of the electric field magnitude for the Direct encapsulation type (II) test cell 
configuration with each of three host fluids with a 7.5 Vrms (50 mVrms/μm) potential applied.    The 
three host fluids are: (a) SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric field and 
resulting electrostatic torque acting on the flake and corresponding reorientation time for each host 
fluid type.  A negative value for the reorientation time indicates that gravity is the dominant force and 
the flake is relaxing to θ=0o, not reorienting. 
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5.2.6. Coacervation encapsulation test cell configuration  

The Coacervation encapsulation test cell configuration is also very similar to 

the Direct encapsulation type (I) configuration but with an added capsule shell 

separating the binder from the host fluid.  The electric field magnitudes and directions 

are also very similar to those for the Direct encapsulation configurations. A plot of 

the electric field acting on the flake for each of three host fluids in a Coacervation 

encapsulation test cell, the resulting electrostatic torques and corresponding 

reorientation times are shown in Fig. 5.7.  For the example shown, a low dielectric 

constant material (PVA) is used to model the capsule shell material.  PVA is a low 

dielectric constant material, so there is little effect on the electric field and the electric 

field magnitudes are essentially the same as the Direct encapsulation type (I) 

configuration, as shown in Fig. 5.5.  If a high dielectric constant material is used to 

model the capsule shell material, it will decrease the electric field inside the capsule 

regardless of the host fluid used.  However, because the capsule shell is very thin, it 

will not have as significant of an effect as the host fluid dielectric constant. 
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Figure 5.7.  Plots of the electric field magnitude for the Coacervation encapsulation test cell 
configuration, all three host fluids have a 7.5 Vrms (50 mVrms/μm) potential applied. The three host 
fluids are: (a) SIT7757, (b) DMS-E09, (c) PC.  (d) A summary of the electric field and resulting 
electrostatic torque acting on the flake and corresponding reorientation time for each host fluid type.  A 
negative value for the reorientation time indicates that gravity is the dominant force and the flake is 
relaxing to θ=0o, not reorienting. 
 

5.3. Predicted effect of cell geometry on the electric field 

The effect of the test cell geometry on the electric field can be understood if 

the host fluid is held constant in the system with the properties of PC, and if the cell 

geometry is changed.  When the path of the electric field between the electrodes 

encounters constant material properties, as in the Basic and Microwell configurations, 

the electric field is uniform within the cell gap, denoted by the red color, except 

immediately surrounding the flake.  The interface between the materials is not 

perpendicular to the direction of the electric field propagation path between the 

electrodes and the electric field is distorted, as shown in Figs. 5.8(a,b).  For these two 

configurations the electric field acting on the flake is not affected by test cell 

geometry and dependent only on the applied potential, cell gap, and difference 

between the dielectric properties of the host fluid and flake. 

The effect of the test cell geometry on the electric field can be understood if 

the host fluid is held constant in the system with the properties of PC, and if the cell 

geometry is changed.  When the path of the electric field between the electrodes 

encounters constant material properties, as in the Basic and Microwell configurations, 

the electric field is uniform within the cell gap, denoted by the red color, except 

immediately surrounding the flake.  The interface between the materials is not 

perpendicular to the direction of the electric field propagation path between the 

electrodes and the electric field is distorted, as shown in Figs. 5.8(a,b).  For these two 

configurations the electric field acting on the flake is not affected by test cell 

geometry and dependent only on the applied potential, cell gap, and difference 

between the dielectric properties of the host fluid and flake. 
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When the path of the electric field between the electrodes does not encounter 

constant material properties, as in the Microcube and Direct encapsulation 

configurations, the model prediction of electric field distribution depends on the 

material properties of the system, see Figs. 5.8(c,d).  When the electric field passes 

from a low dielectric constant material such as SU-8 (ε=3.2) into a high dielectric 

constant material such as PC (ε=60), the electric field drops off dramatically, denoted 

by the blue color.  In such cases, even when the dielectric constant and conductivity 

mismatch between PC and PCLC flake is large, the flake will experience low electric 

field strength and therefore low electrostatic torque.  In addition, at interfaces 

between materials with different dielectric constants and that are not perpendicular to 

the direction of the electric field propagation between the electrodes, there are 

distortions in the electric field as illustrated in Figs. 5.8(c-d).  The low electric field 

areas shown in yellow along the horizontal (dashed red) centerline of the cell, see Fig. 

5.8(c), indicate a cross-over point of the electric field at the interface between host 

fluid and photoresist.  Below the centerline, the electric field points into the host fluid 

and above the line it points out of the host fluid.  Therefore, at the centerline the 

electric field decreases to near zero, shown in blue.  This area is highlighted in Fig. 

5.8(e).  At the top and bottom edges of the flake as shown in Fig. 5.8(a,b), a similar 

effect is seen as the electric field increases above and below the flake because the 

flake has a lower dielectric constant than the host fluid. 
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Figure 5.8.  Comsol Multiphysics output of the electric field as a function of test cell geometry (insets 
highlight geometry).  The fluid surrounding the flake has the properties of propylene carbonate (ε=60, 
σ=1x10-4), the flake is PCLC (ε=2.2, σ=1x10-9), the encapsulating material (binder) is SU-8 3050 
(ε=3.2, σ=2.13x10-8) and the applied voltage to the 150 μm thick cell is 7.5 V. The direction and size 
of the arrows represent the direction and strength of the electric field, the surface plot color also 
represents the strength of the electric field and the scale range is 0 (dark blue) to 106 (dark red) V/m.  
Basic (a) and Microwell (b) configurations have uniform electric fields because the materials in the 
path of the electric fields have uniform dielectric properties.  Microcube (c) and Direct encapsulation 
(d) configurations have nonuniform electric fields because materials in the path of the electric fields 
have dissimilar dielectric properties.  The expanded view (e) shows the cross-over point in the electric 
field due to the vertical interface between the materials. 
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5.4. Predicted effect of host fluid on the electric field 

If the cell geometry is held constant and several host fluids are considered, an 

equally dramatic effect is observed in the effective electric field strength as it passes 

from a region of low to high dielectric constant. In Fig. 5.9, from left to right, a 

Microcube cell is shown with the fluid host properties changing from low ε and σ 

[e.g., SIT7757 ε = 2.7, σ = 10–8, Fig. 5.9(a)] to moderate ε and low σ [e.g., DMS-

E09 ε = 7, σ = 10–8, Fig. 5.9(b)] to high ε and σ [e.g., PC ε = 60, σ = 10–4, Fig. 

5.9(c)]. For all three cells modeled the applied electric potential was 7.5 Vrms, the cell 

thickness was 150 μm, and the flake angle, θ, was 20°. Field strength and, therefore, 

color within the Microcube and adjacent to the flake, change from high (red) to 

moderately high (yellow) to low (dark blue). 

The effect on the magnitude of the electric field combined with the dielectric 

constant mismatch can be seen in Fig. 5.9(d), where the predicted reorientation times 

are plotted corresponding to the Microcube cells shown in Figs. 5.9(a) and 5.9(b).  As 

seen in Fig. 5.9(d), SIT7757 has a higher electric field acting on the flake, but with a 

similar dielectric constant to the flake, a longer reorientation time results.  DMS-E09, 

although it has a lower effective electric field, has a greater difference in dielectric 

constant with the flake and therefore a faster reorientation time.  There is no curve 

plotted for PC as the host fluid in Fig. 5.9(c) because the electric field acting on the 

flake is so small that no reorientation takes place. This is a nonfunctional material 

combination. 
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 The AC electric field has a range of frequencies over which the induced 

charge buildup at the flake/host fluid interface caused by MW polarization has the 

mobility needed to form an induced dipole on the flake. The induced dipole is then 

acted on by the electric field to reorient the flake. In Fig. 5.9(d), when the frequency 

of the electric field is matched to the charge mobility, a minimum reorientation time 

is achieved. The particular range of frequencies at which reorientation occurs depends 

on the composition of the material system, as seen in Fig. 5.9(d). The SIT7757 has a 

minimum predicted reorientation frequency of ~200 Hz, while DMS-E09 has a 

minimum predicted frequency of ~1000 Hz.  

 Experimental evidence shows that, independent of the host fluid, as 

reorientation time increases, there is a point at which no physical reorientation will 

take place. The electrostatic torque on the flake is not enough to overcome 

counteracting forces such as electrostatic attraction to a surface. Therefore, 

reorientation is not physically observed for a PCLC flake in SIT7757, even though a 

minimum reorientation time of ~120 s is predicted in Fig. 5.9(d). Reorientation of 

PCLC flakes in DMS-E09, however, is expected and observed near 1000 Hz with 

response times <60 s. 

 For PC, the analytical portion of the model predicts an unrealistic negative-

frequency independent response for the reorientation time and therefore it is not 

plotted in Fig. 5.9(d). When the electric field becomes insufficient to reorient the 

flake, the analytical model will predict a reorientation time <0. This indicates flake 

reorientation in a negative direction (to θ~0°) due to the gravitational torque.1, 2 
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Figure 5.9.  The effect of the electric field is shown as a function of fluid properties for a Microcube 
cell; (a) low ε,σ (SIT7757), (b) moderate ε,σ (DMS-E09) and (c) high ε,σ (PC). (d) Corresponding 
plot of predicted reorientation times for SIT7757 and DMS-E09 with an applied potential of 7.5 V to a 
150 μm thick cell as a function of AC frequency and host fluid type. The direction and size of the 
arrows represent the direction and strength of the electric field, the surface plot color also represents 
the strength of the electric field and the scale range is 0 (dark blue) to 106 (dark red) V/m. The terms 
ESIT, EE09 are the calculated electric fields acting on the PCLC flake for each host fluid. No curve for 
PC is shown because EPC is insufficient to reorient the flake (see text). Data are tabulated in Appendix 
7. 
 

As the electric field encounters material composition changes that are non-

normal to the direction of the electric field propagation between electrodes, it 

becomes distorted. This phenomenon is apparent in both a Microcube example at the 

corners of the Microcube and in a Direct encapsulation type II example near the edges 

of the capsule wall, Fig. 5.10.  When the material dielectric constant changes are very 

small as with the SIT7757 host fluid, there is very little distortion in the electric field.  
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This is seen in the areas within the dashed green circles of Fig. 5.10(a, c).  However, 

when there is an abrupt change in the dielectric constant at a material boundary as 

with the PC host fluid, then there are larger distortions in the electric field as in the 

solid green circled areas of Fig. 5.10(b, d). 
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Figure 5.10. Plots of the electric field distribution for the Microcube and Direct encapsulation test cell 
configurations.  All configurations use SU-8 3050 as the encapsulant.  The comparisons show that 
when an abrupt change in dielectric properties occurs at an interface non-normal to the propagation of 
the electric field between electrodes, distortions in the electric field occur.  (a) A Microcube cell with 
SIT7757 as the host fluid; (b) a Microcube cell with PC as the host fluid; (c) a Direct encapsulation 
type (II) cell with SIT7757 as the host fluid; (d) a Direct encapsulation type (II) cell with PC as the 
host fluid. 
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5.5. Observed Maxwell-Wagner behavior in an AC electric field 

Each device configuration listed in Table 4.10 was tested in both AC and DC 

fields.  The focus of our modeling reported here is on flake reorientation due to MW 

behavior in an AC electric field.  Flake motion in a DC electric field will be discussed 

in Section 5.6.   As predicted by the modeling work shown in Fig. 5.8 with PC as the 

host fluid, MW reorientation behavior was observed in Basic and Microwell 

configurations but not in microcube, Direct and Coacervation configurations. No MW 

reorientation is either predicted theoretically or observed experimentally for any 

configuration when SIT7757 is used as the host fluid for PCLC flakes.  SIT7757 did 

however provide interesting results for most configurations under DC drive 

conditions, see Section 5.6.   

Maxwell-Wagner reorientation behavior is both predicted and observed with 

all six types of encapsulation geometries when DMS-E09 is used as the host fluid.  

The moderate dielectric constant of the host fluid permits a significant electric field to 

penetrate into the host fluid for all configurations while still providing a reasonable 

difference in dielectric constants with the PCLC flake. This balance of dielectric 

constants in the cell gap allows MW polarization induced effects to occur for all 

geometries.  A summary of flake motion predicted and observed for all cell 

configurations and host fluids tested is given in Table 5.1.  Since MW behavior is 

generally considered for AC electric field discussions, MW-like reorientation in DC 

is termed as reorientation (R) in Table 5.1. 
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Table 5.1.  A summary of predicted and observed PCLC flake motion for all cell configurations and 
host fluids tested.  Maxwell-Wagner (MW); electrophoretic (EP); reorientation (R).  

Cell config. Fluid type
Predicted        

AC flake motion
Observed        

AC flake motion
Observed        

DC flake motion
Basic SIT7757 None None EP

Microwells SIT7757 None None EP
Microcubes SIT7757 None None EP

Direct Encap (I) SIT7757 None None EP
Direct Encap (II) SIT7757 None n/a n/a
Coacervation SIT7757 None None EP

Basic DMS-E09 MW MW R & EP
Microwells DMS-E09 MW MW R & EP
Microcubes DMS-E09 MW MW R & EP

Direct Encap (I) DMS-E09 MW MW R & EP
Direct Encap (II) DMS-E09 MW n/a n/a
Coacervation DMS-E09 MW MW R & EP

Basic PC MW MW None
Microwells PC MW MW None
Microcubes PC None None None

Direct Encap (I) PC None n/a n/a
Direct Encap (II) PC None None None
Coacervation PC None n/a n/a

n/a = not applicable
 

Previous research found that undoped PCLC flakes in a DMS-E01 host fluid 

reoriented in very low frequency AC (e.g. 0.001 Hz to 1 Hz).  DMS-E09 was 

assumed to behave the same because the two fluids are very similar.2  In this work we 

report a much wider AC frequency range in DMS-E09 than previously observed, for 

MW reorientation.  To illustrate the effectiveness of our modeling method, a 

comparison of the predicted and observed reorientation times as a function of 

frequency and geometry for DMS-E09 is shown in Fig. 5.11.  In these experiments, 

all test cell configurations were targeted to have a minimum observed reorientation 

time of <1 s.  For each type of test cell configuration examined here, the electric field 

strengths used for predicting reorientation times are matched to those required for 

making experimental observations. [Drive voltage variations were required for cell 
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tests due to variations in test cell dimensions and dielectric properties.  The as-built 

test cell dimensions varied slightly from the nominal dimensions listed in Table 4.10.] 
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Figure 5.11.  Predicted vs. observed flake reorientation times using DMS-E09 as the host fluid in an 
AC electric field; (a) Basic test cell configuration, (b) Microwell test cell configuration, (c) Microcubes 
test cell configuration, and (d) Direct encapsulation type (I) test cell configuration.  A, B, and C are 
labels that refer to three individual test cells.  The differences between predicted and observed values 
are likely due to low ion mobility in the DMS-E09 host.  Data for predicted reorientation times are 
tabulated in Appendix 8.  The dielectric properties of the test cell materials are considered constants 
for these predictions.  The frequency dependence for ε and σ are tabulated in Appendix 11. 

 

As seen in Figs. 5.11(a–d), the predicted reorientation times encompass 

various widths across the frequency-response range. This is a result of the varying 

electric field magnitudes used in both the model and the experiment. The predicted 

minimum reorientation times and the widths of the predicted frequency-response 

curves are both independent of cell configuration and depend only on the electric 
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field acting on the flake. To illustrate this point, a plot of predicted curves as a 

function of only electric field magnitude is shown in Fig. 5.12.  If the predicted 

reorientation times were plotted with the same electric field strength acting on the 

flake for all test cell configurations, the curves would be identical. 
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Figure 5.12.  The predicted reorientation times are a function of the electric field magnitude acting on 
the flake for a Basic test cell configuration.  The minimum reorientation time and width of the curves 
are a function of electric field magnitude only and not a function of test cell configuration. 

 

Dashed lines in Fig. 5.11(a) show the predicted reorientation times for the 

Basic test cell configuration using drive voltages of rms38 mV mμ  and 

rms35 mV m.μ  A minimum of ~10 s is predicted near 1 kHz with an increase to a 

constant value of 105 s at ~1 Hz and ~1 MHz. The experimental data in Fig. 5.11(a) 

show a similar trend at higher frequencies, with minimum reorientation times near 1 

kHz. Unlike the model predictions, the observed reorientation times remain at a 

constant value of ~1 s below 1 kHz. This is likely due to the host fluid being in 
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contact with the electrodes, since ions have been shown to diffuse out of the ITO and 

increase the conductivity of the test cell.2  

The predicted reorientation times for the Microwell test cell configuration in 

Fig. 5.11(b) use drive voltages of rms88 V mμ  and rms68 V mμ  and are similar in 

shape to the predictions for the Basic test cell configuration. The experimental data, 

like those measured for the Basic test cell configuration, are similar in shape in the 

higher frequency regime; but below 1 kHz the observed reorientation times remain at 

a constant value of ~1 s. These experimental results follow those discussed above for 

the Basic test cell configuration.  

The drive voltages used for the Microcube test cell predictions in Fig. 5.11(c) 

are rms240 V m,μ rms181 V m,μ  and rms176 V m,μ  significantly larger than for 

the Basic and Microwell test cell configurations. Unlike the behaviors seen for the 

Basic and Microwell test cell configurations, the experimental reorientation times are 

similar in shape to the predicted values. The frequency for achieving the minimum 

reorientation time (~10 kHz ) is higher than predicted. The observed frequency 

response range, ~1 kHz to ~100 kHz, over which the flakes reorient, is narrower than 

predicted. Both the narrower width and symmetric shape of the observed plots are due 

to the host fluid being insulated from the electrodes by a layer of SU-8 photoresist. 

Without contact with the electrodes, current flow through the host fluid is negligible, 

and therefore the conductivity of the host fluid is insignificant. The difference in 

dielectric constant between the host fluid and flake becomes significant only for 

inducing the electrostatic torque. This is also likely the reason a larger electric field is 
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needed to achieve low reorientation times comparable to those seen in the Basic test 

cell configuration.  

The electric field strengths used for the Direct test cell predictions in Fig. 

5.11(d) are rms143 V mμ  for both curves. The experimental frequency response 

range, ~500 Hz to ~90 kHz, over which the flakes reorient, is narrower than 

predicted. The experimental reorientation times are similar in shape to the predicted 

values, but the frequency for the predicted minimum reorientation time is higher (~5 

kHz). Like the behavior seen for the Microcube configuration, the width, shape, and 

minimum frequency observed differ from those seen for the Basic and Microwell 

configurations, because the host fluid is insulated from the electrodes by a layer of 

SU-8 photoresist.  

Cell types with the host fluid in contact with the ITO layer [e.g., Basic, 

Microwells, Figs. 5.11(a) and 5.11(b)] show a wide frequency range for the minimum 

MW reorientation time in AC electric fields, even extending into the mHz (milli-

Hertz) regime. Cell types where DMS-E09 is insulated from the ITO layer [e.g., 

Microcubes and Direct encapsulation type II, Figs. 5.11(c) and 5.11(d)] show MW 

reorientation in the AC regime and have a minimum reorientation time at a higher 

frequency than predicted. When the host flake/fluid host suspension is in contact with 

the ITO layer, ions diffuse out of the ITO and increase the conductivity of the test 

cell.2  In a Basic cell type, with a host fluid having a high dielectric constant (e.g., 

PC), the increased ion concentration from the ITO lowers the frequency for the 

minimum reorientation time. As shown in Fig. 5.11, the observed frequency for 
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minimum reorientation times in DMS-E09 are slightly higher than predicted. The 

difference in frequency ranges over which the two host fluids show MW reorientation 

behavior is likely due to the difference in ion mobility between the two fluids (PC σ = 

10–4 S/m, DMS-E09 σ = 10–8 S/m).  Propylene carbonate was also found to have 

MW reorientation in a Direct encapsulation type (II) test cell when the capsules are 

large enough to be in contact with both electrodes.  The mechanism for this is 

discussed later in Section 5.7. 

 

5.6. Observed electrophoretic behavior in a DC electric field 

The analytical portion of the model can be modified further to make it 

possible to predict flake reorientation in a DC electric field.3 Additionally, EP 

translation of low-dielectric-constant PCLC flakes in a DC electric field is also 

possible. Unfortunately, the analytical portion of the model used here is not 

applicable to EP motion so no predictive modeling was done. In a DC electric field 

with SIT7757 as the host fluid, EP motion has been observed for all geometry types. 

This observation indicates that the flakes have an intrinsic charge in SIT7757.  The 

direction of translation is toward the positive electrode, which implies a negatively 

charged particle.  Further discussion of charge on the PCLC flakes (zeta potential) is 

given in Section 7.5.  Figure 5.13 shows the observed translation times as a function 

of applied voltage for different geometries.  All configurations follow the same 

relationship: the translation time decreases with increasing electric field strength.  

This behavior is to be expected, because the EP force is directly proportional to the 
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effective electric field.4  Also, all materials in the cell gap (e.g. SIT7757, PVA, SU-8) 

have low dielectric constants and conductivities.  Therefore all configurations have 

very similar electric field strengths acting on the PCLC flakes and only the minimum 

voltage required for initial translation is different for each configuration.   

Reorientation of PCLC flakes in a DC electric field (due to interfacial 

polarization) has also been observed in this work with DMS-E09 as the host fluid; 

however, it is combined with EP motion at low electric field strengths and becomes 

chaotic electrorotation at higher field strengths.  Chaotic motion for PCLC flakes in a 

moderate dielectric silicone fluid was also observed in previous work.1, 2  When a 

high dielectric constant material (e.g. PC) is used as the host fluid in a DC electric 

field no PCLC flake motion is observed. 
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Figure 5.13. The observed PCLC flake translation times in SIT7757 are a function of applied DC 
electric field magnitude and test cell geometry. All configurations follow the same relationship, the 
translation time decreases with increasing electric field strength.  A log-log plot of the translation 
time shows an xy dependence on the electric field strength, (basic y=-1.9, microwell y=-1.5, 
microcube y=-1.3, direct y=-1.3).   Data are tabulated in Appendix 9. 
 

5.7. Material and geometry selection for increased electrostatic torque 

Additional modeling was conducted to determine how PCLC flake/host fluid 

suspensions would behave in microencapsulated geometries resembling EP-type 

geometry.5-8  Figure 5.14(a) shows a Direct encapsulation type (II) cell configuration 

resembling a typical EP geometry that consists of a PCLC flake in a low dielectric 

constant fluid that has been encapsulated into a low dielectric constant film-forming 

binder. The resulting strong electric field is nearly uniform because the dielectric 

constants and conductivities of all components are similar. This is illustrated in Fig. 

5.14(a) by an orange color within the capsule and adjacent to the flake. For an EP 

device, a system with low dielectric constants and conductivities is ideal. For a PCLC  
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flake device, however, both high electric field penetration and dielectric mismatch of 

the fluid and particle are needed for MW reorientation to occur. Therefore, the device 

pictured in Fig. 5.14(a) is nonfunctional. 

 

(a) SIT7757 in PVA (b) DMS-E09 in Gum Arabic
(c) DMS-E09 in  

PVA Shell in SU-8 

ε,σh~ ε,σp~ ε,σb 

(Low ε host fluid) 
ε,σh~ ε,σb> ε,σp 

(Moderate ε host fluid) 
ε,σh> ε,σs~ ε,σb~ ε,σp 

(Moderate ε host fluid) 
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(d) (a) (b) (c)
Elect. Field (mV/μm) 36.7 76.9 29.3

Torque (N/m) 2.74E-17 4.17E-16 6.04E-17
Reorient. time (s) 152.2 3.2 16.1

 
Figure 5.14.  Material and geometry effects on the electric field for microencapsulated flake/host fluid 
suspension (applied potential of 7.5 Vrms and a 150-μm cell gap). The color bar scale for the electric 

field’s magnitude on all plots has a range of 0 (dark blue) to 106 (dark red) V/m.  The host fluid 
dielectric constant and conductivity are denoted by ε, σh.  The flake dielectric constant and 
conductivity are denoted by ε, σp.  The binder dielectric constant and conductivity are denoted by ε, σb.  
The capsule shell dielectric constant and conductivity are denoted by ε, σs.  (a) PCLC flake suspended 
in a low dielectric constant host fluid encapsulated in a low dielectric constant binder (e.g., SIT7757 in 
PVA) shows high electric field magnitude in the host fluid. (b) PCLC flake suspended in a moderate 
dielectric constant host fluid encapsulated in a moderate dielectric constant binder (e.g., DMS-E09 in 
Gum Arabic) shows high electric field magnitude in the host fluid. (c) PCLC flake suspended in a 
moderate dielectric constant host fluid encapsulated in a low dielectric constant capsule, 1-μm-thick 
capsule wall, dispersed in a moderate dielectric constant binder (e.g., DMS-E09 encapsulated in a PVA 
capsule dispersed in a SU-8 3050 binder) shows high electric field magnitude in the host fluid.  (d) A 
summary of the electric field and resulting electrostatic torque acting on the flake and corresponding 
reorientation time for each of the three scenarios shown in (a), (b), and (c).  The difference in the plots 
of electric field strength for (a), (b), and (c) are caused by material changes only. 
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 One obvious way to achieve high electrostatic torque in a Direct encapsulation 

type (II) configuration is to microencapsulate a low dielectric constant PCLC flake 

and a moderate dielectric constant host fluid within a film-forming binder with a 

moderate dielectric constant, as shown in Fig. 5.14(b). The red color within the 

capsule and adjacent to the flake denotes high electric field strength. The strong 

electric field combined with the mismatch in dielectric constant between the flake and 

the host fluid leads to a functional, MW driven PCLC flake device. The distortion of 

the electric field near the poles [i.e., yellow areas above and below the capsules 

shown in Fig. 5.14(b)], is caused by the abrupt changes in dielectric properties along 

the path of the electric field between electrodes. At the capsules’ closest point to the 

electrodes, the electric field lines are perpendicular to the capsule and the change in 

the electric field is the greatest.  The Gun Arabic binder has slightly higher dielectric 

properties than the DMS-E09 host fluid, previous examples shown were reversed.  

Therefore, the distortion in the electric field is above and below the capsule. 

An added level of sophistication that would improve process flexibility is to 

encapsulate the flake/host fluid suspension in a capsule shell of a different material 

than the binder prior to dispersing into a film-forming binder. Such a system would 

create a greater choice in polymer binders. Concerns such as poor capsule formation 

caused by miscibility of the host fluid in the binder, or a wide distribution of capsule 

sizes present because of nonuniform mixing, are no longer issues as in Direct 

encapsulation. Figure 5.14(c) shows this type of configuration (Coacervation 

encapsulation) with the flake/host fluid suspension encapsulated in a capsule shell 
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composed of PVA. For the material set indicated, the polymer binder (SU-8 3050) 

and host fluid (DMS-E09) are miscible with each other and require the flake/host 

fluid suspension to be encapsulated before being dispersed in the polymer binder. In 

Fig. 5.14(c), this material combination is shown to give a moderately strong electric 

field acting on the flake. As in previous examples, care must be taken when selecting 

materials. If a capsule shell with too high a dielectric constant is used, it will shield 

the host fluid and flake from the electric field and result in a nonfunctional device. A 

further level of sophistication can also be added to customize the capsule shells; 

additives may be incorporated to promote flake bistability or charge control.  

 Another less-obvious way to make a functional device is to use an approach 

that is similar to the nonfunctional Direct encapsulation type (II) configuration in Fig. 

5.8(d). A host fluid with higher dielectric constant (PC) can be directly encapsulated 

into an immiscible low dielectric constant binder (PDMS) and still result in a 

functional device if the gap between the electrode and capsule wall is very small (<1 

μm). As seen in the transition from Fig. 5.15(a) to 5.15(b), the electric field can be 

greatly enhanced within the host fluid if the capsule is in contact with the cell 

electrode. As shown by the plot in Fig. 5.15(c), the greater the portion of the cell gap 

that is filled by the capsule, the higher the magnitude of the electric field acting on the 

PCLC flake. A gap of 2 μm between the capsule and electrodes gives an electric field 

of E = 1 mV/μm, while a gap of 0.5 μm gives E = 15 mV/μm, and a gap of 0 μm 

gives E = 74 mV/μm. 
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Figure 5.15.  Material and geometry effects on the electric field for microencapsulated flake/host fluid 
suspension (applied potential of 7.5 Vrms and a 150-μm cell gap).  The host fluid dielectric constant 
and conductivity are denoted by ε, σh.  The flake dielectric constant and conductivity are denoted by ε, 
σp.  The binder dielectric constant and conductivity are denoted by ε, σb.  (a) PCLC flake suspended in 
a high dielectric constant host fluid directly encapsulated in a low dielectric constant binder (e.g., PC 
emulsified into a PDMS binder) with a 1-μm gap between the electrodes and capsule wall shows low 
electric field strength in the host fluid. (b) PC emulsified into a PDMS binder, as in (a), but now the 
capsule bridges the gap between the electrodes, resulting in a moderate electric field magnitude in the 
host fluid. (c) Plot showing the increase in electric field magnitude as the gap between the capsule wall 
and electrode decreases. 
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Chapter 6 

PCLC flake dual-frequency reverse drive mechanism 

In this chapter, a novel reverse drive mechanism for PCLC flakes reoriented 

by Maxwell-Wagner polarization is presented.  The experimental method for doping 

of the host fluid will be reviewed followed by the doped host fluid properties.  Next 

the E-O behavior in AC and DC electric fields of PCLC flakes in a doped host fluid 

will be discussed.  The effect of aging on the E-O test cells is then reviewed.  Lastly, 

the possible mechanisms that drive this electro-optic behavior of the PCLC flakes will 

be discussed.   

 

6.1. Background 

Previous PCLC flake research has focused on manipulating flake motion with 

an AC or DC electric field.1, 2  The flakes translate, reorient parallel with the electric 

field or display chaotic motion depending on the system conditions.  Additional work 

has also focused on alternate host fluids with different dielectric properties as well as 

the effects of changing the dielectric properties of the PCLC flakes by doping.2  The 

different system combinations compatible with MW reorientation have used various 

factors to adjust the speed of PCLC flake reorientation parallel with the electric field.  

As shown in Fig. 3.1, in order for the flakes to orient back to their original 

orientation, gravity must be counted on to relax the flake back into a reflective 

position.  Relaxation times vary (6 to >60 s) depending on the density differences 

between the flake and host fluid as well as the viscosity of the host fluid.   If the 
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display is not oriented perpendicular to gravity, the flakes will not relax to a full 

reflective position.  Therefore, in order for PCLC flakes to reach their full potential as 

part of a reflective display technology using MW reorientation, it is necessary that a 

reverse drive mechanism be developed to reorient the PCLC flakes to their original 

reflective orientation. 

In previous research, high and moderate conductivity/dielectric constant host 

fluids (PC and DMS-E09 respectively) were doped to increase their conductivities, 

changing the frequency of flake minimum reorientation time to a higher frequency.2  

Doping was predicted by the analytical model to extend the use of DMS-E09 as a 

host fluid from the DC to the AC regime. Orasol B Black dye3 was used as the dopant 

for both host fluids, and the frequency for reorientation was found to increase as 

predicted.  The reorientation time was also found to increase with increasing 

conductivity although that was not predicted. In this work, as was shown in Section 

5.6 and 5.8, and in previous research by Trajkovska-Petkoska et al.2, undoped and 

doped PCLC flakes will reorient by MW in both DMS-E09 and PC in an AC electric 

field over appropriate frequency regimes.  SIT7757, a low conductivity and low 

dielectric constant host fluid, does not show reorientation over any frequency range in 

AC or DC with any of the undoped and doped flake variations tested. 

Current electronic particle display devices generally employ low dielectric 

constant fluid components that take advantage of low drive currents for operation, 

and state of the art control systems are built around this fact.  Higher drive currents 

lead to short battery life, and electronic paper displays are assumed to have extended 
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battery life because of low power requirements.  For PCLC flake technology to be 

accepted for commercial applications it is desirable to have low current draw across 

the display cell.  Therefore, SIT7757 and DMS-E09 were selected to dope for 

increased conductivity, in order to explore modifications into PCLC flake motion.  

 

6.2. Experimental method 

SIT7757 is a polydimethysiloxane fluid that has low ionic mobility, low 

dielectric constant (ε=2.7) and is very hydrophobic.  DMS-E09 is also a 

polydimethysiloxane fluid that has low ionic mobility, a higher dielectric constant 

(ε=7) than SIT7757, and is slightly less hydrophobic than SIT7757.  As stated in 

Section 4.1.4, a small amount of water added into an insulating fluid with a suitable 

surfactant can raise its conductivity.4  Another way to increase the conductivity of a 

fluid is to dope in a salt that will dissociate to create charge carriers within the fluid.  

Water emulsified into a hydrophobic liquid with an appropriate surfactant and 

sufficient mixing will form micelles with sizes dependent on the concentrations of the 

water and surfactant.  With these things in mind, four variations of doped 

polydiemethylsiloxanes were tested:  

1. NaCl dissolved into SIT7757 and DMS-E09; 

2. NaCl and the surfactant AOT dissolved in SIT7757 and DMS-E09; 

3. Water and the surfactant AOT emulsified into SIT7757 and DMS-E09; 

4. Water and dissolved NaCl and the surfactant AOT emulsified into 

SIT775 and DMS-E09. 
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The first two variations were not successful; NaCl did not dissolve by itself or 

with AOT into either SIT7757 or DMS-E09 and were not explored further.  The third 

and fourth variations mixed well and were measured for conductivity. They were 

prepared with undoped, commercial, freeze fractured flakes mixed into the pure fluids 

before the other dopants were added.  Approximately 1 g of each variant was 

prepared and used to make Basic type and Microcube type test cells in the case of 

doped SIT7757 and only the Basic type in the case of DMS-E09.  Each test cell had 

its dielectric properties measured and was characterized for E-O behavior with both 

applied AC and DC electric fields. 

 

6.3. Doped host fluid properties 

6.3.1. Doped host fluid transparency 

It is observed for SIT7757 that there is a difference in the transparency at a 

macro level between the fluid variations; (1) 1% AOT and 0.5% water added, and (2) 

1% AOT, 0.475% water and 0.025% NaCl added.  In Fig. 6.1, images of five 

SIT7757 fluid variations are shown aged over a three day period.  The solution with 

1% AOT, 0.475% water and NaCl (0.025%) added is more transparent than the fluid 

mixtures with any other ratio of dopants shown. The formulation of SIT7757 doped 

with 0.475% water and 0.025% NaCl, labeled as (D), enables the reverse drive 

mechanism and is shown clearing with time.  For DMS-E09, all the fluid variations 

are transparent after mixing. 
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Day 0 Day 3Day 1

A B C D E A B C D E A B C D E

Day 0Day 0 Day 3Day 3Day 1Day 1

A B C D EA B C D E A B C D EA B C D E A B C D EA B C D E

A – (100%) SIT7757
B – (98.5%) SIT7757 + (1%) AOT + (0.5%) H2O
C – (94%) SIT7757 + (1%) AOT + (5.0%) H2O
D – (98.5%) SIT7757 + (1%) AOT + (0.475%) H2O + (0.025%) NaCl
E – (94%) SIT7757 + (1%) AOT + (4.75%) H2O + (0.25%) NaCl

 

Figure 6.1.  Images of doped SIT7757 fluid variations aged over a three day period.  The formulation 
of SIT7757 doped with 0.475% water and 0.025% NaCl, labeled as (D), enables the reverse drive 
mechanism and is shown clearing with time. 

 

When the SIT7757 solutions are viewed with optical microscopy we can see 

the difference between the fluid emulsions, see Fig. 6.2.  The images were taken on 

day 3.  The water and surfactant mixture has distinct water droplets present in the 

silicone fluid, as shown in Fig. 6.2(a).  A similar mixture with NaCl salt added has no 

visible phase separation or micelles of water present, even when the magnification is 

increased to 1000X, as shown in Fig. 6.2(b) and (c).  The addition of the NaCl 

enables the water to either dissolve or form micelles extremely small, assumed to be 

on the nanometer scale below what can be observed by optical microscopy at 1000x.   
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(b) (a) 

 

(c) 

Figure 6.2. There are significant differences between microscopy images for emulsions with and 
without NaCl added. (a) SIT7757 host fluid and commercial flakes with AOT (1%), water (0.5%) 
added, shown at 100x magnification in reflection; the water droplets or micelles are visible and the 
flakes appear to clump.  (b) There are no micelles visible in the image of SIT7757 host fluid and 
commercial flakes with AOT (1%), water (0.475%) and NaCl (0.025%) added, shown at 100x 
magnification in reflection.  (c) There are no micelles visible in the image of SIT7757 host fluid and 
commercial flakes with AOT (1%), water (0.475%) and NaCl (0.025%) added, shown at 1000x 
magnification in reflection.    
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6.3.2. Doped host fluid dielectric properties 

Impedance measurements were used to characterize the dielectric properties 

of the SIT7757 variants.  Impedance scans of pure and doped variants of SIT7775 are 

shown in Fig. 6.3.  The fluids were measured less than 1 hour after emulsification and 

the plots show averages of four scans for each fluid variant at a sample thickness of 

150 μm.  The scans of Z1 and Z2 portions of the impedance show that near 100 Hz a 

transition in the impedance takes place.  At frequencies below 100 Hz the impedance 

is relatively stable in magnitude while above 100 Hz, impedance values decrease with 

increasing frequency.  For Z1 impedance, shown in Fig. 6.3(a), pure and water doped 

SIT7757 fluid impedance measurements trend together at frequencies below the 

transition.  The water/NaCl doped SIT7757 fluid has lower impedance than the other 

two below the 100 Hz transition.  From ~100 Hz to 105 Hz, the Z1 impedance for 

water/NaCl doped SIT7757 fluid is higher than the other two variants.  From 105 Hz 

to 3x107 Hz all three variants impedance measurements trend similarly.  For the Z2 

impedance, shown in Fig. 6.3(b), the pure and water doped SIT7757 fluid impedance 

measurements trend together at frequencies below the ~100 Hz transition, while the 

water/NaCl doped SIT7757 fluid has lower impedance than the other two.  Above 

~100 Hz however, unlike Z1, all three impedances trend together at higher 

frequencies as shown in Fig. 6.3(b). 
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Figure 6.3.  Impedance measurements for doped SIT7757 host fluid variants where (a) shows the Z1 
impedance and (b) shows the Z2 impedance.  Doped fluids were tested less than 1 hour after 
emulsification and data are an average of four scans for each fluid variant at a sample thickness of 150 
μm.  Data are tabulated in Appendix 11. 
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The conductivities of a concentration series for both doped SIT7757 and 

DMS-E09 host fluids are given in Table 4.4.  The conductivity increases when a 

small percent of water is added to the low conductivity host fluids.  When NaCl is 

also added, conductivity is further increased.  Conductivity values calculated from the 

impedance measurements in Fig. 6.3, show a distinct difference between the 

water/NaCl doped SIT7757 fluid and the other two fluid variants as shown in Fig. 

6.4.  The sample thicknesses here are 150 μm to match the test cell thicknesses used 

in the experiments.  The water/NaCl doped SIT7757 fluid has a higher conductivity 

than the other two variants below ~105 Hz and all three are relatively constant in 

value below ~105 Hz.  Above 105 Hz the conductivities for all three SIT7757 fluid 

variants trend together and increase with increasing frequency.  
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Figure 6.4.  Conductivity measurements for doped SIT7757 host fluid variants.  Doped fluids were 
tested less than 1 hour after emulsification and the data are an average of four scans for each fluid 
variant at a sample thickness of 150 μm.  Data are tabulated in Appendix 11. 
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A second set of impedance scans for each doped SIT7757 fluid was taken 

over a much narrower frequency range of 1 Hz to 3000 Hz, to encompass the 

transition region in more detail, see Fig. 6.5.  The scans show that there is a transition 

point near 60 Hz.  Below this frequency the impedances for Z1 and Z2 are relatively 

constant.  Doping with water/NaCl decreases both Z1 and Z2 impedances and Z2 has 

the greatest separation between samples.  The separation in Z2 values indicate a 

difference in the imaginary portion of the impedance below a transition value that is 

related to the capacitance and therefore to the dielectric constant of the material.  This 

may influence the MW polarization behavior of flakes suspended in it. 
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Figure 6.5.  Impedance measurements for doped SIT7757 host fluids from 1 Hz to 3000 Hz.  (a) The 
Z1 impedance shows a distinct difference above and below a transition value of ~60 Hz for the 
water/NaCl doped SIT7757 fluid from the other two variants.  (b) The Z2 shows a distinct difference 
from the other two variants only at frequencies lower than the transition frequency of ~60 Hz.  Doped 
fluids were tested less than 1 hour after emulsification and plotted values are an average of four scans 
of each fluid variant at a sample thickness of 150 μm.  Data are tabulated in Appendix 11. 
 

The dielectric constants as a function of frequency for all three SIT7757 fluid 

variants were calculated from the impedance scans in Fig. 6.5, as shown in Fig. 6.6.  

The dielectric constant values are very noisy even though they are based on an 

average of four impedance scans for each fluid variant and an average of four 
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corresponding air gap impedance scans, as shown in Fig. 4.16 and Fig. 4.17.  Above 

~300 Hz, the dielectric constants for all three fluid variants are relatively constant at 

~2.7.  Between 50 Hz to 10 Hz, all three fluid variants decrease in dielectric constant 

to ε~1 and then remain constant at low frequencies.  Below 300 Hz the data become 

very noisy and are below the sensitivity of the impedance gain/phase analyzer for a 

low dielectric constant material.  Based on these data, there do not appear to be 

significant differences in dielectric constant between the three fluid variants.  The 

hite line in Fig. 6.6 is meant to “guide the eye”. 

re measured less than 1 hour after emulsification. The plotted data are based 
on averages of four impedance scans for each fluid variant at a sample thickness of 150 μm.  Data are 
tabulated in Appendix 11. 
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Figure 6.6.  Plot of the dielectric constants for doped SIT7757 host fluids calculated between 1 Hz and 
3000 Hz.  Doped fluids we

 



 145

6.4.  Electro-optic behavior of doped host fluid test cells 

The performance in the two test cell configurations made with the emulsions 

described above is different.  All the cells were tested in AC and DC electric fields.  

All the DMS-E09 cells were nonfunctional; doping may have decreased the 

difference in dielectric constants between the PCLC flake and host fluid. Test cells 

made with DMS-E09 will not be discussed further.  In an AC or DC electric field, the 

PCLC flakes in E-O test cells made using SIT7757 as the host fluid and without the 

added salt do not reorient at low voltages (3-10 V) and the test cells short out at 

higher voltages.   

 

6.4.1. Electro-optic behavior in a DC electric field 

In SIT7757 doped with AOT, water and NaCl however, for the first time the 

PCLC flakes are observed to reorient parallel to the electric field in both AC and DC 

electric fields.  A plot of the reorientation times as a function of test cell voltage in a 

DC electric field is shown in Fig. 6.7 for the Basic test cell configuration with a gap 

of ~150 μm.  The data show that the PCLC flakes will reorient with an electric field 

as low as 69 mV/μm and reach a minimum reorientation time in <1 s at an electric 

field of 275 mV/μm. 

 

 



 146

0

5

10

15

20

25

30

35

0 100 200 300 400 500 600

Ti
m

e 
(s

)

DC Electric Field (mV/um)

device #209

device #215

Figure 6.7.  Plot of reorientation times in a Basic type test cell as a function of DC electric field 
magnitude for PCLC flakes in doped SIT host fluid (1% AOT, 0.475% water, 0.025% NaCl).  A log-
log plot of the reorientation time shows a xy dependence on the electric field strength, (209 y=-2.9, 215 
y=-2.3). 

 

Two Microcube test cells were also assembled to explore the effect of 

insulating the electrodes from the host fluid.  In the DC regime, the Microcube 

encapsulated flakes reorient as in the Basic cell type, but a much higher voltage (~667 

mV/μm) is required to align flakes with the electric field.  Since the electric field 

penetration is still high as shown in Fig. 5.4, this indicates that conductivity plays a 

roll in the E-O behavior in the Basic type cell even though the conductivity of the 

doped host fluid is still very low.  Also, the fact that reorientation occurs in the 

Microcube test cells indicates that the difference in dielectric constants between the 

PCLC flake and host fluid has been increased by doping of the host fluid, even 

though it was not possible to measure a change in dielectric constant using impedance 

measurements.   
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6.4.2.  Electro-optic behavior in an AC electric field 

In an AC electric field, MW reorientation of PCLC flakes into a parallel 

alignment with the electric field is also observed at low frequencies (~<40 Hz).  

While the E-O behavior of the PCLC flakes in doped SIT7757 at low frequencies is 

unique and novel, as the frequency is increased above 40 Hz, a key observation is 

made.  At frequencies of 40 Hz and greater, the PCLC flakes are driven to reorient 

back to their reflective state.  The flakes now align themselves perpendicular to the 

electric field.  This bidirectional frequency dependent behavior is the on/off switching 

needed to move this technology forward to commercial viability for reflective particle 

displays: “color off” at low drive frequencies and “color on” at high drive 

frequencies.   

Plots of the reorientation times above and below the turnover frequency are 

shown in Fig 6.8 for a Basic test cell with a gap of 150 μm and an electric field of 233 

mV/μm.  For test cell #209 shown in Fig. 6.8(a), the flakes align parallel with the 

electric field <40 Hz and the flakes align perpendicular to the electric field >50 Hz.  

For test cell #215 shown in Fig. 6.8(b), the flakes align parallel with the electric field 

<20 Hz and the flakes align perpendicular to the electric field >40 Hz. 
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Figure 6.8.  Plot of AC reorientation (color off) and reversal (color on) times as a function of 
frequency for PCLC flakes in a SIT host fluid doped with 1% AOT, 0.475% H2O, and 0.025% NaCl, 
within a Basic test cell. (a) Test cell #209 at 233 mV/um, cell gap~150 μm; the flakes align parallel 
with the electric field <40 Hz and the flakes align perpendicular with the electric field >50 Hz.  (b) 
Test cell #215 at 233 mV/um, cell gap~150 μm; the flakes align parallel with the electric field <20 Hz 
and the flakes align perpendicular with the electric field >40 Hz. 

 

Two Microcube test cells were also tested in AC to explore the effect of 

insulating the electrodes from the host fluid.  A plot of the ‘color on” and “color off” 

reorientation times can be seen in Fig. 6.9.  The test cells were still functional but 

reoriented slower than in the Basic type test cells and had a lower turnover frequency 

(~5 Hz).  The reorientation times only reached a minimum of ~4 s at a slightly higher 

electric field of 267 mV/μm than the Basic test cell configuration.  Also seen in the 

plot of Fig. 6.9, the increase in the reorientation time curves just above the turnover 

frequency is more pronounced than for the Basic cell configuration in Fig. 6.8.  This 

increased reorientation time before decreasing to the minimum value of ~4 s is likely 

due to the much narrower range of frequencies measured in the Microcube test cells.  

If added measurements were taken for the Basic type test cells near the turnover 

frequency, from 40 Hz to 50 Hz for Fig. 6.8(a) and from 20 Hz to 40 Hz for Fig. 

 



 149

6.8(b), a similar increase in reorientation times would be expected on either side of 

the turnover frequency. 
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Figure 6.9.  Plot of AC reorientation (color off) and reversal (color on) times for a Microcube test cell 
as a function of frequency for PCLC flakes in a SIT7757 host fluid doped with 1% AOT, 0.475% H2O, 
and 0.025% NaCl. The turnover frequency is lower than for a Basic test cell type and the reorientation 
times are slower.  Electric fields applied are ~267 mVrms/μm and the turnover frequency is ~5 Hz. 
 

6.4.3. Test cell aging 

As the age of the test cell increases, the turnover frequency decreases then 

appears to level out as shown in Fig. 6.10. Data is shown for Basic and Microcube 

type test cells with doped SIT7757 host fluid and commercial freeze fractured PCLC 

flakes with an AC electric field applied.  The lines shown are drawn to guide the eye.  

Drive voltage variations were required for cell tests due to variations in test cell 

dimensions and dielectric properties.  Devices 209, 211 and 213 had an electric field 

of ~276 mVrms/μm applied.  Device 219 had an electric field of ~250 mVrms/μm 

applied and device 220 had ~286 mVrms/μm applied.  Initially the turnover frequency 
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is 60 Hz for Basic type test cells.  After ~60 days the turnover frequency is observed 

to be closer to 10 Hz for Basic type test cells.  Microcube test cells start much lower, 

10 Hz, and then level out to ~3 Hz after ~7 days.  It is important to note that all of the 

test cells prepared with doped SIT7757 continued to exhibit on-off switching 

behavior for the entire length of the life testing, 80 days.  This material system is very 

robust, due to the stability of siloxane fluids. 
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Figure 6.10. The turn over frequency decreases as the age of the test cell increases.  Data shown for 
Basic and Microcube type test cells with doped SIT7757 host fluid and commercial freeze fractured 
PCLC flakes with an AC electric field applied.  Lines are drawn to guide the eye.  Devices 209, 211 
and 213 had an electric field of ~276 mVrms/μm applied.  Device 219 had an electric field of ~250 
mVrms/μm applied and device 220 had ~286 mVrms/μm applied.   

 

As stated earlier, higher drive currents for switchable particle displays are not 

desirable.  The low dielectric constant host fluid SIT7757, when doped, has low drive 

currents for functional devices.  The test cells and their measured drive currents are 

given in Table 6.1.  These values are exceedingly small when compared to those 

required for switching of a typical PC Basic type test cell used in this work (e.g. 104 

 



 151

μA) but comparable to a typical Liquid Crystal Display (e.g. 2.5 x 10-3 μA/mm2) of 

the same active area.5 

 

Table 6.1.  The calculated drive currents for the devices assembled with doped SIT7757 are given for 
both the Basic and Microcube test cell types.  A typical PC device used in this work draws 104 μA.  
The switchable area for a Basic test cell is ~25 mm x ~25 mm (~625 mm2) and for a Microcube test 
cell is ~13 mm x ~13 mm (~169 mm2). 

2Cell # Cell type Cell gap (μm) Vrms R (ohms) Current (A) Current (μA/mm

 

)
209 Basic 145 40 2.34E+08 1.71E-07 2.74E-04
211 Basic 145 40 8.52E+08 4.69E-08 7.51E-05
213 Basic 145 40 2.50E+08 1.60E-07 2.56E-04
215 Basic 155 40 1.82E+08 2.20E-07 3.52E-04
216 Basic 245 40 2.22E+08 1.80E-07 2.88E-04
219 Microcube 160 40 1.60E+08 2.50E-07 1.48E-03
220 Microcube 140 40 3.66E+09 1.09E-08 6.47E-05

6.5. Modeling of PCLC flake dual frequency reverse drive 

6.5.1. Predictions versus observed, using existing dielectric property data 

Modeling of the frequency dependent behavior of PCLC flakes in a doped 

host fluid is done using a similar methodology employed to study the effects of 

microencapsulation outlined in Chapter 3.  The flake and host fluid are modeled in a 

Basic type test cell.  The frequency dependent behavior is explored in the analytical 

portion of the model, with particular attention paid to the sign of the reorientation 

time as this indicates the direction of reorientation.  The dielectric property data for 

doped SIT7757 are given in Table 6.2 and are based on the data from Fig. 6.4 and 

Fig. 6.6.   
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Table 6.2.  Average values of conductivities and dielectric constants from Fig. 6.4 and Fig. 6.6 
respectively, at frequencies around 30 Hz and 150 Hz. Data are tabulated in Appendix 11. 

 

Fluid ε @ 30 Hz ε @ 150 Hz
σ (S/m) @ 

30 Hz
σ (S/m) @ 

150 Hz
SIT 2.2 2.7 2.61E-09 4.09E-09

98.5% SIT+ 1% AOT+ 0.5% H2O 2.2 2.7 2.05E-09 2.66E-09
98.5% SIT+ 1% AOT+ 0.475% H2O+ 0.025% NaCl 2.2 2.7 3.50E-08 3.52E-08

The modeling results for an electric field of 233 mV/μm (to match 

experimental results) are shown in Table 6.3.  The predictions for the torque and 

reorientation times indicate that all three of the variants should reorient to the “color 

off” position at 30 Hz and 150 Hz.  All the torques are negative for both frequencies.  

This does not match what is observed experimentally.  The torque values of the test 

cells prepared using SIT7757 doped with water/NaCl at 30 Hz are observed to be 

opposite in sign to those for 150 Hz.  Pure SIT7757 and water doped SIT7757 are not 

observed to reorient at any frequency.  Therefore it is proposed that something other 

than the variables accounted for in the analytical model is driving the reverse drive 

reorientation. 

 

Table 6.3. The modeling results for the three doped SIT7757 fluid variations are shown at two 
frequencies.  The predictions for the torque and reorientation times indicate that all three of the 
variants should reorient to the “color off” position at 30 Hz and 150 Hz.  All the torques are negative 
for both frequencies. 

Fluid

Torque 
N*m @ 
30Hz

Reorient 
(Color Off) 
Time  sec    
@ 30Hz

Torque 
N*m      

@ 150 Hz

Reverse 
(Color On) 
Time sec    
@ 150Hz

SIT -2.83E-16 19.7 -4.38E-16 13.1
98.5% SIT+ 1% AOT+ 0.5% H2O -1.79E-16 30.1 -1.70E-16 31.4

98.5% SIT+ 1% AOT+ 0.475% H2O+ 0.025% NaCl -3.60E-16 18.3 -1.59E-15 3.8

Model predictions
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6.5.2. Predictions versus observed, using modified dielectric property data 

An explanation for the frequency dependent turnover behavior may be found 

in work done by Saito6 et al. and Jones7.  In an AC electric field, the existence of 

more than one stable orientation for nonspherical dielectric particles depends upon 

the relative values of εp/εh and σp/σh as well the dimensions of the particles (PCLC 

flakes), where εh, σh are the doped host fluid dielectric properties and εp, σp are the 

PCLC flake dielectric properties.  Frequency dependent turnover behavior is 

guaranteed if either (i) εp/εh < 1 < σp/σh or (ii) σp/σh < 1 < εp/εh.7  If the data given for 

the PCLC flakes and doped host fluids in Tables 4.1 and 6.2 are used, we see that 

σp/σh = (1x10-9)/(3.52x10-8) = 0.028 and εp/εh = 2.2/2.7 = 0.82.  This does not meet 

the criteria given by Jones for turnover to occur.   

The measured values in Table 6.2 for the dielectric constant of the doped 

SIT7757 are based on very noisy data as shown in Fig. 6.6 and do not show any 

change in dielectric constant between the undoped and doped SIT7757 fluid variants.  

If we consider that, before doping of the host fluid, the dielectric properties of the 

PCLC flakes and the SIT7757 are nearly equal, σh~σp and εh~εp, then it is reasonable 

to assume that the conductivity of the host fluid, σh, increases due to doping as shown 

in Fig. 6.4. Also, the PCLC flakes are expected to be slightly less hydrophobic than 

the SIT7757 because of the ester portion of the mesogenic groups (cholesterol and 

biphenyl) attached to the cyclic siloxane molecules.  Then it is assumed that the 

dielectric constant εp of the PCLC flake increases due to ions and/or water being 

adsorbed onto the surface the flake.  The added functionality of the anionic surfactant 
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AOT should also help adsorption occur.  This assumption is supported by data 

discussed in Section 6.4.1 for the Microcube cells, indicating an increased difference 

between the dielectric constants of the host fluid and flake.  If both assumptions are 

true, then the Jones condition for turnover behavior of nonspherical dielectric 

particles has been met: σp/σh < 1 < εp/εh. 

The modeling of flake reorientation times from Section 6.4 was re-run with 

new dielectric property values matching the above explanation for reverse drive 

behavior.  Table 6.4 gives the new predicted values for the torque acting on the flake 

and for reorientation time. The fluid and flake constants used for the modeling 

predictions are given as well.  Predictions for flake motion in undoped SIT7757 are 

unrealistic and reorientation is unlikely as expected. The predictions for the doped 

SIT7757 using the estimated values do not match observed reorientation torque and 

time magnitudes, but do however trend in the correct direction.  Therefore, the 

hypothesis that doping affects the flake as well as the fluid to create a materials 

combination for a reverse drive mechanism is supported by the modeling method 

used in this body of work. 
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Table 6.4.  Predictions for reorientation times of a PCLC flake in pure and doped SIT7757 host fluids 
indicate that a pure SIT7757 host fluid gives unrealistic torques and reorientations times.  The 
predictions for a doped SIT7757 fluid indicate the sign of the reorientation time switches at a turnover 
frequency between 30 Hz and 150 Hz, matching what is observed experimentally.    The dielectric 
properties of the test cell materials are considered constants for these predictions.  The frequency 
dependence data for ε and σ are tabulated in Appendix 11. 

Fluid

Torque 
N*m 

@30Hz

Reorient 
(Off) Time  

sec         
@ 30Hz

Torque 
N*m      

@150Hz

Reverse 
(On) Time 

sec       
@ 150Hz

SIT 1.10E-17 -501.2 -1.42E-18 837
98.5% SIT+ 1% AOT+ 0.475% H2O+ 0.025% NaCl -1.09E-17 304.8 4.87E-17 -61.1

Fluid

  

εp         

@30Hz
σp             

@30Hz
εh   

@30Hz
σh           

@30Hz
SIT 2.2 1.00E-09 2.9 1.20E-09

98.5% SIT+ 1% AOT+ 0.475% H2O+ 0.025% NaCl 3.5 1.00E-09 2.9 1.20E-09
εp         

@150Hz
σp              

@150Hz
εh       

@150Hz
σh             

@150Hz
SIT 2.2 1.00E-09 2.6 1.20E-09

98.5% SIT+ 1% AOT+ 0.475% H2O+ 0.025% NaCl 3.5 1.00E-09 2.6 1.20E-09

Calculated
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Chapter 7 

Experimental and modeling results for undoped and doped PCLC 

flakes and films 

In this chapter the experimental results for doped and layered PCLC flakes 

and films are reviewed.  Prior research on the effect of doping PCLC flakes for higher 

conductivity and dielectric constant is discussed as an introduction to the current 

work presented in this chapter.  The effect of PCLC flake doping on flake 

morphology, dielectric constant and conductivity is considered for uniformly doped 

and surface doped flakes.  The effect of doping on the zeta potential of the PCLC 

flakes in a low dielectric constant host fluid is also considered.  Lastly the effect of 

doping and layering on the reflectivity of PCLC films is reviewed. 

 

7.1  Prior Work 

In previous research by Trajkovska-Petkoska et al., the effects of dopants on 

PCLC flakes were introduced.1, 2  In that research, the uniformly doped shaped flakes 

were prepared in a similar manner to the description given in Section 4.2.1.2, except 

that the dopants were not dispersed in the dissolved PCLC solution using a high shear 

mixer.  Therefore, the dopants were not as well dispersed in the resulting PCLC 

flakes as in this work.  Also in that research, the concept of percolation threshold for 

the conductivity of doped PCLC flakes was introduced.  The percolation threshold is 

the dopant concentration above which a polymer transitions from an insulating to a 

conducting composite.  It was shown that dopants dispersed in a low dielectric 
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material such as PCLC can increase the conductivity of the polymer matrix 

significantly, when the doping concentration exceeds a percolation threshold.  For a 

dopant such as CB, the fine particles must form conductive pathways through the 

polymer matrix for an increase in conductivity to occur.  Dispersion of the CB within 

the PCLC directly influences the ability of the CB particles to form conductive 

pathways with their nearest neighbors within the polymer matrix.  Figure 7.1 

illustrates the effect of dispersion on conductivity across the polymer matrix.  In Fig. 

7.1(a), the polymer film is undoped and has low conductivity across the polymer 

matrix.  In Fig. 7.1(b), a PCLC film is shown uniformly doped with well dispersed 

CB particles.  The particles do not form conductive pathways across the polymer 

matrix and the film has low conductivity.  In Fig. 7(c), a PCLC film is shown doped 

with poorly dispersed CB particles.  The particles form chains (conductive pathways) 

across the polymer matrix and therefore the film has increased conductivity.  In Fig. 

7.1(d), the PCLC film shown has poorly dispersed CB particles similar to Fig. 7.1 (c) 

except that the CB chains do not bridge the polymer matrix all the way to the surface 

and conductive pathways are not created across the film.  The film therefore has low 

conductivity. 

In the work described by Trajkovska-Petkoska et al., the uniformly doped 

shaped flakes were hypothesized to have CB dispersion similar to Fig. 7.1(c) with 

uneven CB dispersion and conductive pathways present across the composite PCLC 

flakes.  Due to the irreproducibility of the doping method used in the previous work 

by Trajkovska-Petkoska et al., it was not used in the current research presented here.  
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Figure 7.1.  The dispersion of a conductive dopant in a polymer matrix (flake or film) has a significant 
influence on the conductivity of the composite.  (a) An undoped film has low conductivity across the 
polymer matrix.  (b) A doped film with CB type particles well dispersed in the polymer matrix has low 
conductivity.  (c) A doped film with CB type particles forming conductive chains across the polymer 
matrix has increased conductivity.  (d)  A doped film with CB type particles forming conductive chains 
but the chains do not bridge across the film has low conductivity.  

 

Previous research by Trajkovska-Petkoska et al. found that PCLC flakes with 

increased conductivity due to doping had faster reorientation times in PC and DMS-

E09 host fluids when acted on by AC electric fields.2  Doped flakes in DMS-E09 as a 

host fluid were also found to have faster reorientation times in a DC electric field.  

Although the reorientation times were shortened by doping, the flake behavior was 

not significantly changed for DMS-E09 and PC host fluids. In SIT7757 no 

reorientation was seen even at high AC or DC electric field values for undoped or 

doped PCLC flakes; only a chaotic tumbling motion was observed for doped flakes at 

higher AC values (3-4 Vrms/μm).  Doped flakes were shown to have translational 

motion in SIT7757 where undoped flakes did not.  In certain cases 180o reorientation 

was observed as well as translation in SIT7757.  These various observed behaviors 
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were interpreted as being due to a non-homogenous distribution of the dopants within 

the flakes.1, 2  Also, in Trajkovska-Petkoska’s work, two CB dopant levels were used: 

5.2 vol. % and 1.3 vol. %.  In this work, 10 vol. % of CB is used to help magnify the 

effects of doping on flake behavior. 

The zeta potential of PCLC flakes was also discussed in previous work by 

Trajkovska-Petkoska et al,2 which included measurements of the zeta potential for the 

CB dopant and uniformly doped shaped flakes (12 μm x 12 μm x 4 μm).  The 

measurements were made in both PC and SIT7757 as the host fluids.  The measured 

values are reproduced in Table 7.1.  The CB doped flakes were assumed to have a 

negative zeta potential because they were observed to translate towards the positive 

electrode in experiments. 

 

Table 7.1. Zeta potential for CB VPA90 particles and CB VPA90-doped PCLC flakes in PC and 
SIT7757.  Adapted from reference 2. 

Sample Mean (mV) Error (mV)
CB VPA90 in PC -3 4
CB VPA90 in SIT7757 -70 10
CB VPA90 doped flakes in PC -4 5
CB VPA90 doped flakes inSIT7757 -5 5

 

The reflectivity of layered PCLC films was also discussed in previous work 

by Trajkovska-Petkoska et al.2  It was reported in that work that a two layer PCLC 

film was able to reflect greater than 50% of incident light if one layer of PCLC is 

LHCP and the other is RHCP (right handed circularly polarized) material and they 

both selectively reflect at the same wavelength.  However if the two layers were 

different colors (different selective reflection) then both colors were reflected 
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simultaneously.  Another type of layered film was also described: a three layer, two 

color film, where a black absorbing layer was sandwiched between the two PCLC 

layers.  The three layer film only reflected the color of the side facing the incident 

light; the opposite side was isolated by the absorbing layer.   

 

7.2.  Undoped shaped flakes 

The images of undoped shaped PCLC flakes in Fig 4.3, taken with POM, 

capture the selective reflection of the flakes.  Electron microscopy is required to 

resolve much smaller features of the PCLC flake structure.  Figure 7.2 shows images 

of undoped green Rec4 shaped flakes taken using electron microscopy.3  The 

progression of images from Fig. 7.2(a) through Fig. 7.2(d) shows an increasing 

magnification of the flake surface.  As the magnification increases, a fingerprint 

pattern becomes visible as seen in Fig. 7.2(b) and then with further magnification a 

spiral surface structure becomes evident in Fig. 7.2(c).  Since the PCLC material is 

undoped, this surface spiral texture is likely spontaneous formed at the free surface4 

of the flake during manufacture, causing the cholesteric helical structure to be parallel 

to the flake surface (e.g. fingerprint texture5).  The ridges of the spiral structure are 

believed to be due to the helical pitch of the cholesteric molecules.6, 7  When the 

molecules in the nematic layers of the cholesteric liquid crystal polymer are 

perpendicular to the surface, apparent ridges are exhibited.  When they are parallel, 

valleys are exhibited.  Since these flakes exhibit selective reflection in the green, a 

subsurface structure in planar alignment with the surface must also be present.  Since 



 162

the flakes reflect at the green wavelengths they should have a theoretical pitch of 

~324 nm (
n

P λ
= , where =

+
=

2
oe nnn 1.596, λ=540 nm, from Table 4.1) and 

therefore the ridges should be a ½ pitch length (~169 nm) apart. As seen in Fig. 

7.2(d), the ridges are ~200 nm apart.   

This is the first observation of a spiral surface texture for PCLC flakes.  

Similar spiral surface texture has been observed at the free surface of a similar 

siloxane oligomer supplied by the same manufacturer as our PCLC material (Wacker 

Chemie).4  These domains were hypothesized to appear spontaneously at the free 

surface of a film. These domains developed in order to fulfill the boundary condition 

at the free surface together with a planar bulk texture.4  At the center of the spiral are 

two defects that twist themselves around each other to begin the spiral.  These point 

defects have been shown by Meister et al. to form spontaneously at the free surface of 

a glassy CLC polymer but may have also been initiated by the process techniques 

used to form the PCLC flakes.  A Kapton film is used to shear the surface of the 

PCLC flakes before being quenched to a glassy state.   In that work by Meister et al.,4 

it was observed that the focal conic surface structure had a larger periodicity (195 nm) 

than the subsurface planar structure (145 nm).  This morphology is the same as that 

observed in this work.  A similar focal conic cholesteric surface structure has also 

been observed in the naturally occurring CLC reflection seen in the exoskeletons of 

certain types of beetles.8, 9 

The flakes shown in Fig. 7.2 were removed from the PDMS mold by 

lamination and then separated from the glass substrate with a razor blade.  The 
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images show that the flakes may be removed without excessive damage.  The 

majority of the flakes showed no damage at all.  A more detailed review of the PCLC 

flake surface morphology will be published in a separate paper.10 

(a) (b)

(c) (d)

200 nm

(a) (b)

(c) (d)

200 nm

Figure 7.2.  Electron microscopy images of green Rec4 undoped shaped flakes. (a) The red circle 
highlights the area of interest on the flake used for all four images. (b) As magnification is increased a 
spiral surface structure becomes visible. (c) The spiral structures are approximately 1.5μm in diameter. 
(d) The ridges of the spirals have approximately 200 nm of separation. The flakes were coated with ~3 
nm of gold to eliminate charging before imaging.3 
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7.3.  Uniformly doped shaped flakes 

Uniformly doped shaped flakes are manufactured with 10 vol. % of CB 

dispersed within the bulk PCLC material and assumed to have dispersions similar to 

those illustrated in Fig. 7.1(b).  For most conventional polymers, a 5 wt. % CB doping 

level is sufficient to fully pigment the polymer to a black color.  However, the 

reflective nature of the PCLC material causes the flake to retain a good portion of its 

color reflectivity.  Note that in the POM image in Fig. 4.4 the color of the flake is not 

black.  This is likely due to two effects: first, 90% of the shaped flake is still 

reflective.  Second, the flakes have PCLC skinned over the surface of the flake from 

shearing during processing and the reflective layer is near, if not actually at the 

topmost section of the flake.  An illustration of the flake cross-section is shown in 

Fig. 7.1(d).  This, of course, is advantageous for the intended application as a 

reflective pigment in a particle display. 

Without the increased conductivity through doping, charging is so extreme 

that no clear SEM image of an undoped flake is possible.  SEM imaging of undoped 

flakes requires application of a conductive coating (e.g. gold).  An SEM image of 10 

vol. % CB uniformly doped Rec4 flakes, is shown in Fig. 7.3.  The grayscale image 

shows differences across the flake due to charging at the flake surface.  The surfaces 

of the CB doped flakes are somewhat insulative and the electron beam used for the 

SEM is actually removing PCLC material from the surface of the flakes in the dark 

areas shown.  The increase in conductivity from doping is enough to successfully 

image the flakes.   
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Figure 7.3. SEM image of Rec4 shaped flakes uniformly doped with 10 vol. % of CB without any 
conductive overcoat.  The distortion of the flake appearance is due to charging, but charge build up 
would be much higher with out flake doping, and no useful imaging would possible. 
 

7.4.  Dielectric property measurements of doped PCLC materials 

Three types of flakes are compared in this research; undoped PCLC flakes, 

flakes doped uniformly with 10 vol. % CB and PCLC flakes surface doped with a 

conductive layer of PEDOT/PSS.  Impedance measurements of the various PCLC 

materials in thick, solid disk or powder form are used to calculate the sample bulk 

dielectric properties.  These are used to estimate the dielectric properties of the 

material in flake form.   

The solid disk samples used for impedance measurements were prepared 

differently than the equivalent flakes or thin films, whose preparation methods were 

described in Sections 4.2.1.1, 4.2.1.2 and Section 4.2.2.1.  Two methods were used 
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for preparing undoped disks of PCLC and 10 vol. % CB doped PCLC for impedance 

measurements.  Undoped PCLC was found to be relatively insensitive to the 

preparation method.  One sample was prepared from a neat powder as a compacted 

disk, and a second was prepared as a hot pressed, solid melted disk.  Both samples 

were ~0.4 mm thick and greater than 20 mm in diameter.  The compacted disk was 

made by pouring the PCLC material in powder form on aluminum foil as described in 

Section 4.4.1, then compressing it using the top electrode of the parallel plate set-up 

until the clutch in the micrometer slipped.  The solid melted disk was made by 

placing the neat PCLC powder in an ICL Constant Thickness Film Maker,11 melting 

to 130oC under a pressure of 4000 kg for ~5 min, then cooling to room temperature.  

Impedance data were obtained from three measurements for each sample, using the 

solid sample set-up illustrated in Fig. 4.15(a).  Averages of these impedance data 

were used to calculate the dielectric properties shown in Table 7.2.  The results show 

slight differences for conductivity but are identical for dielectric constant.  The 

standard deviation for the compacted disk sample appears large because of the small 

conductivity value, but the range of conductivities is only 9.20 x 10-10 S/m to 3.23 x 

10-9 S/m. 

 

Table 7.2.  Calculated values for dielectric constant and conductivity for undoped PCLC material.  For 
undoped material the sample preparation does not significantly affect the calculated properties. The 
data are tabulated in Appendix 11. 

Flake type

Sample 
preparation 

method
Conductivity 

(S/m)
Cond.   

std dev
Dielectric 
Constant

Dielec. 
Constant 
std dev

Undoped compacted disk 1.72E-09 1.31E-09 2.2 0.23
Undoped solid disk 1.18E-09 9.54E-11 2.2 0.09
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The second PCLC material type, PCLC doped with 10 vol. % CB, was made 

with two preparation methods to determine which gave the most appropriate data for 

dielectric constant and conductivity.  Both samples were ~0.4 mm thick and greater 

than 20 mm in diameter.  The first sample and sample preparation method, denoted as 

10% CB-A, consisted of preparing a dry mixed powder of PCLC and CB.  The two 

materials were manually mixed by tumbling, then compacted and measured using the 

same procedure as described for the undoped compacted disk sample. 

The second sample and sample preparation method, denoted as 10% CB-B, 

consisted of preparing a hot pressed disk from the 10% CB-A powder mixture ~0.4 

mm thick, greater than 20 mm in diameter. The hot pressed disk was prepared in a 

ICL Constant Thickness Film Maker,11 melting to 130oC under a pressure of 4000 kg 

for ~5 min, then cooling to room temperature.  Impedance data were obtained from 

three measurements for each sample, using the solid sample set-up illustrated in Fig. 

4.15(a).   

Averages of these impedance data were used to calculate the dielectric 

properties shown in Table 7.3.  Similar to the undoped PCLC material data in Table 

7.2, the standard deviations for the conductivities appear large but the ranges are only 

2.64 x 10-3 S/m to 7.51 x 10-3 S/m for CB-A and 9.86 x 10-9 S/m to 3.08 x 10-8 S/m 

for CB-B.  As is shown, the sample preparation methods give significantly different 

values for conductivity and dielectric constant of the doped PCLC material.  To 

determine the correct data set for modeling of CB doped flakes, a comparison of 
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predicted versus observed behavior using the two sets of data are reviewed in Section 

7.6.1. 

 

Table 7.3.  Dielectric constant and conductivity data for the two sample preparation methods used to 
measure 10 vol. % CB doped PCLC material. The data are tabulated in Appendix 11. 

Sample 
preparation 

method
Conductivity 

(S/m)
Cond.   

std dev
Dielectric 
Constant

Diel

Flake type

ec. 
Constant 
std dev

10% CB-A compacted disk 4.50E-03 2.61E-03 18.37 2.25
10% CB-B solid disk 1.82E-08 1.11E-08 3.53 0.46
 

The materials property data for the PEDOT/PSS surface doped flakes are 

assumed for modeling to be equivalent to the PEDOT/PSS layer.  The PEDOT/PSS 

dielectric constant, conductivity and absorption coefficient are given in the literature12 

and shown in Table 7.4. 

 

 Table 7.4.  Dielectric constant, conductivity and absorption coefficient data for the PEDOT/PSS 
surface doped flakes. 

Flake type

Sample 
preparation 

method
Conductivity 

(S/m)
Dielectric 
Constant

Absorption 
Coefficient 
@ 500 nm

PEDOT/PSS literature 1 3 ~0.01
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7.5.  The effect of doping on the electro-optical behavior of shaped PCLC flakes 

7.5.1.  Modeling predictions for doped shaped PCLC flakes 

The Basic test cell configuration is used for modeling a doped or layered 

PCLC flake as discussed in Section 3.5.  An illustration of the test cell configuration 

modeled is given in Fig. 7.4.  The finite element model is meshed as individual 

subdomains instead of all at once because of the small element sizes; 20,032 

individual mesh elements are used.  All three host fluids are modeled for flake 

reorientation times but only the low dielectric constant and low conductivity host 

fluid SIT7757 is compared to experimental results.  Doped flakes studied in prior 

research2 did show different flake behavior in low conductivity and low dielectric 

constant host fluids; therefore the combination of doped flakes and SIT7757 was 

selected for further exploration. 
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(b) 

 

4.5 μm

0.5 μm

20 μm
 V 100 mV/μm

50 μm
50 μm

 E 

(a) 

ITO electrodes 

Figure 7.4.  A Basic test cell configuration is illustrated in (a) containing a layered Rec3 flake in a host 
fluid used for modeling of doped flake behavior.  The Comsol Multiphysics finite element mesh used 
to model the test cell is shown in (b). 
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First consider the doped flake variations: undoped, uniformly doped with 10 

vol. % of CB VPA90, and surface doped with a 0.5 μm layer of conductive polymer 

PEDOT/PSS as illustrated in Fig. 3.5.  The dielectric properties used for modeling the 

different variations of doped flakes are listed in Table 7.5.  Note the conductivity of 

the undoped flakes has been approximated to 1x10-9 S/m and the conductivity for 

10% CB-A has been approximated to 1 x 10-3 for modeling.  There are two variations 

for CB doped flake dielectric properties (CB-A, CB-B).  These variations result from 

different methods of sample preparation.  Both are compared in this analysis to obtain 

the most realistic estimate (e.g. closest match to experimental flake behavior) of flake 

dielectric constant and conductivity.   

 
Table 7.5.  Material properties used for modeling of doped flake variations in Comsol Multiphysics 
and the analytical model.  The conductivity and dielectric constant values are calculated from 
impedance measurements. 

Flake type
Sample preparation 

method
Conductivity 

(S/m)
Dielectric 
Constant

Undoped compacted / melted 1.00E-09 2.2
10% CB-A compacted disk 1.00E-03 18
10% CB-B solid disk 1.82E-08 3.5

PEDOT/PSS literature 1 3
 

The electric field values calculated for each dopant variation of Rec3 shaped 

PCLC flakes, in each of three host fluids, SIT7757, DMS-E09, and PC, are shown in 

Fig. 7.5, 7.6 and 7.7.  From these electric field values an electrostatic torque and 

reorientation time are calculated that are consistent with the difference between the 

flake and host fluid dielectric constants and conductivities, as given in Table 7.6. 
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(a) Undoped flake / SIT (b) 10% CB-A / SIT 

(c) 10% CB-B / SIT (d) PEDOT / SIT

log10
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1 

0 

(Vrms/m) 

Figure 7.5.  Electric field (Vrms/m) calculated for the doped flake variations in SIT7757 host fluid.  
The Basic cell configuration has 5 Vrms applied and a 50 μm cell gap.  White surface plot color 
indicates a negative electric field value as calculated by Comsol Multiphysics. 
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(d) PEDOT / E09 

(a) Undoped flake / E09 (b) 10% CB-A / E09 

(c) 10% CB-B / E09 

log10 
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(Vrms/m)

Figure 7.6.  Electric field (Vrms/m) calculated for the doped flake variations in DMS-E09 host fluid.  
The Basic cell configuration has 5 Vrms applied and a 50 μm cell gap.  White surface plot color 
indicates a negative electric field value as calculated by Comsol Multiphysics. 
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(d) PEDOT / PC 

(a) Undoped flake / PC (b) 10% CB-A / PC 

(c) 10% CB-B / PC 
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Figure 7.7.  Electric field (Vrms/m) calculated for the doped flake variations in PC host fluid.  The 
Basic cell configuration has 5 Vrms applied and a 50 μm cell gap.  
 

 

Table 7.6. Listing of electrostatic torque values and reorientation times calculated for each host fluid 
and flake dopant combination using 5 Vrms applied to 50μm gap (100 mV/μm).   

Flake type Fluid

flake 
density 
(kg/m3)

Conductivity 
(S/m)

Dielectric 
Constant

Electric 
Field 

(mVrms/μm)

Max 
Electrostatic 
Torque (N*m)

Min 
Reoriention 

Time (s)

Freq. of Min. 
Reorient. 
Time (Hz)

undoped PC 1100 1.00E-09 2.2 102407 1.50E-15 0.3 1.00E+05
10% CB-A PC 1170 1.00E-03 18 109444 6.88E-15 0.1 1.00E+06
10% CB-B PC 1170 1.00E-08 3.5 102407 2.29E-15 0.2 1.00E+05

PEDOT PC 1100 1 3 113704 1.04E-14 0.0 1.00E+09
undoped E09 1100 1.00E-09 2.2 101111 7.21E-16 1.9 1.00E+03

10% CB-A E09 1170 1.00E-03 18 113889 1.16E-15 1.2 1.00E+06
10% CB-B E09 1170 1.00E-08 3.5 96296 4.27E-16 2.9 1.00E+03

PEDOT E09 1100 1 3 105926 1.10E-15 1.3 1.00E+09
undoped SIT 1100 1.00E-09 2.2 104 2.19E-16 25.0 1.00E+02

10% CB-A SIT 1170 1.00E-03 18 114 2.41E-16 20.2 1.00E+07
10% CB-B SIT 1170 1.00E-08 3.5 101 5.33E-17 69.4 1.00E+02

PEDOT SIT 1100 1 3 107407 6.12E-16 9.5 1.00E+10

 

 The most realistic model results for the two CB doped flakes are those 

obtained using 10% CB-A data.  This outcome agrees with experimental results from 
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previous research showing that doping the flake with CB reduces the reorientation 

time when the flakes are in PC or DMS-E09 host fluids.2  The data in Table 7.6 

indicate that, for an undoped flake in PC, the predicted reorientation time is 0.3 s.  

When the dielectric constant and conductivity values for 10% CB-A are used, the 

predicted time for a 10% CB doped flake decreases to 0.1 s.  The values for 10% CB-

B also show a decrease in predicted orientation time to 0.2 s in PC.   

In Table 7.6 it is seen that, for an undoped flake in DMS-E09, the predicted 

reorientation time is 1.9 s.  When the dielectric constant and conductivity values for 

10% CB-A are used, the predicted time for a 10% CB doped flake decreases to 1.2 s.  

The values for 10% CB-B however, show an increase in predicted orientation time, 

2.9 s in DMS-E09, opposite of what is expected.   

When SIT7757 is used as the host fluid for predicting the reorientation times 

we would expect similar results to DMS-E09 because the conductivities and dielectric 

constants are not drastically different.  For an undoped flake in SIT7757, the 

predicted reorientation time is 25 s.  Again, the 10% CB-A values give a decrease in 

predicted reorientation time of 20 s as expected.  The 10% CB-B values however give 

an increased reorientation time of 69 s with SIT7757 as the host fluid, opposite of 

what is expected. 

The discrepancies in calculated reorientation times for 10% CB-A and 10% 

CB-B are due to the difference in sample preparation methods.  The compacted disk 

structure of CB-A had a relatively uniform CB dispersion with CB at the surface of 

the disk, and some conductive chains of particles across the disk to raise the 
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conductivity.  The solid disk structure of CB-B had a skinned over surface of PCLC, 

observable by POM, that insulated the CB particles from the surface of the disk; 

keeping the conductivity and dielectric constant of the solid disk low.  Therefore the 

10% CB-A Powder data will be used for the comparison of model predictions to 

experimental data collected for uniformly doped flakes with SIT7757 as the host 

fluid. 

PEDOT/PSS layered flake predictions assume a homogenous flake for the 

analytical portion of the model; therefore the actual values should have slightly lower 

electrostatic torques and higher reorientation times.  As expected, the PEDOT/PSS 

layered flake predictions for all three host fluids, given in Table 7.6, show a decrease 

in reorientation time similar to CB doped flakes.   

In Table 7.6, we see that, as the flake conductivity increases, the predicted 

minimum flake reorientation time decreases.  The predicted frequency at which this 

minimum occurs, is increased for all three host fluids.  Also, in the low conductivity 

and low dielectric constant host fluid SIT7757, flakes are predicted to show 

reorientation times more than a factor of ten larger than flakes in host fluids DMS-

E09 and PC.   

 

7.5.2. Experimental observations for doped shaped flakes in SIT7757 

The modeling results in Table 7.6 predict that increased conductivity of PCLC 

flakes will reduce the 90o reorientation time in SIT7757.  However, no 90o 
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reorientation behavior is observed for any of the three flakes types in AC (<1 

Vrms/μm) or DC (4 V/μm) electric fields.   

In agreement with previous work,2, 13 CB doped PCLC flakes with increased 

conductivity exhibit EP motion (translation) in a DC electric field, as seen in Fig. 7.8.  

In this research however, it is observed that undoped PCLC flakes also exhibit EP 

motion in a DC electric field, as was discussed earlier in Section 5.6.  When the 

undoped and uniformly CB doped flakes, are acted on by a DC electric field, the 

flakes translate toward the positive electrode.  During translation both types of flakes 

often rotate 180o; however this behavior is not consistent from flake to flake or from 

on/off cycle to on/off cycle. 
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Figure 7.8.  Plot of the observed electrophoretic translation times for each of the doped Rec3 shaped 
flake types in SIT7757 fluid.  Increasing the flake σ lowers voltage needed for EP motion and 
decreases translation times.  Designations (1) and (2) refer to two doping samples for each doping 
state. A log-log plot of the data shows the translation time has a xy dependence on the electric field 
strength, (undoped y=-1.9, CB 10% y=-3.8, PEDOT y=-2.9). 
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The third type of flake is purposely doped nonuniformly.  A conductive layer 

of PEDOT/PSS is spin coated on one side of the PCLC flake.  The surface doped 

flakes are observed to have more consistent EP motion, the flakes all translated in 

DC, with a consistent 180o rotation present in the majority of flakes.  Similar to the 

undoped and CB doped flakes, the PEDOT/PSS surface doped flakes translate toward 

the positive electrode.  Unlike the undoped and uniformly doped flakes the 

PEDOT/PSS surface doped flakes consistently orient one side toward the positive 

electrode.  This confirms the hypothesis that nonuniformly doped flakes will orient 

180o within a DC electric field. 

 

7.6.  Zeta potential of doped shaped PCLC flakes 

The zeta potential of three types of Rec3 shaped flakes are measured using the 

method outlined in Section 4.5.3.  A plot of the observed EP translation times for 

each of the shaped flake types, undoped, 10% CB doped and PEDOT/PSS surface 

doped, in SIT7757 fluid is shown in Fig. 7.8.  A listing of the subsequent zeta 

potentials and the data used to calculate them for each flake type is shown in Table 

7.7.  A plot comparing the zeta potentials for each of the test cells measured and 

grouped by dopant type is shown in Fig. 7.9.  In all three cases, the zeta potentials are 

large and increased doping increases the zeta potential value.  Even the undoped 

flakes have a measurable charge in SIT7757.  In a triboelectric charge series where 

common materials are ranked in order of polarity, one of the most negatively 

charging materials is silicone rubber, a siloxane based material.14  Both the flake and 
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host fluid are siloxane based and although they are in contact with each other, the 

differences in material properties likely allow charging to take place at the flake/host 

fluid interface.  This hypothesis agrees with observations that the sign of the zeta 

potential is negative because the flakes always translate towards the positive 

electrode.  Therefore increased doping makes the flakes increasingly negative.   

As a reality check to this method, these zeta potential data are compared to 

recent results from Jung et al.15 for electrophoretic particles for a reflective display.  

Jung et al. measured TiO2 electrophoretic particles coated with polystyrene (PS) 

having different methyl methacrylic acid (MAA) concentrations.  The particles were 

dispersed in isoparaffin oil with 0.5 vol. % of Span 85 (sorbitran trioleate) as a 

surfactant/charge control agent.  Isoparaffin oil has a low dielectric constant (~1.8) 

and is comparable to SIT7757 in dielectric properties.  The measured zeta potentials 

for this combination ranged from -70 to -230 mV.  The data seen in Table 7.7 show 

that the PCLC flakes suspended in SIT7757 range in zeta potential from -75 to -261 

mV and are of comparable value to those published by Jung et al. 

 

Table 7.7.  Listing of the data used to calculate zeta potential for each doped flake type in SIT7757 
fluid.  All the flakes translate toward the positive electrode and therefore have a negative zeta potential. 

cell # volts
trans. 
time cell gap (m) E (V/m) v (m/s)

zeta pot. 
(mV)

zeta pot. 
avg. (mV) doping

183 103 5 2.00E-04 5.15E+05 4.00E-05 -122 Undoped
184 167 5 2.00E-04 8.35E+05 4.00E-05 -75 Undoped
198 96 5 2.20E-04 4.36E+05 4.40E-05 -158 CB 10%
199 87 5 1.95E-04 4.46E+05 3.90E-05 -137 CB 10%
202 48 5 2.00E-04 2.40E+05 4.00E-05 -261 PEDOT
203 58 5 1.90E-04 3.05E+05 3.80E-05 -195 PEDOT

-98

-147

-228
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Figure 7.9.  Plot of the zeta potentials from Table 7.8 for each of the test cells, measured and grouped 
by dopant type. 
 

Therefore we confirm that all three flake types used in this work have a 

negative zeta potential and translate toward the positive electrode when acted on by a 

DC electric field.  In the low conductivity, low dielectric constant fluid SIT7757, 

PEDOT/PSS layered flakes have the highest zeta potential, as shown in Fig. 7.9, 

allowing them to translate at lower electric fields and more quickly at the same 

electric fields, compared to CB doped or undoped PCLC flakes as shown in Fig. 7.8.  

In an AC electric field the PEDOT/PSS flakes were also observed to translate at low 

frequencies (0.1 – 12 Hz) and higher voltages (40 Vrms). 
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7.7.  Reflectivity and Transmission measurements of PCLC  films 

A series of measurements showing the effect of dopants used in this work on 

the transmission and total reflectance of continuous PCLC films is shown in Fig. 

7.10.  The films are representative of the effect the dopants have on PCLC flakes.  

The three films measured were: (1) a neat (undoped) PCLC film, (2) a 10% CB 

uniformly doped PCLC film and (3) a PCLC film surface doped with a layer of 

PEDOT/PSS.  All measurements are uncorrected for Fresnel reflectance.  In Fig. 

7.10(a), the undoped PCLC film has a minimum transmittance of ~55% and a peak 

reflectance of ~47% in the green (~520 nm) as shown in the summary Table 7.8.  

This is near the maximum expected transmittance and reflectance of 50% at the peak 

wavelength of selective reflection because the PCLC film used in this work only 

reflects left handed circularly polarized light.   

A thickness greater than a certain minimum value is required to reach 

maximum reflectivity.  That thickness, L, is related to the wavelength being reflected 

by the cholesteric liquid crystal.  For maximum reflection (99.9%) κoL>4.147, where 

κo=(π /λo)Δn is the coupling coefficient.16  For λ=520 nm and Δn=0.145, κo 

=0.00088, therefore L must be >4.7 μm for maximum reflection to occur.  All the 

films measured here have a thickness >5 μm.   

 
Table 7.8.  The total reflectance and transmittance is summarized for the plots shown in Fig. 7.10 and 
Fig. 7.11.  Measurements are not corrected for Fresnel reflection.  Full width half maximum (FWHM). 

Film Description Peak nm Peak %R FWHM %R Min %T FWHM %T
Neat Green PCLC 500 47 102nm 55 105nm
Green PCLC + CB 10 vol% 480 22 105 9
Green PCLC + PEDOT 500 39 70 43 90
Green PCLC + Blue PCLC 455 40 165 65 185
Blue PCLC + Black Paint + Green PCLC 430 38 70 5
Green PCLC + Black Paint 485 32 75 0
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Figure 7.10.  Three sets of total reflectance and transmittance measurements are shown for the doped 
PCLC films used in this work. (a) The transmission profile for a neat (undoped) PCLC film with the 
film surface exposed to the incident light.  Red arrows and line highlight absorption at shorter 
wavelength of the PCLC films. (b) The reflection profile for a neat (undoped) PCLC film. (c) The 
transmission profile for a PCLC film uniformly doped with 10 vol. % of CB VPA90 with the film 
surface exposed to the incident light. (d) The reflection profile for a PCLC film uniformly doped with 
10 vol. % of CB VPA90. (e) The transmission profile for a surface doped PCLC film with a layer of 
PEDOT/PSS on top and the surface of the PEDOT/PSS exposed to the incident light.  The 
measurements plotted do not include any correction for Fresnel reflection. 
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The transmission and reflection data shown in Fig. 7.10(a) and (b) have 

sharper peaks than expected due to disclinations and nonhomogeneity of the PCLC 

film, similar to the surface morphology of the flakes shown in Fig. 4.3.  A peak for a 

well aligned uniform PCLC film used in this work would have a flat topped plateau 

showing a wide bandwidth in transmission or reflection as described in previous work 

by Korenic et al. and Trajkovska-Petkoska et al.2, 17  Also we see in the scans that the 

films absorb a larger portion of light at shorter wavelengths.  This causes the 

maximum reflectivity and minimum transmission to be skewed to the shorter 

wavelengths as shown in Fig. 7.10(a).17 

In Fig. 7.10(c) and (d) and in Table 7.8, we see that doping the PCLC with 10 

vol. % CB drastically reduces the minimum transmittance from ~55% to ~9% and the 

peak selective reflection of the material from ~47% to ~22%.  The reflection at longer 

wavelengths is also reduced due to the CB doping.  The CB dispersed in the PCLC 

material is absorbing a significant portion of the incident light. 

In Fig. 7.10(e) and (f) and Table 7.8, we see that a green PCLC film surface 

doped with a layer of PEDOT/PSS (incident light on PEDOT/PSS layer) has its 

transmission reduced ~43% at the shorter wavelengths but is approximately equal to 

an undoped material at longer wavelengths.  The peak selective reflection is ~39%.  

This is significantly higher than the CB doped film and its peak selective reflection is 

only reduced 8% compared to the undoped film.  The lower transmission and 

reflection is due to the absorption of the PEDOT/PSS layer.  For reflection, the light 

passes through the PEDOT/PSS coating twice, before and after reflection from the 
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PCLC material, so therefore is absorbed twice.  The absorption of the PCLC film 

surface doped with PEDOT/PSS is higher than an uncoated film at the shorter 

wavelengths.  See Appendix 10 for further details.     The Fresnel reflection due to the 

PEDOT/PSS at the PCLC interface is expected to be low, 0.1%, because the 

refractive index of PEDOT/PSS (~1.5)18 is close to the refractive index of PCLC 

(~1.6). 

In Fig. 7.11, transmittance and reflectance measurements are shown for three 

multilayered films.  The three films measured were (1) a 2-layer film with blue PCLC 

adhered to a glass substrate and a green film laminated on top exposed to the incident 

light, (2) a 3-layer film consisting of a green PCLC film adhered to a glass substrate, 

a thin layer of black paint (absorbing layer) stacked on top of the green and a blue 

PCLC on top of the black paint exposed to the incident light, and (3) a 2-layer film 

with a thick layer of black paint adhered to a glass substrate with a layer of green 

PCLC laminated on top exposed to the incident light.  As given in Table 7.8 and Fig. 

7.11(a), when two different color left handed PCLC layers are stacked on top of each 

other, the transmittance is ~65% but the full width half max (FWHM) peak width 

increases from 110 nm to 180 nm.  The peak reflectance is ~40% and the reflectance 

band is wider as compared to a single layer and color as shown in Fig. 7.10(b).  The 

FWHM peak width increases from 90 nm for a single layer film to 160 nm for the 2-

layer film as given in Table 7.8.  The absorbance also increases at shorter 

wavelengths due to the extra thickness of the second layer. 
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In Fig. 7.11(c) and (d), the transmittance and reflectance data for a 3-layer 

film is shown.  The transmittance for this 3-layer film is near zero, indicating that the 

middle layer is acting as an absorbing layer as intended. The peak reflectance is 38% 

in the blue wavelengths (peak at 430 nm) but <10% in the green (500 nm).  The black 

middle layer is absorbing most of light not reflected by the blue layer, isolating the 

two sides of the film.   

Figures 7.11(e) and (f) show the transmission and reflectance profiles for a 2-

layer film with green PCLC on top of a thick layer of black paint. The green PCLC 

film behaves similarly to the blue film in Fig. 7.11(c) and (d), the black layer blocks 

transmission of light through the 2-layer film almost completely and reflects brightly 

in the green wavelengths, 32% with the reflection peak at 485 nm.  



 186

Green PCLC (top) + Blue PCLC (bottom) 
(a)  (b) 

Blue PCLC (top) + Black Paint (middle) + Green PCLC (bottom) 

(c)  (d) 

Green PCLC (top) + Black Paint (bottom) 
(e)  (f) 
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Figure 7.11. Three sets of total reflectance and transmittance measurements for multi-layered films 
used in this work. (a) A transmission profile for a 2-layer film where both colors (blue and green), of 
left handed circularly polarized light are reflected. (b) A reflection profile for a 2-layer film where both 
colors (blue and green), of left handed circularly polarized light are reflected. (c) A transmission 
profile for a 3-layer film where only the blue color is reflected because the black middle layer blocks 
transmission to and reflection from the green layer. (d) A reflection profile for a 3-layer film where 
only the blue color is reflected because the black middle layer blocks transmission to and reflection 
from the green layer. (e) A transmission profile for a 2-layer film where the top green layer reflects left 
handed circularly polarized light and the bottom black layer blocks light transmission. (f) A reflection 
profile for a 2-layer film where the top green layer reflects left handed circularly polarized light and the 
bottom black layer blocks light transmission.  The measurements plotted do not include a correction 
for Fresnel reflection from the multiple PCLC layers and glass microscope slide surface. 
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Chapter 8 

Conclusions and future work 

The objectives of this thesis work given in Chapt. 1 have been met, but new 

information has lead to new questions that may be addressed in future work.  Through 

this work we have developed a predictive model for microencapsulated PCLC flakes 

in an AC electric field.  This model extends the previously developed analytical 

model for PCLC flake behavior in an AC electric field.1  By using a combination of 

Comsol Multiphysics and the analytical model, we have shown that we can predict 

the electric field for a given PCLC test cell geometry and its effect on PCLC flake 

motion due to MW polarization.  The validity of this new model has been confirmed 

through experimental evidence.   

The effect of the surrounding environment on the PCLC flake electro-optic 

behavior depends greatly on the type of microencapsulation geometry and materials 

used.  The MW reorientation behavior of PCLC flakes is directly proportional to the 

effective electric field acting on the flake and the difference in dielectric constants 

and conductivities between the host fluid and flake.  An optimal cell geometry is 

therefore one in which there are uniform dielectric constants and conductivities along 

the path of the electric field except for a large mismatch in dielectric constants 

between the host fluid and flake.  With proper matching of geometry and material 

properties, we have shown that it is possible to encapsulate a range of host fluids and 

shaped PCLC flakes while maintaining MW reorientation capability for the flake/host 

fluid suspension. 
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In addition to PCLC flake behavior in an AC electric field, we have also 

studied the PCLC flake motion in a DC electric field.  Good control has been 

demonstrated over EP type motion of microencapsulated PCLC flakes in a low 

dielectric constant host fluid.  Maxwell-Wagner-like type motion of PCLC flakes in a 

DC electric field was also observed in a moderate dielectric constant and conductivity 

host fluid as in previous research1 and has also been confirmed here in a 

microencapsulated environment. 

The process by which shaped PCLC flakes are manufactured has been 

modified from previous work1 to increase flake yield and quantity.  The combination 

of blade coating PCLC material into a PDMS mold and lamination of the flakes to a 

second substrate, removing them from the mold, has greatly improved the speed of 

flake manufacturing.  Additionally, processes were developed to manufacture layered 

shaped PCLC flakes as well as layered PCLC films capable of being freeze fractured.  

Several processes have been developed to microencapsulate the PCLC flakes.  

Emulsion and photolithographic techniques have been shown to be effective for both 

hydrophobic and hydrophilic host fluids.  Encapsulation techniques by complex 

coacervation have been demonstrated to be suitable for hydrophobic host fluids. 

By modifying the material properties of the flakes and host fluid, we extended 

the work done previously on PCLC flake research.1  By doping the flakes for 

increased conductivity and dielectric constant we investigated the changes on PCLC 

flake behavior in a low dielectric constant host fluid.  PCLC flakes were uniformly 

doped internally and nonuniformly by surface coating, extending previous doped 
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flake research to a low dielectric constant and conductivity host fluid.  

Electrophoretic flake behavior was observed with decreased translation times for 

doped shaped flakes.  The nonuniformly doped flakes were intentionally 

manufactured in this work and tested in a low dielectric constant and conductivity 

host fluid.  The doped PCLC flakes exhibited EP behavior with direction of flake 

translation following electrode polarity.  Doped flakes had decreased translation times 

and lower threshold voltages compared to undoped PCLC flakes.  Also, by doping a 

low dielectric constant host fluid for increased conductivity, the changes in PCLC 

flake behavior were studied.  An on/off switching or reverse drive behavior was 

discovered and characterized. 

 

8.1 Contributions to PCLC flake technology 

The main contributions to PCLC flake technology of the research presented in 

this thesis are given below. 

1. A modeling method to predict Maxwell-Wagner polarization type behavior for 

microencapsulated PCLC flake/host suspensions in an AC electric field has 

been developed.  This method uses Comsol Multiphysics to calculate the 

electric field acting on the flake, which is then input into a previously 

developed analytical model to calculate the resulting reorientation time.  We 

use this model to investigate six different microencapsulation geometries and 

materials effects on the PCLC flake behavior. 
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2. Several microencapsulation techniques have been developed and/or improved 

for PCLC flake technology.  These techniques include emulsion, complex 

coacervation and photolithography. 

3. The microencapsulation geometry has been shown to greatly affect the 

electric field acting on the PCLC flake.  If the host fluid is encapsulated with a 

material that has different dielectric properties, the electric field will change in 

magnitude and/or direction as it passes through the interface of the materials.  

If the electric field only passes through a single material or materials with 

similar dielectric properties as it travels between electrodes, the electric field 

will remain uniform and unchanged. 

4. Materials used for microencapsulation have been shown to greatly affect the 

electric field acting on the PCLC flake.  If the host fluid is encapsulated with a 

material that creates a discontinuous path for the electric field between the 

electrodes and has different dielectric properties than the host fluid, the 

electric field will change in magnitude and/or direction as it passes through 

the materials interface.   

5. Insulating the host fluid from the electrode alters the AC frequency for 

minimum reorientation time.  When a moderate dielectric constant host fluid 

(DMS-E09) is insulated from the electrodes, the minimum frequency for MW 

reorientation is increased from the near DC regime to slightly above the AC 

frequency predicted by the model. 
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6. PCLC flakes in DMS-E09 have a higher frequency of minimum reorientation 

time than predicted by the model.  This is opposite from the experimental 

results obtained previously using PC as the host fluid.  Propylene carbonate 

has a lower minimum frequency than predicted by the model.  The difference 

is hypothesized to be the result of different ion mobilities in the two host 

fluids. 

7. A PCLC flake suspended in a moderate dielectric constant and conductivity 

host fluid is capable of MW reorientation across all microencapsulation 

geometries tested. 

8. Careful matching of material properties within the test cell can enable 

Maxwell-Wagner reorientation behavior for a wide range of host fluids and 

binder combinations. 

9. Insulating the host fluid from the electrode can prevent flake motion if the 

binder has low a dielectric constant and the host fluid has a high dielectric 

constant. 

10. A high dielectric constant and conductivity host fluid can be made into a 

functional device with a low dielectric constant and conductivity binder by 

direct encapsulation if the capsules bridge the gap between the electrodes 

allowing electric field penetration. 

11. Electrophoretic motion of PCLC flakes has been demonstrated in a low 

dielectric constant and conductivity host fluid. PCLC flakes have been shown 
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to exhibit EP motion in a DC electric field; this electrophoretic behavior was 

not observed in earlier PCLC flake work. 

12. Electrophoretic motion of microencapsulated PCLC flakes has been 

demonstrated in a low dielectric constant and conductivity host fluid. PCLC 

flakes in a low dielectric constant host fluid have been shown to exhibit EP 

motion in a DC electric field across all microencapsulation geometries using 

low dielectric constant encapsulants.  

13. Electrophoretic motion has been demonstrated for doped shaped PCLC flakes 

in a low dielectric constant and conductivity host fluid. Doped shaped PCLC 

flakes have been shown to exhibit EP motion in a DC electric field.  

Uniformly (internally) doped flakes were shown to translate with no preferred 

orientation to the electrodes.  Surface doped flakes were shown to translate 

with a preferred orientation with the electrodes.  This validates previous 

PCLC flake work that hypothesized that nonuniform (internally) doped flakes 

were responsible for a preferred flake orientation in EP flake translation 

behavior.1  

14. Zeta potential has been measured for shaped PCLC flakes.  Using the E-O test 

cell as the measurement device, zeta potentials of the flakes have been 

measured as a function of the dopant type. 

15. PCLC flakes have been observed to reorient about one edge when in contact 

with the substrate in a test cell, validating the gravitational torque portion of 

the analytical model. 
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16. An improved process to manufacture shaped PCLC flakes.  A method to 

manufacture larger quantities of shaped PCLC flakes has been developed 

using a solution of methylene chloride and PCLC material to dispense smaller 

quantities of material onto the mold for less waste, and by laminating the 

flakes to a second substrate to remove them from the PDMS mold. 

17. Improved process to manufacture layered and multicolored freeze fractured 

flakes.  A method to manufacture freeze fractured flakes from laminated 

layers of PCLC films and/or other polymer films has been developed using 

thin films of materials bonded together with heat and pressure from a 

laminator.  This method allows layers of materials to be combined that cannot 

be coated on top of each other using typical thin film casting techniques such 

as thermal or solution casting, because the materials are miscible with each 

other.   

18. A two sided, two colored reflective flake has been demonstrated.  An 

absorbing layer between the two colored layers prevents the opposite side’s 

color from being reflected back through the incident light side, giving 

opposite sides of the same flake independent reflectivities. 

19. A dual frequency reverse drive mechanism has been demonstrated for PCLC 

flakes in a doped low dielectric constant and conductivity host fluid.  SIT7757 

doped with AOT (1.0 %), H2O (0.475 %) and NaCl (0.025 %) has been shown 

to exhibit reorientation in both DC and AC electric fields.  In addition, a 

turnover frequency near 40 Hz has been identified above which the flakes are 
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driven to reorient perpendicular to the electric field.  This effect is 

hypothesized to be the result of the conductivity of the fluid being increased 

while the dielectric constant of the surface of the flake is increased by doping.  

This result has significant implications for the commercialization of PCLC 

flake technology.  It not only allows an electrically driven on/off switching 

behavior but if the flake and host fluid have matched densities it negates 

relaxation due to gravity and a bistable flake may be achieved. 

20. The modeling method used in this work can predict the general direction of 

flake reorientation for flake/host fluid material combinations capable of 

reverse drive (turnover) behavior. 

21. Spiral homeotropic CLC alignment on the surface of the PCLC flake has been 

identified by SEM imaging.  The inner layers of the flake still have planar 

alignment enabling reflective particles. 

 

8.2.  Future work 

A summary of the suggested work to continue development of PCLC flake 

technology is given below. 

1. Build a prototype flexible particle display device capable of pixilated display 

to demonstrate the bright color capability of the PCLC flakes with an on/off 

driven image (reverse drive). 

2. Expand the control of the reverse drive mechanism by fine tuning the 

formulation of the doped host fluid. 
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3. Explore the potential of doped flakes combined with a doped host fluid for 

reverse drive motion. 

4. Explore other PCLC materials, e.g. with different handedness, physical and 

dielectric properties. 

5. Explore different microcapsule shell materials.  Initial work has been done 

with PVA, Urethane and Nylon capsule shell materials.2 

6. Surface modification of the PCLC flakes to increase zeta potential and 

decrease EP operating voltages. 

7. Explore microcapsule/flake doping for true flake bistability. 

8. Further improve the flake manufacturing method to achieve shaped 

LHCP/RHCP 2-layer flakes, along with a method suitable to a high volume 

process and better cholesteric alignment. 

9. Further improve the modeling method such that the dynamic reorientation 

process can be simulated with Comsol Multiphysics or other suitable 

software. 

10. Explore the chemical interaction that caused the Basic Blue 3 dye to prevent 

reorientation behavior for PCLC flakes in PC. 
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8.3.  Concluding Remarks 

The work presented in this thesis is unique and significant to PCLC flake technology.  

The importance of materials and geometry used in the environment surrounding the 

PCLC flakes has been demonstrated to be critical to flake switching behavior.  

Modeling and experiments have identified many of the important factors to take into 

account in the design of a functional PCLC flake/host fluid device.  Also, the 

discovery of a reverse drive mechanism near the end of this research has enabled the 

on/off switching capability necessary for functional reflective particle displays. The 

new extensions in understanding presented in this body of work continue PCLC flake 

technology down the path to a viable particle display technology. 
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Appendix 1: 

 

Circular polarized light convention used for PCLC flake research when referring to 

the handedness of PCLC flakes and the light they reflect. 

 

The cholesteric phase is characterized by a helix with a defined pitch. If circularly 

polarized light with wavelength equal to the pitch and the same helicity as the helix 

traverses the material, it experiences a constant refractive index, and hence passes 

unperturbed. Light with the opposite helicity experiences a periodically varying 

refractive index and is reflected.  This illustrated by figure A1.1. 
 

Figure A.1.1.  Writing a phase grating into a cholesteric liquid crystal.  RCP and LCP denote the 
polarization of the light (right- and left-handed circularly polarized, respectively) used to illustrate 
different regions of the CLC and so form a grating.  The RCP light is reflected by the right-handed 
cholesteric helix, whereas the LCP light is transmitted.  Adapted from reference 1. 
 

The convention outlined in this illustration is explained by Korenic2 as follows.  

 

“The helix of a cholesteric liquid crystal is classified by chemists as right-

handed or left-handed by the direction of rotation of the molecular director 

using the convention of the thumb advancing through the helix.  The 

handedness of circularly polarized light is classified by physicists as right-
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handed or left-handed by the rotation of the E vector using the convention of 

the thumb pointing to the light source.” 

EEERH CPL coming toward
the observer

 

Since PCLC flake work is mostly based on the reflected light properties.  The 

handedness of our PCLC flakes should follow the same convention as is shown in 

figure 1.  Therefore the handedness of the PCLC flakes should be referred to as the 

same handedness as the light reflected. 

 

Based on the above description and the illustration in Figure 1, the four types of 

PCLC materials our group currently uses should be designated as follows. 

 

Original Wacker PCLC flakes 

(commercial flakes) 

LH  

(left handed = reflect left handed 

circularly polarized light) 

New HW Sands flakes RH 

Original Wacker PCLC polymer 

(shaped flakes & freeze fractured) 

LH 

BASF polymer 

(shaped flakes & freeze fractured) 

RH 

 

This convention illustrated in figure 1 also matches the labels used in E. Korenic’s 

and A. Trajkovska-Petkoska’s theses as well those in the literature for a list of liquid 

crystal compounds referenced in Professor S. Jacobs’s class notes, “Optics and Liquid 

Crystals” pp. 6.14. 
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Appendix 2: 

 

Mathematica calculations for reorientation times using the electric field values input 

from Comsol Multiphysics (values are for the Basic cell configuration). 

 

 
Constants 

Flake Dimensions 

a:=(60*10^-6)/2 

b:=(20*10^-6)/2 

c:=(5*10^-6)/2 

 

Enter value for Eo from Comsol, integrated over the subdomain of the area around the 

flake and divided by the Volume (phase angle = 0o) 

eo:=55185 

 

 

Dimensions & Material constants 

εo:=8.85*10^-12 (permittivity in a vacuum) 

 

εh:=60*εo  (dielectric constant of host fluid) 

rhoh:=1200  (density of host fluid) 

σh:=1*10^-4  (conductivity of host fluid) 

ηo:=2*10^-3  (viscosity of host fluid) 

 

εp:=2.2*εo  (dielectric constant of flake) 

rhop:=1100  (density of flake) 

σp:=1*10^-9  (conductivity of flake) 
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g:=9.81  (gravity) 

 

Electric Field frequencies to calculate reorientation time at 

ω:=2*Pi*{0.001,0.01,0.1,1,10,100,1000,1*10^4,1*10^5,1*10^6,1*10^7,1*10

^8,1*10^9} 

 

Calculations 

Dispersion Constants 

 

ai:=((a*b*c)/2)*

‡
0

∞ 1

H Ls + a^2 ∗ Hs + a ^2L H∗ s + b^ 2L H∗ s + c^2L
 s

 
 

N[ai] 

  

aj:=((a*b*c)/2)*

‡
0

∞ 1

Hs + b^2L ∗ Hs + a ^2L∗Hs + b^ 2L∗Hs + c^2L
 s

 
N[aj] 

  

ak:=((a*b*c)/2)*

‡
0

∞ 1

Hs + c^2L ∗ Hs + a ^2L∗Hs + b^ 2L∗Hs + c^2L
 s

 
N[ak] 

 

Values for Dispersion Constants 

0.0382279 +0.  

0.184504 -2.14994×10-17  

0.777268 +8.48014×10-17  
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Calculate Clausius-Mossotti Constants 

ka:=((εp-I (σp/ω))-(εh-I (σh/ω)))/((εh-I (σh/ω))+((εp-I (σp/ω))-(εh-I 

(σh/ω)))*Re[ai]) 

N[ka] 

 

{-1.03974+2.10428×10-10 ,-1.03974+2.10428×10-9 ,-1.03974+2.10428×10-

8 ,-1.03974+2.10428×10-7 ,-1.03974+2.10428×10-6 ,-

1.03974+0.0000210428 ,-1.03974+0.000210422 ,-1.03962+0.00209834 ,-

1.03101+0.016404 ,-1.00152+0.00718715 ,-1.00018+0.000743868 ,-

1.00017+0.0000744128 ,-1.00017+7.44131×10-6 } 

 

kb:=((εp-I (σp/ω))-(εh-I (σh/ω)))/((εh-I (σh/ω))+((εp-I (σp/ω))-(εh-I 

(σh/ω)))*Re[aj]) 

N[kb] 

 

{-1.22623+2.92686×10-10 ,-1.22623+2.92686×10-9 ,-1.22623+2.92686×10-

8 ,-1.22623+2.92686×10-7 ,-1.22623+2.92686×10-6 ,-

1.22623+0.0000292686 ,-1.22623+0.000292678 ,-1.22608+0.00291849 ,-

1.21405+0.0227478 ,-1.17341+0.00986613 ,-1.17159+0.00102068 ,-

1.17157+0.000102103 ,-1.17157+0.0000102103 } 

 

kc:=((εp-I (σp/ω))-(εh-I (σh/ω)))/((εh-I (σh/ω))+((εp-I (σp/ω))-(εh-I 

(σh/ω)))*Re[ak]) 

N[kc] 

 

{-4.4895+3.9233×10-9 ,-4.4895+3.9233×10-8 ,-4.4895+3.9233×10-7 ,-

4.4895+3.9233×10-6 ,-4.4895+0.000039233 ,-4.4895+0.00039233 ,-

4.48948+0.00392316 ,-4.48716+0.0390928 ,-4.31656+0.288752 ,-
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3.85221+0.106406 ,-3.83462+0.0109342 ,-3.83444+0.00109372 ,-

3.83444+0.000109373 } 

 

Constants used in torque calculations 

c1:=-16/3*Pi*a*b*c*ηo*((b^2+c^2)/((b^2*Re[aj])+(c^2*Re[ak]))) 

N[c1] 

 

c2:=4/3*Pi*a*b*c*εh*Im[kb*kc]*Re[(ak-aj)]*eo^2 

N[c2] 

 

c3:=4/3*Pi*a*b*c*(rhop-rhoh)*g*b 

N[c3] 

 

Values of torques constants 

-1.14566×10-16+0.  

{-1.84445×10-23+0. ,-1.84445×10-22+0. ,-1.84445×10-21+0. ,-1.84445×10-

20+0. ,-1.84445×10-19+0. ,-1.84445×10-18+0. ,-1.84438×10-17+0. ,-

1.83775×10-16+0. ,-1.35137×10-15+0. ,-4.9045×10-16+0. ,-5.03635×10-

17+0. ,-5.0377×10-18+0. ,-5.03772×10-19+0. } 

-3.0819×10-17  

 

Reorientation times as a function frequency 

t2=c1*
‡

0.5 Degree

89.5 Degree 1
Cos y ∗ c2 ∗ Sin y − c3

 y@ D HH @ DL L  

 

{-20.1698+0. ,-20.1699+0. ,-20.1709+0. ,-20.1803+0. ,-20.2759+0. ,-

21.2873+0. ,-44.7141+0. ,4.68682 +2.01516 ,0.374134 +0. ,1.8607 

+0.736768 ,26.5127 +0. ,-23.5731+0. ,-20.4624+0. } 
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Absolute value of the reorientation times (data for AC comparisons) 

Abs[t2] 

 

{20.1698,20.1699,20.1709,20.1803,20.2759,21.2873,44.7141,5.10169,0.3741

34,2.00126,26.5127,23.5731,20.4624} 

 

Plot in XCEL of absolute reorientation values 

 

 

Basic Cell
Reorientation time (sec)

Frequency pred (s)
0.001 20.2
0.01 20.2
0.1 20.2
1 20

10 20.3
100 21.3

1.0E+03 44.7
1.0E+04 5.1
1.0E+05 0.4
1.0E+06 2
1.0E+07 26.5
1.0E+08 23.6
1.0E+09 20.5
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Appendix 3: 

 

Procedures to manufacture various types of PCLC flakes. 

 

 

Appendix 3.1: 

 

Procedure to cast a flexible PDMS mold for manufacturing shaped PCLC flakes by 

soft lithography.  

 

 

1. Cast mixed two part liquid PDMS (Sylgard 184, Dow Corning Corporation, 

Midland, MI), ~11 ml (10:1, base:hardener), over a rigid patterned silicon 

wafer (Semiconductor/Microsystems Fabrication Laboratory, Rochester 

Institute of Technology, Rochester, NY) and allow it to spread to a uniform 

thickness, ~3mm. 

2. Cover to keep out extraneous dust particles and let cure for >48 hrs. 

3. Carefully peel off the PDMS from the wafer. A razor blade may be used to 

start peeling the edge of the PDMS, but keep it away from patterned area of 

the wafer. 

4. Once the mold is free it may be cut into small sections useful for making 

flakes, ~1/2”x1”. 

5. If PDMS residue is left on the silicon wafer, it may be removed by a 

subsequent mold peel; soaking the wafer in OS-20 cleaning fluid (Dow 

Corning Corporation, Midland, MI) in a closed container will eventually 

remove it.  Flush after soaking with methylene chloride to clean the surface.  

May need repeated soaking and gentle cleaning with a soft cloth and 

methylene chloride. 
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Appendix 3.2: 

 

Procedure to manufacture shaped PCLC flakes by soft lithography using a PDMS 

mold. 

 

1. Place a section of PDMS mold on a microscope slide and put the slide on a 

hot plate preheated to 195oC. 

2. (a) If using solid PCLC, place a small amount of PCLC material on top of the 

mold and wait until it melts.  Place a section of Kapton film (Dupont 

Corporation, Wilmington, DE) ~1”x1-1/2” on top of the PCLC and mold. (b) 

If using PCLC dissolved in methylene chloride (high concentration), put a 

couple of drops of the solution onto a section of Kapton film  ~1”x1-1/2”, let 

the methylene chloride evaporate and then place PCLC side up onto the hot 

plate to boil off any residual solvent trapped under the PCLC.  Then flip film 

over and place PCLC side down on top of PDMS mold section.  Allow to 

reach temperature. 

3. Use a nonmetal instrument (like a blunt pencil) to hold down one edge of the 

Kapton film and then spread the PCLC material out with another microscope 

slide pressing on the Kapton film.  Use care to do this evenly and with enough 

pressure to fill the mold and squeeze out extra PCLC.  Try to keep the slide 

edge flat (even side to side pressure) when dragging across the Kapton.  Also, 

switch which edge is held and flip the slide around so that you may drag one 

way and then the other. 

4. Kapton should now be stuck to the mold surface with extra PCLC squeezed 

out.  Using tweezers, peel off the Kapton film quickly from one edge to the 

other.  The extra PCLC material should stick to the Kapton. 

5. Remove the microscope slide and filled mold from the hot plate and allow to 

cool.  It is wise to check the flakes under an optical microscope to make sure 
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they are of sufficient quality before moving on.  The shaped flakes are now 

made and ready to be removed from the mold or stored until needed. 

 

Removing shaped flakes from PDMS mold 

1. A couple of drops of a 0.5% FC4430 (surfactant) in methanol should be 

applied to a clean microscope slide and wiped with a lint free cloth to form a 

very thin film of FC4430 on the surface of the glass.  Too much FC4430 will 

cause the flakes to not adhere to the surface.  This step is optional if surfactant 

is not desired on the final PCLC flake surface, however laminator pressure, 

temperature and speed must be carefully controlled to compensate for added 

adhesion to the glass surface. 

2. Take a PCLC filled PDMS mold and place flake side down on the coated 

glass slide.  Insert both between a clean folded sheet of paper. 

3. Run the sandwich through a heated two rubber rolled laminator (Dry Film 

Laminator Model DF10-1000, Diversified Automation, Inc., Denver CO) set 

to ~150oC and 65 psi (enough to sufficiently press the stack together) with the 

speed at slow setting.  If the flakes do not soften enough to stick the first time 

it will need to be run through again which may cause smearing of the flakes. 

4. When the paper/slide mold combo exits the laminator, allow it to cool before 

peeling apart to let the flake solidify.  After cooling the mold may be peeled 

off the slide leaving the flakes stuck to the glass.  If they do not stick, they 

may not have spent enough time in the nip of the laminator or there is too 

much FC4430 on the glass. 

5. The flakes may be stored in this configuration or removed from the slide by 

the following method.  Use a razor blade to scrape away the edges of the flake 

group where they are not of high quality.  Generally what was near the edge of 

the mold has blobs of extra PCLC. 

6. Clean the razor blade.  Apply a couple of drops of the host fluid to be used to 

the flakes on the slide and wet a clean razor blade by dipping its edge in the 
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same host fluid.  Using the razor blade, scrape the flakes off of the glass 

letting the host fluid collect the free flakes. 

7. Once the flakes are free from the glass, use a pipette to collect the flake 

oil/mixture.  Once in the pipette, the flakes can be used to fill the test cells by 

capillary action from the pipette. 

 

 

Appendix 3.3: 

 

Procedure to manufacture uniformly doped shaped PCLC flakes. 

 

1. Dissolve a predetermined amount of PCLC into methylene chloride and add 

the desired amount of dopant such Carbon Black VPA90. 

2. Using a high shear mixer (IKA T10 Basic Ultra Turrax Mixer, Cole-Parmer 

Instrument Company, Vernon Hills, IL), disperse the mixture well. 

3. Use this mixture when making shaped flakes in the procedure outlined in 

Appendix 3.2.  The resulting flakes should be uniformly internally doped. 
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Appendix 3.4: 

 

Procedure to manufacture surface doped shaped flakes using the spin coat method 

(preferred method). 

 

1. Use the above shaped flake procedure in Appendix 3.3 to make PCLC flakes 

in a square PDMS mold (~1/2” x 1/2”), but do not remove the flakes from the 

mold. 

2. Plasma treat (clean) the flake filled side of the mold for ~1.5 min at medium 

power under vacuum (air as ionizing gas). 

3. Place the treated mold on an ~1” x ~1” glass slide (may be made by scribing a 

microscope slide and snapping), and apply some pressure to make sure the 

mold is stuck to the glass. 

4. Turn on spin coater vacuum and mount the glass/mold combo in center of the 

spin coater chuck. 

5. Flood coat (spread out a couple of drops), the top surface of the mold with a 

solution of desired material that will form the top layer on the shaped flake 

such as an aqueous solution of PEDOT/PSS.   

6. Spin coat the mold for 50 sec, starting at 250 rpm and ramping up the speed to 

1000 rpm over ~10 sec. 

7. Repeat steps 5 and 6. 

8. Complete the drying and spreading of the solution by spinning for another 50 

sec, starting at 1000 rpm and ramping up to 2000 rpm. 
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Procedure to manufacture surface doped shaped PCLC flakes, aerosol method. 

 

1. Follow steps 1 and 2 for the above spin coating procedure. 

2. Place the treated mold in a vented hood area on a large paper for backing.  

This is to prevent aerosol from contaminating other areas and inhaling 

harmful fumes. 

3. Lightly spray the top of the mold with 2 or three layers of aerosol paint such 

as Aerodag G.  Enough to build up a thin layer on the surface of the flakes. 

4. After sufficiently dry, remove the flakes from the mold using the above 

lamination procedure.  If the paint is sticking to the mold and coming off in 

the removal step as well as flakes, try either not plasma treating the surface or 

using less paint. 
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Appendix 3.5: 

 

Procedure to manufacture freeze fractured layered PCLC flakes. 

 

1. Cast a thin film of PCLC material on a glass microscope slide.  Do this first 

by melting a small amount of PCLC on a glass slide heated by a hot plate set 

at 195oC. 

2. Place a strip of Kapton on top of the melt material and using another glass 

slide squeeze the PCLC out into a thin layer between the glass and the Kapton 

~5 μm thick. 

3. Peel off the Kapton film quickly using a pair tweezers, roll the film back on 

itself so that film pulls straight off of the PCLC and does not smear it. 

4. Remove the slide and PCLC from the hot plate and let cool. 

5. Next cast another film by the same method but use Kapton film as the bottom 

layer instead of glass.  Therefore when the top layer of Kapton is peeled off 

the PCLC film will be left on a Kapton film.  Alternately, another film such as 

aerosol paint may be sprayed onto a Kapton film. 

6. Place the second film (on Kapton) on top of the PCLC film (on glass), then 

put the stack in between the layers of a folded sheet of paper. 

7. Run this sandwich through a preheated laminator as described in the flake 

removal procedure above. 

8. After the sandwich cools, peel off the Kapton film to leave a two layer film. 

9. The two layer film may then be freeze fractured by putting the glass mounted 

film into a petri dish and then pouring liquid N2 over the film.  The difference 

in thermal expansion between the glass and the brittle polymers will cause the 

film to fracture. 

10. The two layer film may be further fractured by grinding under liquid N2. 

11. The freeze fractured flakes are now ready for use.  If a specific size range is 

desired the flakes should be sieved to separate them out by size. 
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Appendix 4: 

 

Procedures to manufacture various types of electro-optic test cells. 

 

 

Appendix 4.1: 

 

Test cell assembly procedure- Basic configuration 

 

 

Materials needed: 

1. ITO coated glass substrates 

2. Microspheres or lab tape to use as spacers for cell gap 

3. OG154 UV epoxy and/or OG116 UV epoxy 

4. Capillary tube 

5. Flake-fluid mixture 

 

Clean substrate surfaces: 

1. Wash substrate surfaces with lab detergent or micropolish to remove majority 

of wax residue and any contamination on the ITO surface then thoroughly 

rinse with the tap water. 

2. Rinse with DI water and dry with the pressurized nitrogen. 

3. Let sit it on the hot plate (~95oC) until ready to assemble the cell. 

4. Add microspheres to a small bead of UV epoxy and mix. 

5. Apply a small bead of the mixture to one of the substrates at the four corners 

of the area where the two substrates will overlap.  Make sure to apply on the 

ITO side of the substrate.  (Optionally, use the substrate assembly frame to 

align and hold the top and bottom substrate during assembly) 
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6. Place the second substrate, ITO facing the epoxy, on top and apply pressure to 

squeeze the epoxy until the substrates contact the spacers.  Make sure to leave 

an overhang of each substrate as shown in the picture below so electrode clips 

can be attached to the finished cell.  (If substrate assembly frame is used, 

make sure to loosen the set screws so that the substrates can self-level during 

curing) 

Epoxy-

Fluid-flake 
mix 

Top 

 

7. Place the cell under a Blak Ray Longwave UV lamp, model B 100AP, (San 

Gabriel, CA) to cure the epoxy for ~15 minutes. 

8. Seal the two side edges with epoxy and again place under the UV lamp to 

cure.  The cells are now ready to be filled. 

9. Using a capillary tube, fill the cell with the desired amount of flake-fluid 

mixture by capillary action.  Be sure to not trap bubbles inside the cell. 

10. Apply more epoxy to the final two edges of the cell gap to seal in the flake-

fluid mixture.  If any epoxy is covering the electrode clip area, clean off with 

acetone or alcohol wipe. 

11. Place under the UV lamp to cure for another ~15 minutes 

12. The display cell is now complete and ready for characterization. 
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Appendix 4.2: 

 

Test cell assembly procedure – Microwell configuration 

 

 
Substrate Preparation: 

1. Wash substrate surfaces with lab detergent or micropolish to remove majority of wax 

residue and any contamination on the ITO surface then thoroughly rinse with the tap 

water. 

2. Rinse with DI water and dry with the pressurized nitrogen. 

3. Let sit it on the hot plate (~105oC) until ready to assemble the cell to remove any water 

deposited on the ITO surfaces.  

 

Coating the Microwells:  

1. Place the substrate on the spin-coater and manually adjust the spin speed to 200 rpm. 

Starting this slow will allow the photoresist to spread across the substrate uniformly 

without missing any parts of the ITO surface. 

2. Deposit 1.5 ml of SU-8 3050 photoresist (approximately quarter size) onto the substrate 

and let it sit for 30 seconds. Make sure no air bubbles are present or the coating will not 

be uniform.  Using a spatula to apply photoresist helps to eliminate bubbles arising from 

application.  Any resulting bubbles should be removed with a 1mL syringe. 

3. Begin spinning and accelerate manually to 1500 rpm. Make sure to accelerate slowly 

(about 100 rpm/sec). Spin for 120 seconds. A significant edge bead should form. 

4. Soft bake the substrate at 95°C for 30 minutes. The longer soft bake is required for high 

film thicknesses. If the film wrinkles while heating, allow the substrate to cool to room 

temperature and repeat the soft bake step until wrinkles no longer form during heating. 

5. Using the chrome mask (Semiconductor/Microsystems Fabrication Laboratory, Rochester 

Institute of Technology, Rochester, NY), expose the substrate under the Blak Ray 

Longwave UV lamp, model B 100AP (San Gabriel, CA) for 60 seconds. Care should be 

taken not to disturb the mask during exposure or the image may not develop properly. 

Rotate the mask 90 degrees and repeat to form the grid of micro-wells.  



 217

6. Bake the substrates again at 65°C for one minute and then at 95°C for five minutes. This 

should occur immediately after exposure. A visible latent image of the mask should 

appear in the photoresist by the end of this baking step. If not, a longer exposure time is 

needed. Allow the substrates to cool before developing. 

7. Develop the substrate in clean SU-8 developer solution for at least 15 minutes. This will 

remove the edge bead and leave a square grid of cured SU-8 micro-wells in the center of 

the substrate. Wash the substrate with isopropyl alcohol to remove the developer. If a 

white film forms, place the substrate back into the solution for a few more minutes, as it 

has not finished developing. 

8. Clean the substrate using de-ionized water, then wash with acetone. Dry using filtered 

compressed nitrogen. 

9. An optional hard bake step can be completed to better adhere the micro-wells to the 

lower layer. To accomplish this, bake the substrate at 160°C for 30 minutes. 

 

Assembling the Microwell Cell: 

1. Using a capillary tube, draw a small amount of PCLC flakes in a host fluid across the 

microwells. Surface tension will draw out the solution and fill each well. Do not fill all 

the way to the edge of the grid as placing the top onto the device will push some of the 

fluid outward. 

2. Using UV epoxy, OG 154, seal the edges of the cell and place the top substrate on so that 

the ITO is still accessible. The top should overlap the bottom but not cover it completely. 

3. Expose the device under the UV lamp until the epoxy has cured. This completes the 

device.  
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Appendix 4.3:  

 

Test cell assembly procedure – Microcube configuration 

 

 

Substrate Preparation: 
1. Wash substrate surfaces with lab detergent or micropolish to remove majority 

of wax residue and any contamination on the ITO surface then thoroughly 

rinse with the tap water. 

2. Rinse with DI water and blow with the pressurized nitrogen 

3. Let sit it on the hot plate (~105oC) until ready to assemble the cell to remove 

any water deposited on the ITO surfaces.  

4. If additional adhesion strength is required, or if very thin layers of photoresist 

are to be applied, plasma clean the substrates. Expose the substrates to the 

plasma for 2 minutes. Transport the substrates inside a closed container to 

minimize exposure to particulates. 

 

Coating the insulative layer: (for both top and bottom) 

1. Place the substrate on the spin-coater and manually adjust the spin speed to 

200 rpm. Starting this slow will allow the photoresist to spread across the 

substrate uniformly without missing any parts of the ITO surface. 

2. Deposit 1.5 ml of SU-8 2015 photoresist (approximately quarter size) with a 

5mL syringe onto the substrate and let it sit for 30 seconds. Make sure no air 

bubbles are present or the coating will not be uniform.  

3. Begin spinning and accelerate manually to 1500 rpm. Make sure to accelerate 

slowly (about 100 rpm/sec). Spin for 120 seconds. A significant edge bead 

should form. 

4. Soft bake the substrate at 65°C for 5-10 minutes.  Lower bake temperatures 

help to eliminate bubbles forming in the deposited layer. 
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5. Using the square mask (~14 mm x ~14 mm solid black square printed on a 

transparency), expose the substrate under the UV lamp for 60 seconds. Care 

should be taken not to disturb the mask during exposure or the image may not 

develop properly. 

6. Bake the substrates at 95°C for five minutes. This should occur immediately 

after exposure. A visible latent image of the mask should appear in the 

photoresist by the end of this baking step. If not, a longer exposure time is 

needed. Allow the substrates to cool before developing. 

7. Develop the substrate in clean SU-8 developer solution for about 10 minutes. 

This will remove the edge bead and leave a square layer of cured SU-8 in the 

center of the substrate. Wash the substrate with isopropyl alcohol to remove 

the developer. If a white film forms, place the substrate back into the solution 

for a few more minutes, as it has not finished developing. 

8. Clean the substrate using de-ionized water, then wash with acetone. Dry using 

filtered compressed nitrogen. 

9. An optional hard bake step can be completed to anneal any cracks in the film 

or to improve adhesion qualities. To accomplish this, bake the substrate at 

150°C for 30 minutes. 

 

Coating the Microwells: (bottom substrate only) 

1. Place the substrate on the spin-coater and manually adjust the spin speed to 

200 rpm. Starting this slow will allow the photoresist to spread across the 

substrate uniformly without missing any parts of the ITO surface. 

2. Deposit 1.5 ml of SU-8 3050 photoresist (approximately quarter size) onto the 

substrate and let it sit for 30 seconds. Make sure no air bubbles are present or 

the coating will not be uniform.  Using a spatula to apply photoresist helps to 

eliminate bubbles arising from application. Any resulting bubbles should be 

removed with a 1mL syringe. 
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3. Begin spinning and accelerate manually to 1500 rpm. Make sure to accelerate 

slowly (about 100 rpm/sec). Spin for 120 seconds. A significant edge bead 

should form. 

4. Soft bake the substrate at 95°C for 30 minutes. The longer soft bake is 

required for high film thicknesses. If the film wrinkles while heating, allow 

the substrate to cool to room temperature and repeat the soft bake step until 

wrinkles no longer form during heating. 

5. Using the chrome mask, expose the substrate under the UV lamp for 60 

seconds. Care should be taken not to disturb the mask during exposure or the 

image may not develop properly. Rotate the mask 90 degrees and repeat to 

form the grid of microwells. Try to align the mask with the existing insulative 

layer so that the microwells are mostly deposited on top of it.  Scotch tape can 

be used to fasten the mask to the substrate, taking care that the tape does not 

appear behind the exposed region. 

6. Bake the substrates again at 65°C for one minute and then at 95°C for five 

minutes. This should occur immediately after exposure. A visible latent image 

of the mask should appear in the photoresist by the end of this baking step. If 

not, a longer exposure time is needed. Allow the substrates to cool before 

developing. 

7. Develop the substrate in clean SU-8 developer solution for at least 15 minutes. 

This will remove the edge bead and leave a square grid of cured SU-8 micro-

wells in the center of the substrate. Wash the substrate with isopropyl alcohol 

to remove the developer. If a white film forms, place the substrate back into 

the solution for a few more minutes, as it has not finished developing. 

8. Clean the substrate using de-ionized water, then wash with acetone. Dry using 

filtered compressed nitrogen. 

9. An optional hard bake step can be completed to better adhere the micro-wells 

to the lower layer. To accomplish this, bake the substrate at 160°C for 30 

minutes. 
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Assembling the Microcube Cell: 

1. Using a capillary tube, draw a small amount of PCLC flakes in a host fluid 

across the microwells. Surface tension will draw out the solution and fill each 

well. Do not fill all the way to the edge of the grid as placing the top onto the 

device will push some of the fluid outward. 

2. Using UV epoxy, seal the edges of the cell and place the top substrate on so 

that the ITO is still accessible. The top should overlap the bottom but not 

cover it completely. 

3. Expose the device under the UV lamp until the epoxy has cured. This 

completes the device.  
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Appendix 4.4: 

 

Test cell assembly procedure - PVA Direct Encapsulation type (I) 
 

 

Materials 

1. 25% by wgt PVA (80% hydrolyzed, Sigma Aldrich) aqueous solution  

2. Oil (example: SIT7757 Si Oil [Gelest Inc]) 

3. PCLC Flakes 

4. Oil Red dye (Aldrich Chemical) (optional) 

5. Surfactant (optional) 

6. 4 ml sample vial 

7. 2 ITO coated substrates per test cell 

 

 

Process 

1. Wash ITO substrates with DI water and detergent and then plasma clean on 

low setting for ~2 minutes. 

2. Premix oil and Oil Red dye, ~2% solution 

3. Premix oil/dye and flakes, ~4.2mg flakes per 0.1g oil/dye, or 10 small scoops 

per 0.5g of oil/dye 

4. Add 1g of aqueous PVA to sample vial 

5. Add 1 drop of surfactant (if desired) to vial 

6. Cap the vial and roll mill for 10 minutes, sample number should correspond to 

holder number (use only four outer slots), see Fig. 1. 

7. Add 2 drops of oil/flakes mixture to vial 

8. Cap vial and roll mill for 20 minutes 

9. Immediately cast PVA emulsion onto ITO substrate, ITO side towards PVA, 

using either the doctor blade set to give the desired thickness or pour on the 
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desired amount of emulsion and spread by tilting the substrate until thickness 

is uniform.  Make sure to leave area open to attach substrate to power supply. 

10. Let coating sit in open air until dry, ~24 hours. 

11. Using a low viscosity UV epoxy, OG142-13, apply a small amount to the top 

of the PVA surface and then add the 2nd substrate ITO face towards the epoxy.  

Press the substrate down to make the epoxy layer as thin as possible, leaving 

one edge overhanging for an area to attached clips from power supply. 

12. Cure the epoxy under UV light. 

13. Test cell is complete and may be characterized visually using microscope. 
 

Figure A.4.4.1.  Roll mill setup for mixing flake/host fluid suspensions in aqueous PVA solutions.  
Four vials are shown mounted in the outer four slots.  The materials are mixed by wall shear in the 
vials. 
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Appendix 4.5:  

 
Test cell assembly procedure - PDMS Direct encapsulation type (II) 

 

 

Materials 

1. PDMS base component (encapsulant) 

2. PDMS curing agent (encapsulant) 

3. Propylene Carbonate (host fluid) 

4. PCLC flakes 

5. 3M 4430 Surfactant 

6. 4 ml sample vial 

7. 2 ITO coated substrates per test cell 

8. Spacer material (tape 180μm thick) 

9. 2 ITO coated substrates per test cell 

 

Process 

1. Measure 1g of PDMS base into 4ml vial. 

2. Measure 0.5g of PDMS curing agent into same 4ml vial and then mix the two 

components well using a stirring rod. 

• The two PDMS components will cure over ~48 hours at ambient 

conditions.  The PDMS components are designed to be mixed with a 

10:1 ratio, however by mixing them at a 2:1 ratio the mixture will cure 

faster. 

3. Let the mixture sit for ~15 minutes to let the air bubbles come out of solution. 

4. Mix the desired flakes and host fluid combination with ~1% of FC 4430 

surfactant. 

• The surfactant helps prevent the flakes from sticking to the PDMS capsule 

walls. 
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5. Add 2-3 drops of flake/fluid/4430 mixture to the PDMS mixture in the vial. 

6. Cap the vial and begin rolling the vial manually to encapsulate the flakes and 

host fluid into the PDMS.  Continue rolling the vial while observing the 

reduction in capsule sizes until the desired size is achieved. 

7. Apply a thin strip of lab tape to each side of one ITO substrate (ITO side) to 

act as spacers for the test cell.  Make sure to leave enough room so that the 

substrates can overhang one another for power supply clips to be attached.  It 

is a good idea to tape off the clip area on both substrates to prevent 

contamination. 

8. With the PDMS emulsion mixed and not settled out (roll for a short time if 

needed to re-disperse capsules), pour out a small amount of the emulsion 

between the tape spacers on the substrate. 

9. Apply the second substrate, ITO side toward the PDMS, and push down to 

make the cell the thickness of the tape.  Make sure to overhang the substrates. 

10. Place the cell on a hot plate at ~40oC, monitor the cell carefully until it is fully 

heated because as the PDMS warms, its viscosity decreases and the top 

substrate will float away from its correct position.  The PDMS should cure in 

~30 minutes. 

11. Once cured and cooled the extra tape over the clip areas can be removed and 

the cell is ready to be tested. 
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Appendix 4.6: 

 

Test cell assembly procedure – Coacervation Encapsulation 

 

 

Materials: 

1. Type A porcine gelatin - encapsulant 

2. Gum arabic - encapsulant 

3. Oil (or host fluid/red dye/flake mixture) - fluid to be encapsulated 

4. DI water 

5. 20% solution of NaOH in water – pH adjustment 

6. 10% acetic acid in water – pH adjustment 

7. Ice 

8. 25% glutaraldehyde in water – hardening agent 

9. IKA Ultra Turrax Tube Drive (emulsifier) 

10. IKA hot plate – IKA RET basic 

 

Procedure: 

(note: temperature and agitation are very important to this reaction, make sure to 

measure the temperature at each step) 

 

1. Dissolve 0.05g of gum arabic in 6g of water, heat and maintain temperature at 

~55oC until gum arabic is completely dissolved.   

2. Dissolve 0.05g of gelatin in 6g of water, heat and maintain temperature at 

~55oC until gelatin is completely dissolved.   

3. Preheat 3g of host fluid/flake/dye mixture to ~55oC and then emulsify into 

gum arabic solution using IKA Tube Drive.  Emulsify at a setting of 6 

(SIT7757) for 1min.   

• Work quickly to keep the emulsion as warm as possible.   
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4. Add the preheated gelatin solution to the emulsion and emulsify at a setting of 

6 (SIT7757) for 1min. 

5. Pour the emulsion into a 250ml beaker and agitate with a stirrer bar rotating at 

a sufficient level to agitate full mixture but low enough to prevent foaming.  

Maintain temperature of mixture at ~41oC. 

• Gelation of the mixture happens below ~35oC, so therefore batch 

temps should remain >40oC to prevent unwanted gelation from 

occurring. 

6. Begin drop wise addition of water from an addition funnel.  50 ml over 30min. 

• Slow addition of water is critical to uniform capsule size, the 

slower the better. 

7. Then a second dilution, 50ml of dilute acetic acid by addition funnel.  Dilute 

acetic acid is ~3 drops acetic acid in 50ml water.  Add the 50 ml over 30min 

period.  Optimal end pH of solution is 4.  Allow to continue coacervating for 

~30 min. 

• It is during this step that the gum arabic and gelatin coacervates, 

thickening the walls around oil capsules.  Gum arabic/gelatin not 

around capsules should come out of solution in the form of gel beads. 

8. After coacervation, quench the capsules by putting the beaker into an ice bath 

of water at <5oC and continue to agitate mixture for ~40 minutes. 

• This step gels the capsule walls. 

9. Make a solution of 2g of 25% glutaraldehyde in 10 ml of water.  Slowly, over 

5 minutes, add this solution to the capsule batch to harden the capsule walls.  

Continue to agitate mixture for at least 1 hour. 

10. Make a solution of 6 drops of NaOH added to 100 ml of water.  While 

maintaining the mixture at <10oC with agitation, slowly over 60 minutes 

increase the pH of the batch to ~10 by adding the NaOH solution to the 

mixture.  Continue to agitate for ~40 minutes.  Temperature of mixture can be 

allowed to slowly rise to room temperature by removing ice bath. 
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• Bringing the mixture to an alkaline state allows the hardening reaction 

of the gel walls to go to completion. 

11. Once the mixture reaches room temperature, turn off agitation and remove 

stirrer. 

12. Allow capsules to sink to bottom of beaker, decant off waste water.  This 

water may have free gel and oil.  Refill with fresh water, and repeat decanting 

process.  The capsules are now complete. 

13. Let capsules settle to bottom.  After capsules have settled out, they may be 

pipetted off for storage in water, dried or dispersed in a suitable medium for 

device assembly. 

 

Prepare sample device for analysis: 

1. Add ~1g of 20% aqueous PVA solution to a 4ml vial. 

2. Add several drops of capsules in water to same vial. 

3. Roll mill sample for ~10 min to mix thoroughly. 

4. Cast PVA emulsion onto ITO substrate and let dry. 

5. Let coating sit in open air until dry, ~24 hours. 

6. Using a low viscosity UV epoxy, OG 142-13, apply a small amount to the top 

of the PVA surface and then add the 2nd substrate ITO face towards the epoxy.  

Press the substrate down to make the epoxy layer as thin as possible, leaving 

one edge overhanging for an area to attached clips from power supply. 

7. Cure the epoxy under UV light. 

8. Test cell is complete and may be characterized visually using microscope. 

 

 

References: 

1. M. Gutcho, Capsule Technology and Microencapsulation 1972, Noyes Data 

Corp., pg. 85-88 
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Appendix 5:   
 
An example calculation of Fresnel reflection for a glass microscope slide (Section 

4.5.2). Absorption and scattering not taken into account. 

 
The VWR VistaVision microscope slides are made of Soda-Lime glass. 

 ng~1.520 at 500 nm 

 na=nair=1 

 
Fresnel reflection = R = [(n2-n1)/(n2+n1)]2

Total reflection = RT = R1+R2

R1= reflection from top glass surface 

R2 = reflection from bottom glass surface 

T = total transmission = 1-RT 

 

R1

R2

T

microscope glass 

 

R1 = [(ng-na)/(ng+na)]2 = 0.043 

R2 = [(ng-na)/(ng+na)]2 = 0.043 

RT = R1+R2 = 0.085 = 8.5% 

 

T = 1-RT = 1-0.085 = 0.915 = 91.5% 
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Appendix 6: 

 

The settings and setup for the Solartron Impedance Gain Phase Analyzer. 

 

The equipment setup is shown in Fig. A6.1 for solid material measurements.  Liquid 

measurements are made by swapping out the electrode for the liquid cup electrodes 

supplied with the Solartron 1296 2A sample holder. 

 
Sample Holder

Hi 

Lo 

Gain/Phase analyzer

Input Gen Output

Lo Hi

 
Figure A.6.1.  Two views of the solartron impedance gain/phase analyzer showing the cabling hookup 
for the Solartron 1296 2A sample holder with the solids parallel plate electrodes installed.  Diagram 
shows cable layout used in set up. 
 



 
 

232

To measure the dielectric properties of assembled test cells the Solartron 1296 2A 

sample holder is swapped for the in house E-O test cell sample holder, Fig. A6.2.  

The same cables are used for both sample holders. 

 

Figure A.6.2.  Sample holder for E-O test cells, clamps supply power to test cell as shown in picture 
on the left.  Cables are attached the same as shown in Fig. A.6.1. 
 

Two programs are used for the software interface between Solartron and the PC.  

ZPlot controls the Impedance gain phase analyzer and ZView let you view the data.  

ZPlot can be used on its own and the saved directly from its interface.  The settings 

used for all of the measurements here are shown in Figs. A.6.3-5. 
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Figure A.6.3.  The Sweep Frequency settings are shown. 

 

Figure A.6.4.  The analyzer settings are shown. 
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Figure A.6.5. The current settings are shown. 
 

Figure A.6.6.  The interface settings are shown. 
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Appendix 7: 
 
Reorientation time predictions for the microcube test cell configuration, from Figure 
5.9. 
 
 

 Reorientation time (sec) 
 microcube microcube microcube 
Frequency SIT E09 PC 
0.001 1436.8 105.6 -24.6 
0.01 1432.6 105.6 -24.6 
0.1 1392.7 105.3 -24.6 
1 1093.6 103.1 -24.6 
10 379.0 85.0 -24.6 
100 205.1 33.4 -24.6 
1.0E+03 981.6 18.2 -24.6 
1.0E+04 1373.3 65.2 -24.6 
1.0E+05 1430.5 99.2 -24.6 
1.0E+06 1436.6 104.9 -24.6 
1.0E+07 1437.2 105.5 -24.6 
1.0E+08 1437.2 105.6 -24.6 
1.0E+09 1437.2 105.6 -24.6 
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Appendix 8: 

 
Maxwell-Wagner behavior of PCLC flakes suspended in DMS-E09 with an applied 

AC electric field, plot of reorientation times observed versus predicted (Fig. 5.11 

data). 

 
Appendix 8.1: 

 
Maxwell-Wagner reorientation times of PCLC flakes in DMS-E09 in a Basic test cell. 
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Host fluid=DMS-E09 in a Basic test cell

Basic Basic A Basic B
Reorient. time (sec) E09 E09
pred bas A pred bas B Cell 187 gap=80 Cell 190 gap=87

Frequency 187-E09 190-E09 Freq Hz trot Freq Hz trot
0.001 105 105 10 1 1 1
0.01 105 105 30 1 10 1
0.1 105 105 50 1 50 1
1 101 101 70 1 100 1
10 74 77.6 100 1.5 300 1
100 22 25.2 500 2 400 1

1.0E+03 10 11.5 1000 2.5 500 1
1.0E+04 45 49.4 3000 5 700 0.5
1.0E+05 92 94.3 7000 10 1000 0.5
1.0E+06 104 104 10000 16 2000 1.5
1.0E+07 105 105 15000 21 3000 1.5
1.0E+08 105 105 20000 60 5000 1.5
1.0E+09 105 105 30000 70 8000 2

cell 187 cell 190 40000 80 11000 4
14000 6

AC Volts 3 17000 13.5
Gap 80 20000 14

E (mV/μm) 37.5 23000 15
26000 20
29000 22
35000 30
50000 39

100000 52

AC Volts 3
Gap 87

E (mV/μm) 34.5
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Appendix 8.2: 
 
Maxwell-Wagner reorientation times of PCLC flakes in DMS-E09 in a Microwell test 

cell. 

 
Microwell Cell

reorientation times

0

20

40

60

80

100

120

0.001 1 1000 1000000 1E+09
Frequency (Hz)

re
or

ie
nt

 ti
m

e 
(s

) pred - A

meas - A

pred - B

meas - B

 
 

Microwell microwell A microwell B
Reorient. time (sec) E09 E09

pred dir pred dir cell 193 gap=34 cell 194 gap=44
Frequency 193-E09 194-E09 Freq (Hz) trot Freq (Hz) trot

0.001 105 105 10 0.5 10 1
0.01 105 105 50 0.5 50 1
0.1 103 104 100 0.5 100 1
1 85 92 300 0.5 500 1

10 33 45 1000 0.5 1000 1
100 5.6 8.7 2000 0.5 5000 1

1.0E+03 2.2 3.6 5000 0.5 10000 1
1.0E+04 13.9 20.8 8000 1 20000 1.5
1.0E+05 60.3 72 10000 1.5 30000 3
1.0E+06 97 100 20000 3 40000 4
1.0E+07 104 105 30000 3 50000 5
1.0E+08 105 105 40000 4 60000 6
1.0E+09 105 105 50000 4.5 100000 7

cell 193 cell 194 70000 5 150000 9
100000 6 250000 10
130000 6.5 350000 12
150000 6.7 450000 13
200000 7 550000 16
250000 7.3 750000 19
300000 10.7 1000000 50
350000 11
450000 13 AC Volts 3
550000 13.2 Gap 44
650000 14.5 E (mV/μm) 68.2
800000 17

1000000 19
2000000 21
5000000 35
7000000 90

AC Volts 3
Gap 34

E (mV/μm) 88.2
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Appendix 8.3: 
 
Maxwell-Wagner reorientation times of PCLC flakes in DMS-E09 in a Microcube 

test cell. 
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Microcubes Microcube A Microcube B microcube C
Reorientation time (sec) E09 E09 E09
pred cube pred cube pred dir gap=125 cell 141 cell 188 gap=165 cell 192 gap=44

Frequency 1-E09 2-E09 192-E09 Freq (Hz) trot Freq (Hz) trot Freq (Hz) trot
0.001 105 105 105 1,000 500 1500 60
0.01 104 105 105 2,000 60 900 120 2000 25
0.1 98 101 101 3,000 15 1000 45 3000 4
1 64 76 77 4,000 13 2000 10 5000 3.7

10 15 24 25 5,000 7 3000 7.2 6000 1.6
100 2.2 3.7 3.9 6,000 5 4000 3.1 7000 0.7

1.0E+03 0.8 1.5 1.5 7,000 3 5000 1.5 8000 1
1.0E+04 5.9 9.6 9.9 8,000 2 6000 1 9000 1
1.0E+05 35.2 48 49 9,000 1.5 7000 0.8 10000 1.5
1.0E+06 86 93 94 10,000 1.5 8000 1 12000 1.5
1.0E+07 103 104 104 11,000 1.5 9000 1 15000 1.5
1.0E+08 105 105 105 12,000 1.5 10000 1 20000 2
1.0E+09 105 105 105 15,000 1 11000 1.5 30000 5.5

cell 141 cell 188 cell 192 18,000 1 12000 2 40000 6
20,000 0.5 13000 2 50000 7
22,000 0.5 14000 3 60000 8
25,000 0.5 15000 5 70000 9.6
30,000 0.5 16000 5.5 80000 11.8
40,000 1 20000 6 90000 15
50,000 1 25000 6.5 100000 20
60,000 3 30000 7
70,000 3 35000 7 AC Volts 30
80,000 10 40000 10 Gap 170

100,000 30 50000 18 E (mV/μm) 176.5
110,000 60 60000 23

70000 32
AC Volts 30 80000 35

Gap 125 90000 60
E (mV/μm) 240.0

AC Volts 30
Gap 165

E (mV/μm) 181.8
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Appendix 8.4: 
 
Maxwell-Wagner reorientation times of PCLC flakes in DMS-E09 in a Direct 

Encapsulation test cell. 
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Direct Direct A Direct B
Reorientation time (sec) E09 E09

pred dir pred dir cell 189 gap=210 cell 196 gap=295
Frequency 1-E09 2-E09 Freq (Hz) trot Freq (Hz) trot

0.001 105 105 100 1000 26
0.01 105 105 300 42 2000 21
0.1 103 104 500 15 3000 10
1 88 99 700 12.5 5000 3.5
10 37.1 64 800 7 7000 2

100 6.5 16 900 5 10000 1
1.0E+03 2.6 7 1000 5 12000 2
1.0E+04 16 35 1200 2 15000 6.7
1.0E+05 64.6 87 1500 1.5 20000 7
1.0E+06 99.1 103 1700 1.5 25000 10
1.0E+07 104.9 105 2000 1 30000 14
1.0E+08 105 105 3000 1.5 40000 15
1.0E+09 105 105 4000 3 50000 20

cell 189 cell 196 5000 4.6 60000 29
6000 7 70000 35
7000 10 80000 36

10000 14 90000 45 Vrms=25
15000 20
20000 22 AC Volts 30
30000 25 Gap 210
40000 30 E (mV/μm) 142.9

AC Volts 30
Gap 210

E (mV/μm) 142.9
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Appendix 9: 
 
The observed PCLC flake translation times in SIT7757, shown in Fig. 5.13, as a 

function of applied DC electric field magnitude and test cell geometry.  All 

configurations follow the same relationship, the translation time decreases with 

increasing electric field strength. 
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Translation time (s)
Basic Cell Microwells Direct Encap.

Cell # Cell # Cell #128 Cell #186 Cell #157 Cell #158
mV/μm 183 184 mV/μm time mV/μm time mV/μm time mV/μm time

225 35 480 9.5 286 6.0 80 12 44 46
250 27 560 6.5 429 4.0 120 10 89 18
275 21 640 5.0 571 2.0 160 8 133 17
300 16 720 2.5 714 1.5 200 4 178 10.5
350 14 800 2.5 857 1.0 240 3 222 8
400 9.5 35 880 2.5 1000 1.0 280 3 267 7.5
450 6 28 960 2.0 1143 1.0 320 1.5 311 6.5
500 5.5 20 1040 1.5 1286 0.5 360 2 356 5
550 4 14 1120 1.5 1429 0.5 400 1.5 400 4
600 4 11 1200 1.5 600 1 444 4
650 3.5 7 1600 1.0 800 0.5 667 2
700 3.5 6.5 2000 0.5 1000 0.5 889 1
750 3 6 2400 0.5
800 2.5 6
850 2 4.5
900 2 3.6 Microcubes
950 1.8 3 Cell #140 Cell #138 Cell #138

1000 1.7 2.8 mV/μm time mV/μm time mV/μm time
1050 3 174 14 91 120 545 9
1100 2.5 261 8 182 22 636 6
1150 2.3 348 3.5 273 12 727 5.5
1200 1.8 435 3.5 364 5 818 5
1250 1.5 522 3 455 4.5 909 2.5
1300 0.8 609 2.5 545 2 1000 2.5

696 2.5 636 2 1091 2
783 2 727 1.5 1273 2
870 0.5 818 2 1364 1.5
1304 0.5 909 2 1818 1
1739 0.5 1364 1.5 2273 0.5

1818 1
2273 0.5
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Appendix 10:   

 

The absorption calculation for PEDOT/PSS surface doped PCLC film. 

 

k = extinction coefficient of PEDOT/PSS1 = ~0.01 @ 400 nm 

α = absorption coefficient of PEDOT/PSS2 

α = (4πk)/λ 

Ti = light transmitted through material i 

Ti = e-αx

x = thickness of material = 0.5 μm 

 

α = (4π(.01)/0.4 μm) = 0.314 μm-1

T = e(-0.314*0.5) = 0.855 = 85.5% 

 

Therefore for transmission the absorption for one pass of light at 400 nm through the 

layer of PEDOT/PSS is ~14.5%.  For reflection it passes through the PEDOT/PSS 

layer twice.  The second pass of light is less than half the intensity of the first pass 

because the PCLC only reflects the LHCP portion and some absorption has already 

occurred. 
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Appendix 11: 

 

A list of tabulated dielectric property data for the materials used in this research that 

were measured on the Solartron 1260 Impedance gain/phase analyzer. 

 

Appendix 11.1 

Impedance measurements and conductivity calculations for Carbon Black VPA90. 

 

Conductivity at 1kHz (S/m) 
cond = 4.93E-02  
std dev = 2.55E-02  

 

  
Frequency 

(Hz) sample 1 sample 2 sample 3 avg cond. stdev cond.
3.00E+07 2.97E-03 3.23E-04 6.80E-03 3.36E-03 3.25E-03
2.38E+07 1.51E-02 5.02E-04 4.77E-02 2.11E-02 2.42E-02
1.89E+07 2.56E-02 8.18E-04 4.57E-02 2.40E-02 2.25E-02
1.50E+07 1.22E-02 1.35E-03 1.46E-02 9.38E-03 7.06E-03
1.19E+07 4.01E-03 1.98E-03 4.45E-03 3.48E-03 1.32E-03
9.49E+06 5.28E-03 3.14E-03 6.27E-03 4.89E-03 1.60E-03
7.54E+06 2.13E-02 5.07E-03 2.31E-02 1.65E-02 9.94E-03
5.99E+06 5.38E-02 8.28E-03 5.26E-02 3.82E-02 2.59E-02
4.75E+06 1.02E-01 1.31E-02 1.34E-01 8.30E-02 6.25E-02
3.78E+06 8.91E-02 1.99E-02 3.56E-01 1.55E-01 1.78E-01
3.00E+06 4.59E-02 2.98E-02 2.69E-01 1.15E-01 1.34E-01
2.38E+06 2.88E-02 3.50E-02 1.33E-01 6.57E-02 5.86E-02
1.89E+06 1.87E-02 2.43E-02 6.35E-02 3.55E-02 2.44E-02
1.50E+06 1.33E-02 2.19E-02 3.54E-02 2.35E-02 1.11E-02
1.19E+06 9.95E-03 7.53E-02 1.95E-02 3.49E-02 3.53E-02
9.49E+05 3.25E-05 7.69E-03 1.42E-04 2.62E-03 4.39E-03
7.54E+05 2.96E-05 6.39E-03 1.24E-04 2.18E-03 3.65E-03
5.99E+05 2.48E-05 5.52E-03 1.02E-04 1.88E-03 3.15E-03
4.75E+05 2.35E-05 4.96E-03 8.79E-05 1.69E-03 2.83E-03
3.78E+05 2.11E-05 4.64E-03 7.61E-05 1.58E-03 2.65E-03
3.00E+05 2.06E-05 4.43E-03 6.69E-05 1.51E-03 2.53E-03
2.38E+05 2.05E-05 4.29E-03 5.97E-05 1.46E-03 2.45E-03
1.89E+05 2.06E-05 4.20E-03 5.58E-05 1.42E-03 2.40E-03
1.50E+05 2.15E-05 4.14E-03 5.37E-05 1.40E-03 2.37E-03
1.19E+05 2.11E-05 4.10E-03 5.16E-05 1.39E-03 2.35E-03
9.49E+04 2.06E-05 4.09E-03 5.12E-05 1.39E-03 2.34E-03
7.54E+04 2.13E-05 4.08E-03 4.99E-05 1.38E-03 2.33E-03
5.99E+04 1.43E-07 4.09E-03 1.70E-03 1.93E-03 2.05E-03
4.75E+04 2.73E-03 4.09E-03 2.48E-03 3.10E-03 8.65E-04
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Appendix 11.1 – Continued 

  
Frequency 

(Hz) sample 1 sample 2 sample 3 avg cond. stdev cond.
3.78E+04 2.69E-03 4.09E-03 2.43E-03 3.07E-03 8.94E-04
3.00E+04 2.65E-03 4.07E-03 2.39E-03 3.04E-03 9.06E-04
2.38E+04 2.63E-03 4.08E-03 2.36E-03 3.02E-03 9.22E-04
1.89E+04 2.61E-03 1.09E-01 2.33E-03 3.80E-02 6.16E-02
1.50E+04 2.59E-03 1.09E-01 2.31E-03 3.80E-02 6.16E-02
1.19E+04 2.59E-03 1.09E-01 2.29E-03 3.80E-02 6.16E-02
9.49E+03 2.59E-03 1.09E-01 2.28E-03 3.78E-02 6.13E-02
7.54E+03 2.58E-03 1.08E-01 2.27E-03 3.77E-02 6.11E-02
5.99E+03 2.58E-03 1.08E-01 2.24E-03 3.77E-02 6.11E-02
4.75E+03 2.59E-03 1.09E-01 2.23E-03 3.78E-02 6.13E-02
3.78E+03 2.60E-03 1.09E-01 2.23E-03 3.81E-02 6.18E-02
3.00E+03 2.60E-03 1.10E-01 2.21E-03 3.82E-02 6.20E-02
2.38E+03 2.61E-03 1.10E-01 2.22E-03 3.82E-02 6.20E-02
1.89E+03 2.61E-03 1.10E-01 2.21E-03 3.84E-02 6.24E-02
1.50E+03 2.60E-03 1.11E-01 2.21E-03 3.85E-02 6.25E-02
1.19E+03 2.60E-03 1.11E-01 2.19E-03 3.85E-02 6.26E-02
9.49E+02 2.62E-03 1.11E-01 2.20E-03 3.86E-02 6.26E-02
7.54E+02 2.62E-03 1.11E-01 2.19E-03 3.86E-02 6.26E-02
5.99E+02 2.62E-03 1.11E-01 2.18E-03 3.86E-02 6.27E-02
4.75E+02 2.62E-03 1.11E-01 2.17E-03 3.86E-02 6.27E-02
3.78E+02 2.62E-03 1.11E-01 2.18E-03 3.85E-02 6.25E-02
3.00E+02 2.63E-03 1.11E-01 2.18E-03 3.85E-02 6.25E-02
2.38E+02 2.63E-03 1.11E-01 2.17E-03 3.86E-02 6.27E-02
1.89E+02 2.63E-03 1.11E-01 2.17E-03 3.86E-02 6.28E-02
1.50E+02 2.63E-03 1.11E-01 2.18E-03 3.87E-02 6.28E-02
1.19E+02 2.62E-03 1.11E-01 2.17E-03 3.86E-02 6.27E-02
9.49E+01 2.63E-03 1.11E-01 2.16E-03 3.85E-02 6.26E-02
7.54E+01 2.63E-03 1.11E-01 2.18E-03 3.86E-02 6.27E-02
5.99E+01 2.63E-03 1.11E-01 2.18E-03 3.86E-02 6.27E-02
4.75E+01 2.62E-03 1.12E-01 2.16E-03 3.88E-02 6.30E-02
3.78E+01 2.61E-03 1.11E-01 2.16E-03 3.87E-02 6.29E-02
3.00E+01 2.62E-03 1.11E-01 2.14E-03 3.87E-02 6.29E-02
2.38E+01 2.63E-03 1.11E-01 2.15E-03 3.87E-02 6.28E-02
1.89E+01 2.62E-03 1.11E-01 2.17E-03 3.86E-02 6.28E-02
1.50E+01 2.63E-03 1.11E-01 2.18E-03 3.87E-02 6.29E-02
1.19E+01 2.63E-03 1.12E-01 2.17E-03 3.88E-02 6.30E-02
9.49E+00 2.62E-03 1.11E-01 2.22E-03 3.87E-02 6.28E-02
7.54E+00 2.63E-03 1.12E-01 2.12E-03 3.89E-02 6.33E-02
5.99E+00 2.60E-03 1.12E-01 2.11E-03 3.90E-02 6.35E-02
4.75E+00 2.64E-03 1.12E-01 2.09E-03 3.90E-02 6.34E-02
3.78E+00 2.61E-03 1.13E-01 2.18E-03 3.92E-02 6.38E-02
3.00E+00 2.66E-03 1.12E-01 2.13E-03 3.90E-02 6.33E-02
2.38E+00 2.59E-03 1.13E-01 2.11E-03 3.91E-02 6.37E-02
1.89E+00 2.66E-03 1.13E-01 2.10E-03 3.91E-02 6.36E-02
1.50E+00 2.62E-03 1.13E-01 2.24E-03 3.92E-02 6.36E-02
1.19E+00 2.58E-03 1.12E-01 2.17E-03 3.89E-02 6.34E-02
9.49E-01 2.57E-03 1.11E-01 2.25E-03 3.86E-02 6.28E-02
7.54E-01 2.57E-03 1.14E-01 1.95E-03 3.96E-02 6.47E-02
5.99E-01 2.70E-03 1.18E-01 2.20E-03 4.10E-02 6.68E-02
4.75E-01 2.76E-03 1.09E-01 2.14E-03 3.81E-02 6.17E-02
3.78E-01 2.48E-03 1.15E-01 2.23E-03 4.00E-02 6.53E-02
3.00E-01 2.81E-03 1.10E-01 1.84E-03 3.81E-02 6.19E-02
2.38E-01 2.58E-03 1.11E-01 2.15E-03 3.87E-02 6.29E-02
1.89E-01 2.61E-03 1.02E-01 2.67E-03 3.56E-02 5.71E-02
1.50E-01 2.77E-03 1.00E-01 2.01E-03 3.49E-02 5.64E-02
1.19E-01 2.64E-03 1.07E-01 2.03E-03 3.74E-02 6.07E-02
1.00E-01 2.96E-03 1.12E-01 1.89E-03 3.89E-02 6.33E-02
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Appendix 11.2 

 

Dielectric property data for the carbon black VPA90 doped PCLC material. 

Vol % CB Prep meth Conductivity Dielectric Const
0 powder 3.23E-09 2.1
0 powder 1.01E-09 2.5
0 powder 9.20E-10 2.12

average 1.72E-09 2.24
std dev 1.31E-09 0.23

Vol % CB Prep meth Conductivity Dielectric Const
0 film 1.23E-09 2.09
0 film 1.07E-09 2.24
0 film 1.24E-09 2.24

average 1.18E-09 2.19
std dev 9.54E-11 0.09

Vol % CB Prep meth Conductivity Dielectric Const
10 powder 2.64E-03 15.9
10 powder 3.43E-03 18.9
10 powder 7.51E-03 20.3

average 4.53E-03 18.37
std dev 2.61E-03 2.25

Vol % CB Prep meth Conductivity Dielectric Const
10 film 1.39E-08 3.07
10 film 9.86E-09 3.54
10 film 3.08E-08 3.98

average 1.82E-08 3.53
std dev 1.11E-08 0.46

 

  

Flake type

Sample 
preparation 

method
Conductivity 

(S/m)
Cond.   

std dev
Dielectric 
Constant

Dielec. 
Constant 
std dev

Undoped compacted disk 1.72E-09 1.31E-09 2.2 0.23
Undoped solid disk 1.18E-09 9.54E-11 2.2 0.09

Flake type

Sample 
preparation 

method
Conductivity 

(S/m)
Cond.   

std dev
Dielectric 
Constant

Dielec. 
Constant 
std dev

10% CB-A compacted disk 4.50E-03 2.61E-03 18.37 2.25
10% CB-B solid disk 1.82E-08 1.11E-08 3.53 0.46
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Appendix 11.3 - SIT7757 host fluid variations dielectric property data measurements 

and calculations, narrow frequency range scan. 

100% SIT7757 

(dielectric constant are estimated by eye from plot not calculation)
Std Dev

Dielectric Constant ~150Hz 4.23 5.06
Dielectric Constant ~30Hz 1.78 1.64
Conductivity at ~150 Hz 4.09E-09 1.30E-09
Conductivity at ~30 Hz 2.61E-09 1.79E-09

SIT only

  Frequency (Hz)
Dielectric 
Constant

Conductivity 
[S/m]

 Frequency 
(Hz)

Dielectric 
Constant

Conductivity 
[S/m]

  Frequency 
(Hz)

Dielectric 
Constant

Conductivity 
[S/m]

3.00E+03 2.73 3.46E-09 2.28E+02 1.68 4.49E-09 1.73E+01 38.49 8.44E-10
2.86E+03 2.74 3.32E-09 2.17E+02 2.01 1.22E-09 1.65E+01 1.53 2.09E-09
2.74E+03 2.75 3.86E-09 2.08E+02 3.14 3.57E-09 1.57E+01 0.98 2.43E-09
2.61E+03 2.76 3.49E-09 1.98E+02 2.25 6.21E-09 1.50E+01 24.73 2.64E-09
2.50E+03 2.76 2.79E-09 1.89E+02 2.13 2.75E-09 1.44E+01 1.28 2.46E-09
2.38E+03 2.75 4.85E-09 1.81E+02 1.99 5.39E-09 1.37E+01 1.20 6.24E-10
2.28E+03 2.75 6.24E-09 1.73E+02 4.45 2.70E-09 1.31E+01 0.95 4.01E-10
2.17E+03 2.66 4.19E-09 1.65E+02 1.92 5.98E-09 1.25E+01 1.52 1.85E-09
2.08E+03 2.75 6.50E-09 1.57E+02 2.73 5.40E-09 1.19E+01 0.14 2.73E-09
1.98E+03 2.78 4.33E-09 1.50E+02 3.04 4.42E-09 1.14E+01 0.75 2.61E-09
1.89E+03 2.78 3.48E-09 1.44E+02 2.68 2.11E-09 1.09E+01 1.93 4.06E-09
1.81E+03 2.74 5.66E-09 1.37E+02 2.92 4.01E-09 1.04E+01 0.13 6.06E-09
1.73E+03 2.77 6.42E-09 1.31E+02 2.11 2.82E-09 9.93E+00 2.70 1.67E-09
1.65E+03 2.81 1.40E-09 1.25E+02 1.96 3.42E-09 9.49E+00 0.50 1.37E-09
1.57E+03 2.85 2.94E-09 1.19E+02 18.46 4.64E-09 9.06E+00 0.26 3.46E-09
1.50E+03 3.00 2.38E-09 1.14E+02 1.43 3.17E-09 8.65E+00 0.35 8.44E-10
1.44E+03 2.80 4.20E-09 1.09E+02 1.98 4.36E-09 8.26E+00 2.45 2.55E-09
1.37E+03 2.73 3.71E-09 1.04E+02 7.01 4.03E-09 7.89E+00 0.44 2.87E-09
1.31E+03 2.88 5.19E-09 9.93E+01 2.25 2.94E-09 7.54E+00 1.36 3.53E-09
1.25E+03 2.64 2.97E-09 9.49E+01 1.54 5.26E-09 7.20E+00 3.14 1.17E-09
1.19E+03 2.72 4.92E-09 9.06E+01 2.31 4.89E-09 6.87E+00 3.39 3.67E-09
1.14E+03 2.77 1.92E-09 8.65E+01 1.83 7.40E-09 6.56E+00 1.17 4.35E-09
1.09E+03 2.84 4.38E-09 8.26E+01 2.17 1.73E-09 6.27E+00 0.33 6.88E-09
1.04E+03 2.78 5.63E-09 7.89E+01 2.45 3.10E-09 5.99E+00 0.56 5.61E-09
9.93E+02 2.51 3.54E-09 7.54E+01 1.62 3.43E-09 5.72E+00 0.47 1.03E-08
9.49E+02 2.72 1.47E-09 7.20E+01 4.41 6.76E-09 5.46E+00 0.41 4.34E-09
9.06E+02 2.57 3.28E-09 6.87E+01 1.53 7.21E-09 5.21E+00 0.64 1.06E-09
8.65E+02 2.84 5.56E-09 6.56E+01 3.66 2.80E-09 4.98E+00 0.90 2.73E-09
8.26E+02 2.78 4.84E-09 6.27E+01 4.43 1.73E-09 4.75E+00 2.30 1.83E-09
7.89E+02 2.93 5.42E-09 5.99E+01 3.15 3.34E-09 4.54E+00 0.15 3.57E-09
7.54E+02 2.65 4.01E-09 5.72E+01 2.02 2.10E-09 4.34E+00 0.65 1.04E-08
7.20E+02 2.93 4.21E-09 5.46E+01 2.85 2.95E-09 4.14E+00 0.96 5.85E-09
6.87E+02 2.96 6.39E-09 5.21E+01 5.45 7.13E-09 3.95E+00 0.57 5.50E-09
6.56E+02 2.43 3.63E-09 4.98E+01 103.50 5.11E-09 3.78E+00 0.10 8.74E-09
6.27E+02 2.83 2.03E-09 4.75E+01 1.66 3.49E-09 3.61E+00 1.84 2.00E-09
5.99E+02 2.86 4.64E-09 4.54E+01 3.59 2.28E-09 3.44E+00 0.12 1.10E-08
5.72E+02 2.56 3.56E-09 4.34E+01 2.50 6.12E-09 3.29E+00 2.02 6.69E-09
5.46E+02 2.66 6.23E-09 4.14E+01 8.41 2.56E-09 3.14E+00 1.31 3.00E-09
5.21E+02 2.84 2.65E-09 3.95E+01 1.50 5.93E-09 3.00E+00 0.27 7.84E-09
4.98E+02 2.60 4.35E-09 3.78E+01 3.68 3.26E-09 2.86E+00 0.53 4.30E-09
4.75E+02 2.84 1.90E-09 3.61E+01 3.53 1.21E-09 2.74E+00 7.12 1.04E-08
4.54E+02 2.30 3.58E-09 3.44E+01 1.25 3.30E-09 2.61E+00 0.81 1.06E-08
4.34E+02 2.49 1.72E-09 3.29E+01 1.80 1.30E-09 2.50E+00 0.92 1.44E-08
4.14E+02 2.40 6.43E-09 3.14E+01 1.01 1.96E-09 2.38E+00 1.43 4.75E-09
3.95E+02 2.43 5.63E-09 3.00E+01 1.10 3.03E-09 2.28E+00 1.52 6.68E-09
3.78E+02 2.72 2.25E-09 2.86E+01 1.92 3.46E-09 2.17E+00 1.82 9.31E-09
3.61E+02 2.98 4.89E-09 2.74E+01 0.66 3.55E-10 2.08E+00 0.29 9.49E-09
3.44E+02 2.45 4.80E-09 2.61E+01 0.60 8.43E-10 1.98E+00 0.15 5.39E-09
3.29E+02 2.55 2.44E-09 2.50E+01 5.65 4.81E-09 1.89E+00 1.97 7.78E-09
3.14E+02 2.59 3.07E-09 2.38E+01 0.30 5.84E-09 1.81E+00 0.75 2.02E-09
3.00E+02 3.24 1.14E-09 2.28E+01 5.12 1.59E-09 1.73E+00 0.46 3.15E-09
2.86E+02 3.23 5.25E-09 2.17E+01 5.44 2.03E-09 1.65E+00 0.10 6.82E-09
2.74E+02 2.42 3.82E-09 2.08E+01 0.25 9.59E-10 1.57E+00 2.81 7.58E-09
2.61E+02 2.57 3.43E-09 1.98E+01 1.22 9.23E-10 1.50E+00 0.45 1.07E-08
2.50E+02 2.09 3.48E-09 1.89E+01 0.92 2.12E-09 1.44E+00 0.58 1.19E-08
2.38E+02 2.90 6.50E-09 1.81E+01 1.41 3.07E-09 1.37E+00 0.92 4.53E-09

1.31E+00 27.11 1.04E-08
1.25E+00 13.22 1.59E-09
1.19E+00 1.78 4.31E-09
1.14E+00 0.35 6.14E-09
1.09E+00 0.47 8.71E-09
1.04E+00 1.85 2.08E-08
1.00E+00 0.81 7.95E-09

 



 247

 

SIT + H2O
Std Dev

Dielectric Constant ~1000Hz 3.41 1.55
Dielectric Constant ~30Hz 2.44 2.15
Conductivity at ~1000 Hz 2.68E-09 1.11E-09
Conductivity at ~30 Hz 2.05E-09 1.20E-09

Dielectric Constant
Conductivity 

[S/m]
Dielectric 
Constant

Conductivity 
[S/m]

Dielectric 
Constant

Conductivity 
[S/m]

2.92 5.06E-09 2.16 3.26E-09 0.47 1.96E-09
2.90 4.03E-09 2.72 4.23E-09 1.76 5.80E-09
2.92 6.93E-09 2.74 2.72E-09 1.74 6.21E-09
2.90 3.91E-09 2.93 2.31E-09 0.81 4.84E-09
2.92 4.73E-09 3.14 3.79E-09 1.20 1.32E-09
2.92 4.46E-09 2.08 1.51E-09 3.84 1.36E-09
2.88 4.62E-09 1.96 1.13E-09 5.58 2.54E-09
2.85 6.44E-09 23.96 2.26E-09 1.01 3.89E-09
2.86 6.62E-09 1.64 1.71E-09 1.69 8.68E-09
2.95 6.04E-09 2.18 1.74E-09 0.04 4.65E-09
2.93 4.23E-09 6.14 1.14E-09 1.87 4.39E-09
2.96 4.83E-09 2.23 1.87E-09 1.15 4.26E-09
2.93 3.48E-09 2.29 6.46E-10 0.93 3.39E-09
2.98 2.12E-09 2.70 2.44E-09 1.89 3.02E-09
2.98 7.47E-09 1.61 2.26E-09 0.46 9.03E-09
3.17 3.58E-09 2.74 2.87E-09 0.47 8.26E-09
2.95 4.43E-09 2.66 2.87E-09 0.48 2.22E-09
2.93 4.14E-09 1.51 2.05E-09 0.77 2.78E-09
3.03 4.73E-09 4.27 2.15E-09 0.88 1.81E-09
2.77 1.55E-09 1.55 2.26E-09 0.07 2.19E-09
2.85 6.59E-09 3.91 3.53E-09 1.78 9.00E-10
2.88 1.98E-09 4.04 3.25E-09 1.17 6.02E-09
3.10 4.81E-09 2.94 3.03E-09 2.91 1.25E-08
2.91 1.97E-09 2.68 1.67E-09 3.76 5.82E-09
2.60 3.93E-09 3.26 3.79E-09 0.59 1.07E-08
2.90 1.24E-09 4.44 1.08E-09 1.57 1.03E-08
2.76 3.24E-09 94.08 2.23E-09 19.23 9.79E-09
2.96 3.25E-09 1.35 5.39E-10 0.53 4.98E-09
2.94 1.29E-09 2.83 1.79E-09 0.67 3.91E-09
2.83 4.51E-09 1.92 4.89E-10 0.01 1.80E-08
2.79 3.74E-09 17.33 5.75E-10 0.99 6.23E-09
3.09 4.91E-09 3.07 1.13E-09 1.04 1.37E-09
3.18 2.28E-09 5.37 1.27E-09 0.53 6.07E-09
2.54 2.31E-09 5.44 2.08E-09 3.75 2.44E-09
3.08 2.62E-09 1.18 1.78E-09 1.10 5.38E-09
2.92 3.08E-09 1.39 4.26E-09 0.69 1.11E-08
2.74 2.71E-09 2.28 8.50E-10 0.05 3.74E-09
2.72 2.66E-09 0.72 6.82E-10 0.60 1.51E-08
2.99 4.93E-09 1.81 2.80E-09 0.78 1.58E-08
2.66 1.14E-09 2.43 2.16E-09 0.24 2.11E-08
3.19 2.61E-09 0.66 3.55E-09 0.45 6.42E-09
2.35 2.63E-09 7.15 1.64E-09 1.48 3.39E-09
2.93 1.61E-09 1.37 7.15E-10 3.58 4.46E-09
2.40 6.58E-09 8.97 3.00E-09 56.84 1.58E-09
2.85 3.86E-09 8.51 3.34E-09 2.93 1.57E-08
3.00 2.14E-09 2.42 3.21E-09 0.75 1.94E-08
2.77 2.16E-09 0.73 1.20E-10 0.52 6.49E-09
2.37 4.64E-09 0.09 3.89E-11 0.27 1.26E-08
2.43 5.39E-09 1.15 3.39E-09 0.10 6.94E-09
3.16 4.19E-09 158.59 1.90E-09
3.40 2.83E-09 1.35 8.49E-10
3.15 4.43E-09 0.40 1.27E-09
2.54 2.73E-09 28.78 2.47E-09
2.73 2.76E-09 1.09 2.96E-09
2.19 3.93E-09 1.70 3.99E-09
3.20 3.17E-09 1.62 3.31E-09
2.12 5.17E-09 2.04 2.13E-09
2.24 3.01E-09 0.88 2.47E-09
2.90 1.69E-09 0.81 3.86E-09
2.28 8.05E-09 1.85 5.56E-09
2.39 4.04E-09 1.78 4.37E-09
2.32 3.46E-09 1.21 1.96E-09
4.51 1.90E-09 9.05 4.46E-09
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SIT+H2O+NaCl
Std Dev

Dielectric Constant ~1000Hz 5.17 7.29
Dielectric Constant ~30Hz 2.30 0.82
Conductivity at ~1000 Hz 3.52E-08 1.83E-09
Conductivity at ~30 Hz 3.50E-08 1.64E-09

Dielectric Constant
Conductivity 

[S/m]
Dielectric 
Constant

Conductivity 
[S/m]

Dielectric 
Constant

Conductivity 
[S/m]

2.85 4.41E-08 2.89 3.66E-08 0.66 3.22E-08
2.81 3.79E-08 2.60 3.44E-08 0.66 3.39E-08
2.86 4.29E-08 4.79 3.36E-08 1.47 3.55E-08
2.88 4.41E-08 2.20 3.88E-08 1.24 3.31E-08
2.88 4.07E-08 2.82 3.65E-08 1.15 3.58E-08
2.84 4.04E-08 2.92 3.62E-08 3.50 3.28E-08
2.87 4.33E-08 2.77 3.32E-08 0.23 3.49E-08
2.84 4.60E-08 3.02 3.61E-08 8.13 3.34E-08
2.82 3.93E-08 2.34 3.29E-08 1.48 3.44E-08
2.85 4.03E-08 2.37 3.56E-08 0.37 3.49E-08
2.87 3.92E-08 25.80 3.44E-08 0.96 3.31E-08
2.90 3.80E-08 1.64 3.57E-08 5.08 3.34E-08
2.90 3.78E-08 2.24 3.72E-08 2.93 3.69E-08
2.91 4.09E-08 8.73 3.76E-08 0.73 3.70E-08
2.94 3.65E-08 2.25 3.76E-08 1.02 3.57E-08
3.14 3.84E-08 1.95 3.57E-08 0.79 3.35E-08
2.88 3.92E-08 2.74 3.50E-08 0.98 3.78E-08
2.80 3.68E-08 1.68 3.50E-08 1.96 3.79E-08
3.04 3.77E-08 2.79 3.29E-08 0.87 3.54E-08
2.71 3.83E-08 2.65 3.09E-08 1.24 3.80E-08
2.80 3.78E-08 1.50 3.34E-08 1.05 3.38E-08
2.82 3.95E-08 3.65 3.45E-08 0.92 3.47E-08
2.97 3.93E-08 1.71 3.49E-08 0.67 3.40E-08
2.89 3.59E-08 3.61 3.55E-08 0.63 3.47E-08
2.67 3.76E-08 3.75 3.59E-08 0.86 3.57E-08
2.90 3.44E-08 2.35 3.42E-08 0.46 2.99E-08
2.68 3.54E-08 2.62 3.73E-08 1.40 2.63E-08
2.94 3.59E-08 4.35 3.55E-08 0.56 3.59E-08
2.91 3.46E-08 6.04 3.58E-08 3.47 3.67E-08
2.91 3.51E-08 103.00 3.56E-08 0.80 3.93E-08
2.84 3.86E-08 2.73 3.59E-08 0.61 3.00E-08
3.14 3.51E-08 3.31 3.35E-08 0.99 2.68E-08
3.13 3.52E-08 3.39 3.32E-08 11.23 4.00E-08
2.64 3.88E-08 34.82 3.61E-08 0.35 3.36E-08
2.97 3.74E-08 3.16 3.47E-08 0.23 2.97E-08
2.93 3.56E-08 3.28 3.43E-08 1.39 3.53E-08
2.70 3.60E-08 3.87 3.48E-08 1.18 3.58E-08
2.85 3.74E-08 1.53 3.78E-08 1.56 3.55E-08
3.01 3.63E-08 1.73 3.56E-08 0.71 3.27E-08
2.75 3.94E-08 2.28 3.29E-08 2.76 2.80E-08
3.12 3.64E-08 2.03 3.69E-08 1.06 3.97E-08
2.48 3.93E-08 2.29 3.50E-08 1.09 3.71E-08
2.73 3.78E-08 2.75 3.62E-08 0.78 4.34E-08
2.43 4.07E-08 0.99 3.27E-08 0.35 3.03E-08
3.06 3.84E-08 3.08 3.37E-08 1.41 2.25E-08
2.84 3.32E-08 2.46 3.50E-08 0.35 3.07E-08
3.11 3.47E-08 5.36 3.37E-08 0.46 3.18E-08
2.57 4.02E-08 5.17 3.53E-08 2.26 3.21E-08
3.02 3.51E-08 0.81 3.60E-08 111.83 3.28E-08
3.11 3.33E-08 1.95 3.55E-08 30.54 2.49E-08
3.13 3.34E-08 0.46 3.53E-08 2.59 5.14E-09
3.62 3.30E-08 2.74 3.47E-08 2.00 3.32E-08
2.46 4.41E-08 70.06 3.43E-08 0.17 3.27E-08
2.71 3.18E-08 1.59 3.40E-08 3.89 3.71E-08
2.10 3.06E-08 0.41 3.55E-08 0.63 2.22E-08
3.39 4.01E-08 45.11 3.51E-08
1.91 3.33E-08 0.55 3.30E-08
2.25 3.06E-08 1.60 3.31E-08
3.87 3.41E-08 0.58 3.48E-08
2.38 3.88E-08 1.42 3.62E-08
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 Appendix 11.4 – average impedance data for SIT7757 (0.001 – 3x107 Hz). 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 
avg [μS/μm]

Dielectric 
Constant

3.00E+07 3.61E+01 0.050281706 7.91E+01 0.033539777 2.28E-03 3.77
2.38E+07 1.72E+01 0.010954451 2.57E+01 0.011489125 8.59E-03 3.01
1.89E+07 1.07E+01 0.02539521 1.05E+02 0.048304589 4.57E-04 2.82
1.50E+07 8.13E+00 0.051037135 1.85E+02 0.094648472 1.14E-04 2.76
1.19E+07 6.66E+00 0.046467372 2.70E+02 0.185180093 4.37E-05 2.71
9.49E+06 6.99E+00 0.088968833 3.69E+02 0.200416234 2.45E-05 2.69
7.54E+06 5.42E+00 0.053417288 4.87E+02 0.330794498 1.09E-05 2.66
5.99E+06 2.12E+00 0.804628885 6.28E+02 0.488014686 2.57E-06 2.65
4.75E+06 1.43E+00 1.066639488 8.02E+02 1.075546373 1.07E-06 2.64
3.78E+06 4.76E+00 1.837315938 1.02E+03 0.998331942 2.19E-06 2.63
3.00E+06 2.21E+01 2.333638843 1.29E+03 2.014944168 6.36E-06 2.63
2.38E+06 1.51E+01 5.480603666 1.63E+03 2.625991876 2.73E-06 2.64
1.89E+06 2.68E+01 7.146526073 2.05E+03 7.404052944 3.05E-06 2.64
1.50E+06 2.01E+01 10.26990358 2.58E+03 3.454948142 1.44E-06 2.62
1.19E+06 2.94E+01 11.93595516 3.23E+03 8.901076714 1.34E-06 2.64
9.49E+05 8.07E+01 0.576613316 4.07E+03 0.989949494 2.33E-06 2.63
7.54E+05 5.98E+01 0.465450588 5.13E+03 1.488567544 1.08E-06 2.63
5.99E+05 3.80E+01 1.379341147 6.47E+03 2.126617032 4.33E-07 2.63
4.75E+05 7.90E+00 1.363524769 8.16E+03 2.650157228 5.67E-08 2.63
3.78E+05 3.88E+01 4.479483778 1.03E+04 8.655441448 1.76E-07 2.64
3.00E+05 8.03E+01 4.318026893 1.29E+04 7.5 2.29E-07 2.63
2.38E+05 1.55E+02 5.593820996 1.63E+04 2.217355783 2.80E-07 2.63
1.89E+05 2.55E+02 10.65550875 2.05E+04 15.60982597 2.90E-07 2.63
1.50E+05 3.66E+02 7.260475191 2.58E+04 18.6726181 2.62E-07 2.63
1.19E+05 4.91E+02 25.08830455 3.25E+04 13.17510278 2.22E-07 2.63
9.49E+04 6.69E+02 29.1405016 4.08E+04 13.03840481 1.92E-07 2.63
7.54E+04 9.37E+02 23.74215713 5.11E+04 71.28113355 1.71E-07 2.63
5.99E+04 7.94E+01 34.83253007 6.47E+04 67.15405175 9.06E-09 2.63
4.75E+04 1.70E+02 44.88217464 8.15E+04 142.267354 1.22E-08 2.64
3.78E+04 1.60E+02 88.01750337 1.03E+05 38.72983346 7.29E-09 2.62
3.00E+04 1.26E+02 136.2634669 1.29E+05 255.1306855 3.63E-09 2.62
2.38E+04 7.41E+02 242.8234284 1.62E+05 342.2961681 1.35E-08 2.62
1.89E+04 6.80E+02 388.9039695 2.04E+05 358.9800366 7.82E-09 2.63
1.50E+04 1.22E+03 550.3849754 2.57E+05 726.9743233 8.79E-09 2.61
1.19E+04 3.32E+03 1789.098576 3.23E+05 2056.858446 1.52E-08 2.61
9.49E+03 2.21E+03 1036.585129 4.06E+05 1828.29611 6.41E-09 2.61
7.54E+03 4.30E+03 1395.518244 5.11E+05 1668.70209 7.87E-09 2.61
5.99E+03 3.75E+03 3680.79323 6.41E+05 4817.706923 4.36E-09 2.63
4.75E+03 5.73E+03 1227.931446 8.01E+05 8718.349901 4.27E-09 2.62
3.78E+03 3.71E+03 4467.902232 1.02E+06 8202.184668 1.71E-09 2.58
3.00E+03 2.07E+04 16354.00589 1.28E+06 9313.923269 6.02E-09 2.57
2.38E+03 1.20E+04 4120.193997 1.62E+06 31447.45618 2.17E-09 2.52
1.89E+03 3.42E+04 18912.32734 2.01E+06 25383.78748 4.03E-09 2.60
1.50E+03 3.39E+04 12813.66591 2.51E+06 40299.87593 2.57E-09 2.67
1.19E+03 6.89E+04 55819.21551 3.19E+06 117547.4479 3.24E-09 2.45
9.49E+02 9.68E+04 43414.9943 3.92E+06 138794.8846 3.01E-09 2.60
7.54E+02 1.11E+05 71610.82378 4.92E+06 186202.0654 2.18E-09 2.74
5.99E+02 2.74E+05 84993.78659 6.07E+06 201908.0381 3.55E-09 2.42
4.75E+02 6.66E+05 475145.7739 7.79E+06 266445.0084 5.21E-09 2.30
3.78E+02 3.02E+05 437578.3762 9.23E+06 597447.755 1.69E-09 2.47
3.00E+02 2.39E+06 1283128.053 1.25E+07 838710.1208 7.06E-09 2.94
2.38E+02 2.12E+06 1489519.897 1.38E+07 2509539.45 5.19E-09 2.70
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Appendix 11.4 - Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 
avg [μS/μm]

Dielectric 
Constant

1.89E+02 2.27E+06 1932221.674 1.71E+07 3009083.069 3.64E-09 2.95
1.50E+02 5.28E+06 1712458.641 2.29E+07 2651283.463 4.58E-09 1.53
1.19E+02 4.69E+06 3984687.83 2.20E+07 937051.8929 4.41E-09 1.59
9.49E+01 7.39E+06 6984392.517 3.61E+07 3515034.376 2.60E-09 2.44
7.54E+01 1.65E+07 13172138.06 4.53E+07 14229411.94 3.39E-09 1.72
5.99E+01 2.54E+07 22739109.73 6.44E+07 24551073.36 2.53E-09 1.05
4.75E+01 3.55E+07 18902250.4 5.96E+07 32593936.92 3.53E-09 1.26
3.78E+01 6.60E+07 53026926.96 8.53E+07 60351951.66 2.71E-09 0.89
3.00E+01 7.78E+07 51251354.57 5.78E+07 53865861.19 3.96E-09 1.45
2.38E+01 1.10E+08 61287319.01 1.01E+08 94519021.25 2.35E-09 0.77
1.89E+01 6.91E+07 48540197.87 5.54E+07 30714358.29 4.21E-09 1.09
1.50E+01 1.33E+08 113447568.3 6.48E+07 47092435.85 2.91E-09 0.71
1.19E+01 4.94E+07 20403085.46 1.38E+08 66316319.55 1.11E-09 1.25
9.49E+00 1.08E+08 61873170.31 9.55E+07 104112269.7 2.48E-09 1.55
7.54E+00 7.06E+07 15528514.83 1.15E+08 177053036.2 1.84E-09 0.99
5.99E+00 1.48E+08 126736326.5 1.85E+08 146343520.7 1.26E-09 0.46
4.75E+00 9.40E+07 28520571.76 9.75E+07 56314659.65 2.45E-09 1.81
3.78E+00 6.01E+07 53152298.44 6.63E+07 53542008.74 3.59E-09 1.70
3.00E+00 1.42E+08 139853818.9 8.38E+07 83982402.8 2.50E-09 0.51
2.38E+00 1.22E+08 159210505.7 4.29E+07 30012194.21 3.48E-09 0.22
1.89E+00 4.62E+07 14869532.71 1.77E+07 9298940.65 9.02E-09 0.71
1.50E+00 2.57E+07 23842513.35 3.13E+07 22077118.12 7.47E-09 1.69
1.19E+00 4.11E+07 19024786.24 3.38E+07 12598448.57 6.93E-09 0.63
9.49E-01 2.13E+07 12271802.65 1.80E+07 17084781.81 1.31E-08 1.38
7.54E-01 4.27E+06 3687399.329 1.81E+07 6330097.577 5.89E-09 1.24
5.99E-01 2.54E+07 9119432.804 3.27E+07 40945276.54 7.08E-09 0.62
4.75E-01 1.84E+07 9451828.723 1.47E+07 5340424.351 1.58E-08 0.65
3.78E-01 9.65E+06 8980836.003 1.14E+07 7110103.192 2.08E-08 1.64
3.00E-01 8.75E+06 6315007.963 6.67E+06 8914810.255 3.45E-08 1.42
2.38E-01 8.67E+06 7330573.982 9.12E+06 6139054.143 2.62E-08 2.90
1.89E-01 5.64E+06 3380794.081 9.97E+06 5681158.745 2.05E-08 2.02
1.50E-01 1.12E+07 8120874.71 9.11E+06 4788457.731 2.56E-08 0.76
1.19E-01 9.76E+06 6490321.529 6.98E+06 6278707.779 3.24E-08 0.87
1.00E-01 1.33E+07 3252328.776 5.60E+06 5454580.053 3.05E-08 0.77
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Appendix 11.5 – impedance and conductivity data for SIT7757 doped with AOT and 

H2O. 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
3.00E+07 3.10E+01 3.42E+00 6.91E+01 6.71E+00 2.58E-03
2.38E+07 1.55E+01 1.16E+00 2.37E+01 1.35E+00 9.23E-03
1.89E+07 9.94E+00 5.09E-01 9.59E+01 6.16E+00 5.11E-04
1.50E+07 7.83E+00 2.51E-01 1.69E+02 1.05E+01 1.31E-04
1.19E+07 6.50E+00 1.02E-01 2.47E+02 1.49E+01 5.07E-05
9.49E+06 6.85E+00 1.03E-01 3.39E+02 2.01E+01 2.84E-05
7.54E+06 5.41E+00 1.02E-01 4.48E+02 2.63E+01 1.29E-05
5.99E+06 2.44E+00 7.98E-01 5.78E+02 3.34E+01 3.48E-06
4.75E+06 5.85E-01 2.23E-01 7.38E+02 4.27E+01 5.13E-07
3.78E+06 3.00E+00 5.64E-01 9.38E+02 5.42E+01 1.62E-06
3.00E+06 1.93E+01 3.18E+00 1.19E+03 6.72E+01 6.55E-06
2.38E+06 1.15E+01 2.21E+00 1.50E+03 8.48E+01 2.44E-06
1.89E+06 1.90E+01 4.99E+00 1.89E+03 1.10E+02 2.55E-06
1.50E+06 2.50E+01 5.42E+00 2.38E+03 1.37E+02 2.11E-06
1.19E+06 3.35E+01 5.86E+00 2.98E+03 1.62E+02 1.80E-06
9.49E+05 7.65E+01 3.32E+00 3.75E+03 2.14E+02 2.60E-06
7.54E+05 5.78E+01 1.73E+00 4.73E+03 2.70E+02 1.23E-06
5.99E+05 3.93E+01 1.57E+00 5.96E+03 3.40E+02 5.29E-07
4.75E+05 1.13E+01 2.19E+00 7.52E+03 4.31E+02 9.54E-08
3.78E+05 3.02E+01 7.03E+00 9.46E+03 5.37E+02 1.61E-07
3.00E+05 6.79E+01 1.22E+01 1.19E+04 6.84E+02 2.28E-07
2.38E+05 1.34E+02 1.11E+01 1.50E+04 8.56E+02 2.84E-07
1.89E+05 2.23E+02 2.38E+01 1.89E+04 1.09E+03 2.98E-07
1.50E+05 3.19E+02 2.91E+01 2.38E+04 1.36E+03 2.69E-07
1.19E+05 4.18E+02 3.38E+01 2.99E+04 1.73E+03 2.23E-07
9.49E+04 5.75E+02 6.57E+01 3.76E+04 2.16E+03 1.95E-07
7.54E+04 7.97E+02 9.02E+01 4.71E+04 2.68E+03 1.71E-07
5.99E+04 1.28E+02 8.61E+01 5.96E+04 3.40E+03 1.72E-08
4.75E+04 2.82E+02 1.34E+02 7.51E+04 4.35E+03 2.39E-08
3.78E+04 2.23E+02 7.37E+01 9.44E+04 5.44E+03 1.20E-08
3.00E+04 4.46E+02 3.70E+02 1.19E+05 6.97E+03 1.51E-08
2.38E+04 8.47E+02 6.13E+02 1.49E+05 8.40E+03 1.82E-08
1.89E+04 1.01E+03 2.52E+02 1.88E+05 1.08E+04 1.37E-08
1.50E+04 2.99E+03 1.24E+03 2.37E+05 1.34E+04 2.55E-08
1.19E+04 3.72E+03 8.74E+02 2.99E+05 1.81E+04 1.99E-08
9.49E+03 4.47E+03 1.00E+03 3.73E+05 2.27E+04 1.54E-08
7.54E+03 5.23E+03 1.70E+03 4.71E+05 2.81E+04 1.13E-08
5.99E+03 6.78E+03 3.02E+03 5.91E+05 2.99E+04 9.27E-09
4.75E+03 9.74E+03 4.09E+03 7.41E+05 4.15E+04 8.47E-09
3.78E+03 5.56E+03 5.42E+03 9.40E+05 5.64E+04 3.01E-09
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Appendix 11.5 - Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
3.00E+03 2.38E+04 1.94E+04 1.17E+06 7.94E+04 8.31E-09
2.38E+03 1.42E+04 1.16E+04 1.48E+06 1.12E+05 3.08E-09
1.89E+03 2.45E+04 2.28E+04 1.82E+06 1.08E+05 3.51E-09
1.50E+03 4.98E+04 8.06E+03 2.33E+06 1.74E+05 4.38E-09
1.19E+03 2.81E+04 3.04E+04 2.84E+06 1.41E+05 1.66E-09
9.49E+02 1.27E+05 6.48E+04 3.67E+06 2.75E+05 4.49E-09
7.54E+02 1.95E+05 5.71E+04 4.66E+06 3.45E+05 4.29E-09
5.99E+02 2.43E+05 2.01E+05 5.61E+06 5.09E+05 3.68E-09
4.75E+02 1.31E+05 1.60E+05 7.04E+06 3.93E+05 1.27E-09
3.78E+02 1.82E+05 1.78E+05 8.75E+06 4.67E+05 1.13E-09
3.00E+02 1.68E+06 5.63E+05 1.14E+07 1.47E+06 6.02E-09
2.38E+02 8.52E+05 5.96E+05 1.22E+07 6.23E+05 2.70E-09
1.89E+02 2.24E+06 8.12E+05 1.61E+07 1.58E+06 4.06E-09
1.50E+02 1.88E+06 1.82E+06 2.00E+07 3.51E+06 2.22E-09
1.19E+02 4.23E+06 2.30E+06 2.24E+07 4.77E+06 3.88E-09
9.49E+01 7.51E+06 6.55E+06 2.97E+07 7.32E+06 3.81E-09
7.54E+01 1.13E+07 9.32E+06 4.06E+07 1.10E+07 3.04E-09
5.99E+01 2.39E+07 1.19E+07 6.02E+07 2.02E+07 2.72E-09
4.75E+01 2.09E+07 2.12E+07 6.03E+07 1.46E+07 2.45E-09
3.78E+01 5.07E+07 5.03E+07 1.11E+08 3.96E+07 1.62E-09
3.00E+01 6.30E+07 3.33E+07 5.86E+07 3.91E+07 4.07E-09
2.38E+01 1.78E+08 8.22E+07 1.24E+08 9.50E+07 1.80E-09
1.89E+01 1.41E+08 1.14E+08 6.77E+07 8.03E+07 2.76E-09
1.50E+01 7.18E+07 1.97E+07 8.84E+07 3.11E+07 2.65E-09
1.19E+01 1.40E+08 1.02E+08 6.39E+07 7.09E+07 2.83E-09
9.49E+00 1.12E+08 8.40E+07 8.53E+07 1.96E+07 2.70E-09
7.54E+00 8.70E+07 2.57E+07 4.71E+07 3.77E+07 4.25E-09
5.99E+00 1.07E+08 5.29E+07 1.33E+08 6.19E+07 1.75E-09
4.75E+00 7.32E+07 4.26E+07 4.26E+07 5.03E+07 4.87E-09
3.78E+00 1.01E+08 8.51E+07 4.22E+07 2.82E+07 4.03E-09
3.00E+00 3.40E+07 2.50E+07 2.23E+07 2.73E+07 9.83E-09
2.38E+00 1.96E+07 1.31E+07 2.66E+07 9.55E+06 8.55E-09
1.89E+00 2.12E+07 1.10E+07 2.26E+07 6.15E+06 1.05E-08
1.50E+00 2.15E+07 3.15E+07 3.20E+07 2.17E+07 6.92E-09
1.19E+00 3.01E+07 2.24E+07 1.97E+07 7.80E+06 1.11E-08
9.49E-01 3.01E+07 2.48E+07 1.13E+07 1.11E+07 1.39E-08
7.54E-01 4.27E+06 3.69E+06 1.81E+07 6.33E+06 5.89E-09
5.99E-01 2.54E+07 9.12E+06 3.27E+07 4.09E+07 7.08E-09
4.75E-01 1.84E+07 9.45E+06 1.47E+07 5.34E+06 1.58E-08
3.78E-01 9.65E+06 8.98E+06 1.14E+07 7.11E+06 2.08E-08
3.00E-01 8.75E+06 6.32E+06 6.67E+06 8.91E+06 3.45E-08
2.38E-01 8.67E+06 7.33E+06 9.12E+06 6.14E+06 2.62E-08
1.89E-01 5.64E+06 3.38E+06 9.97E+06 5.68E+06 2.05E-08
1.50E-01 1.12E+07 8.12E+06 9.11E+06 4.79E+06 2.56E-08
1.19E-01 9.76E+06 6.49E+06 6.98E+06 6.28E+06 3.24E-08
1.00E-01 1.33E+07 3.25E+06 5.60E+06 5.45E+06 3.05E-08
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Appendix 11.6– impedance and conductivity data for SIT7757 doped with AOT, 

H2O and NaCl, narrow frequency range scan. 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
3.00E+07 2.94E+01 3.79E-01 5.68E+01 1.83E+01 3.43E-03
2.38E+07 1.50E+01 9.43E-02 2.11E+01 4.08E+00 1.07E-02
1.89E+07 9.78E+00 2.02E-02 7.22E+01 4.16E+01 8.80E-04
1.50E+07 7.86E+00 3.28E-02 1.25E+02 7.82E+01 2.39E-04
1.19E+07 6.73E+00 5.34E-02 1.82E+02 1.17E+02 9.69E-05
9.49E+06 7.21E+00 1.12E-01 2.49E+02 1.61E+02 5.55E-05
7.54E+06 5.87E+00 3.45E-01 3.28E+02 2.15E+02 2.60E-05
5.99E+06 3.20E+00 1.42E-01 4.23E+02 2.80E+02 8.55E-06
4.75E+06 3.83E-01 3.58E-01 5.39E+02 3.60E+02 6.30E-07
3.78E+06 1.39E+00 4.39E-01 6.84E+02 4.55E+02 1.42E-06
3.00E+06 1.94E+01 1.92E+00 8.72E+02 5.68E+02 1.22E-05
2.38E+06 1.37E+01 1.74E+00 1.10E+03 7.21E+02 5.44E-06
1.89E+06 1.71E+01 7.13E+00 1.38E+03 9.11E+02 4.28E-06
1.50E+06 1.75E+01 1.33E+01 1.73E+03 1.15E+03 2.79E-06
1.19E+06 2.72E+01 1.54E+01 2.19E+03 1.43E+03 2.71E-06
9.49E+05 7.71E+01 7.66E-01 2.75E+03 1.78E+03 4.85E-06
7.54E+05 6.08E+01 2.48E+00 3.47E+03 2.27E+03 2.42E-06
5.99E+05 4.42E+01 3.25E+00 4.36E+03 2.88E+03 1.11E-06
4.75E+05 1.94E+01 2.63E+00 5.49E+03 3.65E+03 3.07E-07
3.78E+05 1.54E+01 1.04E+01 6.90E+03 4.60E+03 1.55E-07
3.00E+05 4.43E+01 8.59E+00 8.70E+03 5.78E+03 2.80E-07
2.38E+05 9.95E+01 1.62E+01 1.10E+04 7.25E+03 3.95E-07
1.89E+05 1.68E+02 1.94E+01 1.38E+04 9.11E+03 4.21E-07
1.50E+05 2.47E+02 2.09E+01 1.74E+04 1.15E+04 3.89E-07
1.19E+05 3.05E+02 5.12E+01 2.19E+04 1.44E+04 3.04E-07
9.49E+04 4.29E+02 8.00E+01 2.75E+04 1.81E+04 2.72E-07
7.54E+04 5.56E+02 7.97E+01 3.45E+04 2.27E+04 2.23E-07
5.99E+04 5.05E+02 1.03E+02 4.35E+04 2.86E+04 1.27E-07
4.75E+04 8.35E+02 2.17E+02 5.49E+04 3.59E+04 1.32E-07
3.78E+04 1.04E+03 3.11E+02 6.90E+04 4.51E+04 1.05E-07
3.00E+04 1.58E+03 7.15E+02 8.69E+04 5.63E+04 9.99E-08
2.38E+04 2.76E+03 1.15E+03 1.10E+05 7.04E+04 1.09E-07
1.89E+04 3.72E+03 1.27E+03 1.38E+05 8.84E+04 9.37E-08
1.50E+04 7.04E+03 1.78E+03 1.75E+05 1.10E+05 1.10E-07
1.19E+04 9.95E+03 3.00E+03 2.19E+05 1.38E+05 9.86E-08
9.49E+03 1.44E+04 4.56E+03 2.74E+05 1.69E+05 9.14E-08
7.54E+03 2.05E+04 8.36E+03 3.47E+05 2.12E+05 8.07E-08
5.99E+03 2.57E+04 1.37E+04 4.34E+05 2.64E+05 6.50E-08
4.75E+03 4.65E+04 1.85E+04 5.50E+05 3.24E+05 7.29E-08
3.78E+03 6.76E+04 3.12E+04 6.95E+05 3.94E+05 6.63E-08
3.00E+03 1.05E+05 4.73E+04 8.71E+05 4.79E+05 6.52E-08
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Appendix 11.6 – Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
2.38E+03 1.52E+05 8.48E+04 1.10E+06 5.84E+05 5.84E-08
1.89E+03 2.37E+05 1.39E+05 1.41E+06 6.85E+05 5.57E-08
1.50E+03 3.53E+05 1.46E+05 1.75E+06 8.35E+05 5.26E-08
1.19E+03 5.00E+05 2.09E+05 2.14E+06 9.98E+05 4.96E-08
9.49E+02 8.38E+05 3.86E+05 2.68E+06 1.03E+06 5.09E-08
7.54E+02 1.26E+06 5.47E+05 3.35E+06 1.28E+06 4.70E-08
5.99E+02 1.79E+06 8.29E+05 3.94E+06 1.09E+06 4.56E-08
4.75E+02 2.66E+06 8.89E+05 4.80E+06 1.28E+06 4.21E-08
3.78E+02 3.13E+06 1.24E+06 5.43E+06 1.08E+06 3.80E-08
3.00E+02 4.24E+06 2.30E+06 5.99E+06 1.07E+06 3.76E-08
2.38E+02 4.96E+06 2.11E+06 6.29E+06 1.29E+06 3.69E-08
1.89E+02 6.94E+06 1.39E+06 6.28E+06 6.42E+05 3.78E-08
1.50E+02 8.93E+06 2.01E+06 6.08E+06 1.48E+06 3.66E-08
1.19E+02 9.73E+06 1.02E+06 6.44E+06 2.95E+06 3.41E-08
9.49E+01 1.39E+07 8.14E+06 5.39E+06 2.29E+06 2.99E-08
7.54E+01 1.35E+07 4.13E+06 6.27E+06 2.78E+06 2.92E-08
5.99E+01 1.51E+07 8.00E+06 5.37E+06 3.62E+06 2.81E-08
4.75E+01 1.46E+07 4.05E+06 5.68E+06 4.36E+06 2.84E-08
3.78E+01 2.17E+07 1.77E+07 5.13E+06 5.60E+06 2.09E-08
3.00E+01 1.93E+07 1.21E+07 4.45E+06 5.30E+06 2.35E-08
2.38E+01 2.30E+07 1.90E+07 3.93E+06 5.60E+06 2.02E-08
1.89E+01 1.76E+07 6.86E+06 4.40E+06 5.91E+06 2.55E-08
1.50E+01 1.95E+07 1.24E+07 3.69E+06 5.78E+06 2.37E-08
1.19E+01 1.51E+07 3.93E+06 3.91E+06 6.79E+06 2.97E-08
9.49E+00 1.68E+07 8.06E+06 3.54E+06 5.81E+06 2.72E-08
7.54E+00 1.94E+07 1.12E+07 4.45E+06 6.76E+06 2.33E-08
5.99E+00 1.53E+07 6.51E+06 3.74E+06 6.01E+06 2.95E-08
4.75E+00 1.44E+07 4.26E+06 3.96E+06 6.51E+06 3.08E-08
3.78E+00 1.33E+07 4.14E+06 3.28E+06 4.52E+06 3.39E-08
3.00E+00 1.29E+07 2.26E+06 4.60E+06 5.84E+06 3.29E-08
2.38E+00 1.76E+07 8.14E+06 5.27E+06 5.14E+06 2.49E-08
1.89E+00 1.57E+07 2.14E+06 6.79E+06 6.50E+06 2.56E-08
1.50E+00 1.23E+07 3.95E+06 7.06E+06 4.06E+06 2.92E-08
1.19E+00 1.01E+07 4.14E+06 4.79E+06 4.61E+06 3.87E-08
9.49E-01 1.29E+07 5.97E+06 9.22E+06 8.82E+06 2.45E-08
7.54E-01 4.27E+06 3.69E+06 1.59E+07 9.29E+06 7.52E-09
5.99E-01 2.54E+07 9.12E+06 3.41E+07 4.00E+07 6.73E-09
4.75E-01 1.84E+07 9.45E+06 1.57E+07 4.93E+06 1.50E-08
3.78E-01 9.65E+06 8.98E+06 1.38E+07 8.81E+06 1.63E-08
3.00E-01 8.75E+06 6.32E+06 7.69E+06 8.56E+06 3.08E-08
2.38E-01 8.67E+06 7.33E+06 8.66E+06 6.20E+06 2.76E-08
1.89E-01 5.64E+06 3.38E+06 7.73E+06 6.82E+06 2.94E-08
1.50E-01 1.12E+07 8.12E+06 1.07E+07 7.42E+06 2.23E-08
1.19E-01 9.76E+06 6.49E+06 8.29E+06 5.38E+06 2.84E-08
1.00E-01 1.33E+07 3.25E+06 6.85E+06 5.56E+06 2.84E-08
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Appendix 11.7 - impedance and conductivity data for air to use in calculation of 

dielectric constants (wide frequency range scan). 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[uS/um]
3.00E+07 1.36E+02 1.42E-01 2.99E+02 2.30E-01 6.03E-04
2.38E+07 5.52E+01 5.69E-02 6.59E+01 3.53E-02 3.57E-03
1.89E+07 2.98E+01 1.16E-01 2.96E+02 1.12E-01 1.61E-04
1.50E+07 2.02E+01 2.53E-01 5.09E+02 1.72E-01 3.72E-05
1.19E+07 1.37E+01 4.17E-01 7.31E+02 3.15E-01 1.23E-05
9.49E+06 1.66E+01 5.08E-01 9.91E+02 1.11E+00 8.07E-06
7.54E+06 1.27E+01 1.75E+00 1.30E+03 9.54E-01 3.59E-06
5.99E+06 1.16E+00 1.10E+00 1.67E+03 3.10E+00 2.00E-07
4.75E+06 8.69E+00 4.33E+00 2.12E+03 4.58E+00 9.23E-07
3.78E+06 1.18E+01 7.53E+00 2.67E+03 1.04E+01 7.89E-07
3.00E+06 8.17E+01 2.91E+01 3.38E+03 1.05E+01 3.41E-06
2.38E+06 6.81E+01 2.52E+01 4.29E+03 4.71E+00 1.77E-06
1.89E+06 4.35E+01 2.77E+01 5.40E+03 4.52E+01 7.13E-07
1.50E+06 6.15E+01 5.74E+01 6.76E+03 6.89E+01 6.44E-07
1.19E+06 1.56E+02 4.96E+01 8.52E+03 5.74E+01 1.03E-06
9.49E+05 2.07E+02 2.32E+00 1.07E+04 1.41E+00 8.61E-07
7.54E+05 1.51E+02 2.93E+00 1.35E+04 6.65E+00 3.95E-07
5.99E+05 9.25E+01 2.45E+00 1.70E+04 6.08E+00 1.52E-07
4.75E+05 6.10E+00 7.77E+00 2.15E+04 1.04E+01 6.31E-09
3.78E+05 1.22E+02 2.24E+01 2.70E+04 1.16E+01 7.97E-08
3.00E+05 2.30E+02 1.94E+01 3.41E+04 7.80E+00 9.48E-08
2.38E+05 4.17E+02 2.82E+01 4.29E+04 2.90E+01 1.08E-07
1.89E+05 6.84E+02 2.33E+01 5.40E+04 7.26E+01 1.12E-07
1.50E+05 9.81E+02 3.96E+01 6.81E+04 3.87E+01 1.01E-07
1.19E+05 1.18E+03 5.82E+01 8.54E+04 8.09E+01 7.69E-08
9.49E+04 1.77E+03 1.16E+02 1.07E+05 1.13E+02 7.35E-08
7.54E+04 2.72E+03 3.05E+02 1.35E+05 1.27E+02 7.16E-08
5.99E+04 2.68E+02 1.38E+02 1.70E+05 2.47E+02 4.41E-09
4.75E+04 3.20E+02 3.32E+02 2.15E+05 6.20E+02 3.30E-09
3.78E+04 7.79E+02 8.20E+02 2.69E+05 1.32E+03 5.14E-09
3.00E+04 9.46E+02 6.53E+02 3.38E+05 1.25E+03 3.96E-09
2.38E+04 3.44E+03 4.55E+03 4.24E+05 4.18E+03 9.16E-09
1.89E+04 2.94E+03 1.79E+03 5.37E+05 3.27E+03 4.87E-09
1.50E+04 6.91E+03 3.71E+03 6.72E+05 5.63E+03 7.32E-09
1.19E+04 1.27E+04 4.68E+03 8.44E+05 6.75E+03 8.53E-09
9.49E+03 7.98E+03 5.88E+03 1.06E+06 6.11E+03 3.39E-09
7.54E+03 1.73E+04 1.25E+04 1.34E+06 2.23E+04 4.64E-09
5.99E+03 1.49E+04 1.72E+04 1.69E+06 2.21E+04 2.51E-09
4.75E+03 5.70E+04 4.43E+04 2.09E+06 3.89E+04 6.21E-09
3.78E+03 6.51E+04 3.92E+04 2.63E+06 4.27E+04 4.50E-09
3.00E+03 1.07E+05 2.07E+04 3.30E+06 1.16E+05 4.71E-09
2.38E+03 1.07E+05 7.75E+04 4.10E+06 5.20E+04 3.05E-09
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Appendix 11.7 (air wide frequency range) - Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[uS/um]
1.89E+03 1.60E+05 1.00E+05 5.23E+06 1.75E+05 2.79E-09
1.50E+03 3.95E+05 3.16E+05 6.68E+06 4.90E+05 4.21E-09
1.19E+03 4.90E+05 2.88E+05 7.77E+06 6.75E+05 3.87E-09
9.49E+02 1.17E+06 6.03E+05 1.01E+07 9.53E+05 5.44E-09
7.54E+02 7.12E+05 3.55E+05 1.35E+07 1.01E+06 1.87E-09
5.99E+02 4.32E+05 2.89E+05 1.47E+07 1.86E+06 9.58E-10
4.75E+02 2.94E+06 1.12E+06 1.75E+07 2.01E+06 4.45E-09
3.78E+02 2.03E+06 1.14E+06 2.27E+07 4.48E+06 1.87E-09
3.00E+02 1.19E+07 1.24E+07 3.39E+07 3.04E+06 4.39E-09
2.38E+02 1.22E+07 9.34E+06 3.37E+07 8.20E+06 4.54E-09
1.89E+02 1.29E+07 1.41E+07 4.80E+07 3.53E+07 2.51E-09
1.50E+02 1.03E+07 9.25E+06 3.37E+07 1.15E+07 3.95E-09
1.19E+02 1.12E+07 8.11E+06 3.27E+07 2.99E+06 4.47E-09
9.49E+01 4.08E+07 2.94E+07 6.67E+07 4.14E+07 3.19E-09
7.54E+01 3.23E+07 1.40E+07 7.42E+07 2.71E+07 2.36E-09
5.99E+01 3.90E+07 4.33E+07 3.87E+07 2.18E+07 6.17E-09
4.75E+01 4.65E+07 9.11E+06 7.20E+07 1.25E+07 3.02E-09
3.78E+01 6.02E+07 2.05E+07 6.92E+07 4.56E+07 3.42E-09
3.00E+01 1.01E+08 8.23E+07 5.62E+07 2.50E+07 3.62E-09
2.38E+01 6.33E+07 4.31E+07 1.41E+08 7.87E+07 1.26E-09
1.89E+01 7.33E+07 4.56E+07 1.00E+08 6.23E+07 2.27E-09
1.50E+01 9.46E+07 9.54E+07 4.69E+07 3.00E+07 4.06E-09
1.19E+01 9.72E+07 1.00E+08 9.47E+07 2.67E+07 2.52E-09
9.49E+00 1.69E+08 2.66E+08 1.69E+08 1.79E+08 1.41E-09
7.54E+00 7.01E+07 5.73E+07 4.29E+07 2.37E+07 4.96E-09
5.99E+00 6.97E+07 3.02E+07 7.88E+07 4.37E+07 3.01E-09
4.75E+00 8.90E+07 4.35E+07 2.51E+07 2.32E+07 4.97E-09
3.78E+00 8.55E+07 2.38E+07 4.59E+07 4.80E+07 4.34E-09
3.00E+00 7.24E+07 5.48E+07 4.25E+07 2.70E+07 4.91E-09
2.38E+00 3.82E+07 2.82E+07 2.47E+07 1.87E+07 8.81E-09
1.89E+00 4.89E+07 4.98E+07 5.66E+07 5.92E+07 4.17E-09
1.50E+00 4.42E+07 3.88E+07 4.08E+07 2.85E+07 5.84E-09
1.19E+00 2.38E+07 2.56E+07 1.49E+07 8.36E+06 1.44E-08
9.49E-01 2.44E+07 1.29E+07 1.27E+07 9.75E+06 1.54E-08
7.54E-01 1.17E+07 8.32E+06 1.03E+07 4.54E+06 2.30E-08
5.99E-01 1.61E+07 5.30E+06 1.36E+07 1.46E+07 1.74E-08
4.75E-01 1.21E+07 5.73E+06 1.02E+07 3.54E+06 2.30E-08
3.78E-01 1.60E+07 1.40E+07 1.68E+07 9.41E+06 1.42E-08
3.00E-01 1.28E+07 1.46E+07 1.12E+07 8.69E+06 2.12E-08
2.38E-01 2.51E+07 1.18E+07 2.30E+07 2.31E+07 1.04E-08
1.89E-01 1.27E+07 5.47E+06 9.36E+06 6.50E+06 2.44E-08
1.50E-01 8.24E+06 4.39E+06 5.88E+06 4.06E+06 3.84E-08
1.19E-01 8.36E+06 1.48E+06 1.22E+07 4.89E+06 1.82E-08
1.00E-01 1.32E+07 5.55E+06 8.79E+06 2.87E+06 2.51E-08



 257

Appendix 11.7 (air narrow frequency range) - Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
3.00E+03 5.76E+04 4.78E+04 3.29E+06 1.13E+05 2.55E-09
2.86E+03 9.61E+04 7.55E+04 3.39E+06 1.06E+05 3.99E-09
2.74E+03 4.75E+04 9.51E+03 3.60E+06 1.23E+05 1.75E-09
2.61E+03 1.10E+05 7.05E+04 3.75E+06 1.06E+05 3.72E-09
2.50E+03 1.24E+05 7.94E+04 3.95E+06 8.45E+04 3.80E-09
2.38E+03 1.58E+05 1.05E+05 4.11E+06 6.15E+04 4.46E-09
2.28E+03 1.83E+05 1.42E+05 4.29E+06 1.24E+05 4.74E-09
2.17E+03 2.85E+05 1.86E+05 4.37E+06 6.79E+04 7.11E-09
2.08E+03 2.47E+05 1.62E+05 4.63E+06 3.26E+05 5.47E-09
1.98E+03 1.07E+05 6.27E+04 4.94E+06 1.43E+05 2.09E-09
1.89E+03 1.76E+05 3.37E+04 5.20E+06 3.12E+05 3.10E-09
1.81E+03 2.78E+05 1.29E+05 5.44E+06 2.48E+05 4.48E-09
1.73E+03 2.11E+05 6.76E+04 5.68E+06 3.72E+05 3.12E-09
1.65E+03 2.81E+05 1.88E+05 6.00E+06 2.04E+05 3.72E-09
1.57E+03 1.43E+05 1.25E+05 6.38E+06 5.91E+05 1.68E-09
1.50E+03 3.85E+05 1.36E+05 6.99E+06 4.69E+05 3.75E-09
1.44E+03 1.16E+05 1.09E+05 6.84E+06 1.10E+05 1.18E-09
1.37E+03 4.22E+05 2.02E+05 6.99E+06 7.11E+05 4.11E-09
1.31E+03 2.08E+05 1.56E+05 7.76E+06 4.12E+05 1.65E-09
1.25E+03 2.62E+05 2.52E+05 7.37E+06 6.33E+05 2.30E-09
1.19E+03 4.38E+05 2.37E+05 7.91E+06 3.43E+05 3.34E-09
1.14E+03 6.49E+05 4.50E+05 8.26E+06 5.33E+05 4.52E-09
1.09E+03 3.33E+05 2.89E+05 9.32E+06 6.72E+05 1.82E-09
1.04E+03 1.15E+06 3.46E+05 9.21E+06 6.06E+05 6.37E-09
9.93E+02 3.51E+05 1.58E+05 8.98E+06 6.97E+05 2.08E-09
9.49E+02 6.39E+05 7.42E+05 1.02E+07 1.01E+06 2.95E-09
9.06E+02 1.43E+06 7.30E+05 9.96E+06 4.66E+05 6.74E-09
8.65E+02 1.53E+06 9.86E+05 1.12E+07 1.13E+06 5.70E-09
8.26E+02 1.19E+06 7.29E+05 1.19E+07 1.56E+06 3.99E-09
7.89E+02 1.79E+06 1.46E+06 1.22E+07 1.60E+06 5.63E-09
7.54E+02 1.24E+06 4.26E+05 1.23E+07 1.91E+06 3.86E-09
7.20E+02 1.59E+06 1.55E+06 1.42E+07 9.04E+05 3.72E-09
6.87E+02 1.82E+06 1.13E+06 1.53E+07 2.46E+06 3.67E-09
6.56E+02 1.74E+06 6.84E+05 1.29E+07 1.09E+06 4.89E-09
6.27E+02 4.29E+06 1.84E+06 1.43E+07 7.75E+05 9.13E-09
5.99E+02 2.63E+06 2.68E+06 1.59E+07 1.41E+06 4.84E-09
5.72E+02 2.38E+06 1.63E+06 1.55E+07 1.19E+06 4.63E-09
5.46E+02 2.57E+06 1.21E+06 1.63E+07 9.42E+05 4.53E-09
5.21E+02 3.09E+06 2.10E+06 1.79E+07 1.69E+06 4.46E-09
4.98E+02 1.97E+06 2.05E+06 1.78E+07 6.78E+05 2.93E-09
4.75E+02 6.55E+06 4.76E+06 1.97E+07 4.10E+06 7.29E-09
4.54E+02 3.29E+06 1.66E+06 1.66E+07 1.35E+06 5.48E-09
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Appendix 11.7 (air narrow frequency range) - Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
4.34E+02 3.75E+06 2.31E+06 2.03E+07 2.18E+06 4.22E-09
4.14E+02 3.55E+06 1.05E+06 1.92E+07 1.39E+06 4.46E-09
3.95E+02 2.95E+06 2.36E+06 2.33E+07 1.41E+06 2.56E-09
3.78E+02 2.76E+06 1.66E+06 2.51E+07 2.58E+06 2.06E-09
3.61E+02 7.36E+06 5.48E+06 2.46E+07 2.99E+06 5.33E-09
3.44E+02 4.22E+06 1.57E+06 2.31E+07 5.26E+06 3.66E-09
3.29E+02 1.02E+07 3.40E+06 2.28E+07 4.49E+06 7.80E-09
3.14E+02 1.15E+07 2.76E+06 2.69E+07 4.89E+06 6.39E-09
3.00E+02 9.78E+06 7.40E+06 3.29E+07 9.99E+06 3.96E-09
2.86E+02 1.62E+07 1.04E+07 2.61E+07 5.23E+06 8.20E-09
2.74E+02 5.07E+06 4.21E+06 2.67E+07 8.36E+06 3.27E-09
2.61E+02 1.26E+07 4.83E+06 2.60E+07 6.70E+06 7.21E-09
2.50E+02 8.74E+06 5.43E+06 2.21E+07 1.72E+06 7.41E-09
2.38E+02 7.94E+06 5.77E+06 3.76E+07 9.52E+06 2.57E-09
2.28E+02 6.70E+06 4.50E+06 2.46E+07 4.13E+06 4.93E-09
2.17E+02 1.36E+07 1.52E+07 2.35E+07 6.86E+06 8.83E-09
2.08E+02 1.44E+07 2.18E+07 4.67E+07 2.63E+07 2.88E-09
1.98E+02 9.12E+06 6.18E+06 3.44E+07 1.05E+07 3.43E-09
1.89E+02 1.43E+07 9.99E+06 3.40E+07 1.37E+07 5.01E-09
1.81E+02 1.49E+07 1.28E+07 3.30E+07 7.33E+06 5.43E-09
1.73E+02 3.90E+07 3.60E+07 4.40E+07 2.87E+07 5.40E-09
1.65E+02 1.00E+07 4.04E+06 3.30E+07 6.72E+06 4.02E-09
1.57E+02 1.59E+07 1.24E+07 4.57E+07 1.62E+07 3.25E-09
1.50E+02 2.72E+07 1.68E+07 3.92E+07 2.35E+07 5.72E-09
1.44E+02 2.04E+07 1.58E+07 4.33E+07 4.12E+06 4.26E-09
1.37E+02 1.95E+07 1.12E+07 6.20E+07 5.44E+07 2.21E-09
1.31E+02 1.35E+07 1.02E+07 4.41E+07 2.29E+07 3.04E-09
1.25E+02 1.55E+07 1.19E+07 4.23E+07 8.52E+06 3.64E-09
1.19E+02 5.51E+07 6.41E+07 5.36E+08 9.90E+08 9.08E-11
1.14E+02 1.17E+07 8.75E+06 3.41E+07 7.19E+06 4.28E-09
1.09E+02 1.61E+07 7.31E+06 5.21E+07 1.16E+07 2.58E-09
1.04E+02 8.78E+07 9.85E+07 4.68E+07 1.23E+07 4.24E-09
9.93E+01 2.64E+07 1.23E+07 5.94E+07 1.55E+07 2.98E-09
9.49E+01 2.74E+07 1.65E+07 4.56E+07 1.38E+07 4.63E-09
9.06E+01 4.10E+07 5.66E+06 4.27E+07 1.91E+07 5.59E-09
8.65E+01 2.24E+07 2.15E+07 5.00E+07 1.99E+07 3.57E-09
8.26E+01 3.90E+07 2.95E+07 6.37E+07 4.20E+07 3.34E-09
7.89E+01 3.34E+07 1.76E+07 6.72E+07 1.97E+07 2.84E-09
7.54E+01 8.35E+06 1.09E+07 5.09E+07 1.55E+07 1.50E-09
7.20E+01 7.25E+07 2.73E+07 5.45E+07 3.32E+07 4.21E-09
6.87E+01 3.22E+07 3.69E+07 5.56E+07 1.93E+07 3.72E-09
6.56E+01 7.75E+07 4.98E+07 1.12E+08 7.58E+07 1.99E-09
6.27E+01 9.87E+07 9.89E+07 9.77E+07 7.07E+07 2.44E-09
5.99E+01 6.89E+07 7.00E+07 4.77E+07 2.09E+07 4.69E-09
5.72E+01 7.48E+07 7.83E+07 6.13E+07 1.63E+07 4.52E-09
5.46E+01 9.14E+07 6.95E+07 1.29E+08 4.66E+07 3.06E-09
5.21E+01 1.40E+08 1.50E+08 1.17E+08 1.04E+08 2.80E-09
4.98E+01 8.06E+07 4.05E+07 8.48E+07 7.13E+07 5.93E-09
4.75E+01 7.42E+07 7.05E+07 8.26E+07 5.36E+07 2.20E-09
4.54E+01 1.40E+08 1.05E+08 1.15E+08 3.77E+07 1.47E-09
4.34E+01 6.70E+07 2.82E+07 1.26E+08 7.43E+07 6.90E-10
4.14E+01 1.01E+09 1.50E+09 7.18E+08 1.08E+09 7.76E-11
3.95E+01 9.30E+07 1.54E+07 7.40E+07 2.96E+07 3.84E-09
3.78E+01 1.34E+08 1.40E+08 8.22E+07 5.69E+07 2.19E-09
3.61E+01 1.29E+08 7.71E+07 2.07E+08 1.87E+08 3.26E-09
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Appendix 11.7 (air narrow frequency range) - Continued 

Freq Z1 avg std dev Z1 Z2 avg std dev Z2
Conductivity 

[S/m]
3.44E+01 8.48E+07 4.19E+07 1.87E+08 2.00E+08 3.03E-09
3.29E+01 1.12E+08 6.83E+07 1.68E+08 1.31E+08 1.30E-09
3.14E+01 1.21E+08 7.06E+07 1.04E+08 6.46E+07 2.35E-09
3.00E+01 7.93E+07 6.83E+07 1.02E+08 5.78E+07 1.10E-09
2.86E+01 1.31E+08 4.40E+07 1.53E+08 9.27E+07 9.83E-10
2.74E+01 8.40E+07 5.63E+07 1.13E+08 7.84E+07 7.07E-10
2.61E+01 6.35E+07 9.10E+06 6.73E+07 4.92E+07 3.26E-09
2.50E+01 2.39E+08 3.75E+08 3.32E+08 4.62E+08 1.03E-10
2.38E+01 8.49E+07 5.49E+07 1.70E+08 1.40E+08 3.77E-10
2.28E+01 1.48E+08 1.02E+08 1.11E+08 1.30E+08 3.17E-09
2.17E+01 2.31E+08 2.18E+08 2.16E+08 2.80E+08 2.47E-10
2.08E+01 1.46E+08 1.15E+08 1.29E+08 5.67E+07 2.55E-09
1.98E+01 9.67E+07 2.90E+07 7.31E+07 3.65E+07 4.42E-09
1.89E+01 7.10E+07 2.94E+07 7.07E+07 6.97E+07 3.32E-09
1.81E+01 4.87E+07 2.40E+07 1.72E+08 1.26E+08 1.96E-10
1.73E+01 1.11E+09 1.98E+09 1.99E+08 9.97E+07 4.29E-10
1.65E+01 1.43E+08 5.91E+07 1.43E+08 3.21E+07 1.23E-09
1.57E+01 7.62E+07 7.34E+07 1.82E+08 2.76E+08 2.74E-09
1.50E+01 1.11E+09 2.08E+09 9.93E+08 1.78E+09 4.17E-10
1.44E+01 7.51E+07 4.55E+07 8.34E+07 8.45E+07 5.13E-09
1.37E+01 1.25E+08 1.13E+08 6.72E+07 4.60E+07 2.62E-09
1.31E+01 8.44E+07 6.18E+07 7.45E+07 5.21E+07 1.53E-09
1.25E+01 7.39E+07 3.01E+07 4.25E+07 3.70E+07 6.31E-09
1.19E+01 7.22E+07 4.29E+07 7.51E+07 4.98E+07 1.60E-09
1.14E+01 7.25E+07 8.74E+07 5.43E+07 4.10E+07 2.09E-09
1.09E+01 7.02E+07 4.35E+07 1.23E+08 8.44E+07 5.77E-10
1.04E+01 8.50E+07 6.94E+07 7.08E+07 3.29E+07 4.77E-09
9.93E+00 9.80E+07 7.01E+07 1.19E+08 1.06E+08 5.56E-10
9.49E+00 1.69E+08 9.19E+07 3.14E+08 4.98E+08 2.76E-09
9.06E+00 5.07E+07 3.33E+07 6.48E+07 1.84E+07 4.48E-09
8.65E+00 2.36E+08 3.05E+08 4.93E+08 6.64E+08 1.95E-09
8.26E+00 1.13E+08 8.41E+07 6.72E+07 4.26E+07 3.22E-09
7.89E+00 4.69E+07 3.78E+07 7.33E+07 4.12E+07 7.39E-09
7.54E+00 6.33E+07 1.69E+07 5.20E+07 2.75E+07 2.49E-09
7.20E+00 1.40E+08 1.59E+08 1.36E+08 9.37E+07 3.19E-09
6.87E+00 1.22E+08 7.34E+07 2.02E+08 2.02E+08 2.29E-10
6.56E+00 7.92E+07 7.38E+07 1.42E+08 1.24E+08 4.41E-09
6.27E+00 6.99E+07 4.99E+07 9.04E+07 1.27E+07 2.25E-09
5.99E+00 5.80E+07 4.80E+07 6.72E+07 1.62E+07 2.56E-09
5.72E+00 9.27E+07 9.90E+07 6.08E+07 2.54E+07 2.44E-09
5.46E+00 9.64E+07 2.58E+07 1.30E+08 8.47E+07 8.68E-10
5.21E+00 5.66E+07 5.21E+07 5.88E+07 2.94E+07 4.09E-09
4.98E+00 4.31E+07 6.06E+07 9.52E+07 7.82E+07 4.66E-10
4.75E+00 9.99E+07 4.91E+07 4.41E+07 1.07E+07 3.70E-09
4.54E+00 6.55E+07 3.70E+07 1.00E+08 1.03E+08 2.43E-09
4.34E+00 4.55E+07 1.76E+07 2.85E+07 2.34E+07 5.42E-09



 260

Appendix 11.8 – Impedance and conductivity data for DMS-E09 host fluid. 

 

Conductivity 
(S/m) Std dev

Conductivity at 1kHz 4.16E-07 2.93E-08

  Frequency (Hz)
Z' Impedance 

(real)
Z'' Impedance 

(imaginary)
Conductivity 

[S/m]
3.00E+07 1.12E+01 2.17E+01 1.79E-02
2.38E+07 7.57E+00 -1.71E+01 2.06E-02
1.89E+07 5.70E+00 -5.93E+01 1.53E-03
1.50E+07 5.08E+00 -1.07E+02 4.26E-04
1.19E+07 4.59E+00 -1.59E+02 1.74E-04
9.49E+06 4.96E+00 -2.20E+02 9.80E-05
7.54E+06 4.29E+00 -2.93E+02 4.77E-05
5.99E+06 2.23E+00 -3.79E+02 1.48E-05
4.75E+06 4.65E-01 -4.86E+02 1.88E-06
3.78E+06 -1.18E+00 -6.19E+02 2.96E-06
3.00E+06 -1.09E+01 -7.85E+02 1.70E-05
2.38E+06 -7.77E+00 -9.92E+02 7.54E-06
1.89E+06 -7.82E+00 -1.25E+03 4.78E-06
1.50E+06 -8.65E+00 -1.57E+03 3.34E-06
1.19E+06 -1.40E+01 -1.97E+03 3.43E-06
9.49E+05 5.86E+01 -2.48E+03 9.08E-06
7.54E+05 5.21E+01 -3.14E+03 5.06E-06
5.99E+05 4.83E+01 -3.96E+03 2.94E-06
4.75E+05 4.03E+01 -5.00E+03 1.54E-06
3.78E+05 3.41E+01 -6.30E+03 8.21E-07
3.00E+05 3.01E+01 -7.95E+03 4.55E-07
2.38E+05 2.05E+01 -1.01E+04 1.94E-07
1.89E+05 1.33E+01 -1.27E+04 7.92E-08
1.50E+05 1.66E+01 -1.61E+04 6.13E-08
1.19E+05 4.73E+01 -2.03E+04 1.09E-07
9.49E+04 3.77E+01 -2.58E+04 5.43E-08
7.54E+04 -6.24E+01 -3.27E+04 5.59E-08
5.99E+04 6.42E+02 -3.94E+04 3.95E-07
4.75E+04 1.14E+03 -4.96E+04 4.41E-07
3.78E+04 1.78E+03 -6.23E+04 4.37E-07
3.00E+04 2.76E+03 -7.84E+04 4.30E-07
2.38E+04 4.38E+03 -9.83E+04 4.33E-07
1.89E+04 6.75E+03 -1.24E+05 4.19E-07
1.50E+04 1.14E+04 -1.55E+05 4.50E-07
1.19E+04 1.76E+04 -1.94E+05 4.45E-07
9.49E+03 2.66E+04 -2.42E+05 4.27E-07
7.54E+03 4.08E+04 -3.01E+05 4.22E-07
5.99E+03 5.78E+04 -3.73E+05 3.89E-07
4.75E+03 8.81E+04 -4.59E+05 3.86E-07
3.78E+03 1.24E+05 -5.62E+05 3.57E-07
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Appendix 11.8 - Continued 

  Frequency (Hz)
Z' Impedance 

(real)
Z'' Impedance 

(imaginary)
Conductivity 

[S/m]
3.00E+03 1.84E+05 -6.80E+05 3.54E-07
2.38E+03 2.54E+05 -8.15E+05 3.33E-07
1.89E+03 3.53E+05 -9.75E+05 3.13E-07
1.50E+03 4.84E+05 -1.17E+06 2.90E-07
1.19E+03 6.36E+05 -1.36E+06 2.70E-07
9.49E+02 8.36E+05 -1.61E+06 2.43E-07
7.54E+02 1.10E+06 -1.79E+06 2.39E-07
5.99E+02 1.56E+06 -1.98E+06 2.34E-07
4.75E+02 2.01E+06 -2.17E+06 2.20E-07
3.78E+02 2.29E+06 -2.16E+06 2.21E-07
3.00E+02 2.88E+06 -2.24E+06 2.07E-07
2.38E+02 3.28E+06 -1.98E+06 2.14E-07
1.89E+02 3.52E+06 -1.88E+06 2.11E-07
1.50E+02 3.93E+06 -1.70E+06 2.05E-07
1.19E+02 4.17E+06 -1.54E+06 2.02E-07
9.49E+01 4.34E+06 -1.13E+06 2.06E-07
7.54E+01 4.58E+06 -9.41E+05 2.00E-07
5.99E+01 4.50E+06 -7.14E+05 2.07E-07
4.75E+01 4.43E+06 -7.35E+05 2.10E-07
3.78E+01 4.56E+06 -4.06E+05 2.08E-07
3.00E+01 4.74E+06 -1.93E+05 2.01E-07
2.38E+01 4.56E+06 -2.86E+05 2.09E-07
1.89E+01 4.57E+06 -3.05E+05 2.08E-07
1.50E+01 4.56E+06 -1.44E+05 2.09E-07
1.19E+01 4.29E+06 -9.96E+04 2.22E-07
9.49E+00 4.44E+06 -1.36E+05 2.15E-07
7.54E+00 4.25E+06 9.35E+04 2.25E-07
5.99E+00 4.58E+06 -2.88E+05 2.08E-07
4.75E+00 4.32E+06 2.33E+05 2.21E-07
3.78E+00 4.33E+06 2.22E+05 2.20E-07
3.00E+00 3.79E+06 -4.01E+04 2.52E-07
2.38E+00 4.57E+06 1.70E+04 2.09E-07
1.89E+00 4.27E+06 -2.30E+05 2.23E-07
1.50E+00 4.55E+06 -2.25E+05 2.09E-07
1.19E+00 4.07E+06 -1.02E+06 2.21E-07
9.49E-01 3.55E+06 -5.96E+05 2.62E-07
7.54E-01 4.56E+06 -2.23E+06 1.69E-07
5.99E-01 3.54E+06 -1.31E+05 2.70E-07
4.75E-01 5.30E+06 2.38E+05 1.80E-07
3.78E-01 4.06E+06 1.37E+06 2.11E-07
3.00E-01 4.74E+06 -3.63E+05 2.00E-07
2.38E-01 5.17E+06 -2.29E+05 1.84E-07
1.89E-01 8.92E+06 -3.68E+06 9.16E-08
1.50E-01 2.77E+06 -8.99E+05 3.12E-07
1.19E-01 4.62E+06 7.78E+05 2.01E-07
1.00E-01 2.69E+06 3.31E+05 3.49E-07
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Appendix 11.9 – Impedance and conductivity data for SU-8 3050. 

Conductivity at 1kHz (S/m)
2.13E-08

std dev
1.26E-08

 Frequency 
(Hz)

Z' Impedance 
(real)

Z'' Impedance 
(imaginary)

Conductivity 
[S/m]

3.00E+07 -2.20E+02 -4.38E+01 8.81E-04
2.38E+07 2.21E+01 3.55E+01 2.55E-03
1.89E+07 1.10E+02 3.67E+01 1.65E-03
1.50E+07 1.55E+02 2.16E+01 1.28E-03
1.19E+07 1.66E+02 -6.02E-01 1.22E-03
9.49E+06 1.76E+02 -3.18E+01 1.11E-03
7.54E+06 1.83E+02 -6.60E+01 9.74E-04
5.99E+06 1.83E+02 -1.03E+02 8.36E-04
4.75E+06 1.85E+02 -1.45E+02 6.74E-04
3.78E+06 1.86E+02 -1.94E+02 5.18E-04
3.00E+06 1.84E+02 -2.56E+02 3.73E-04
2.38E+06 1.86E+02 -3.26E+02 2.66E-04
1.89E+06 1.87E+02 -4.14E+02 1.83E-04
1.50E+06 1.88E+02 -5.24E+02 1.22E-04
1.19E+06 1.88E+02 -6.59E+02 8.05E-05
9.49E+05 2.13E+02 -8.20E+02 5.98E-05
7.54E+05 2.14E+02 -1.04E+03 3.85E-05
5.99E+05 2.16E+02 -1.31E+03 2.48E-05
4.75E+05 2.19E+02 -1.65E+03 1.60E-05
3.78E+05 2.21E+02 -2.07E+03 1.02E-05
3.00E+05 2.28E+02 -2.61E+03 6.73E-06
2.38E+05 2.32E+02 -3.28E+03 4.33E-06
1.89E+05 2.38E+02 -4.13E+03 2.80E-06
1.50E+05 2.47E+02 -5.20E+03 1.83E-06
1.19E+05 2.50E+02 -6.55E+03 1.17E-06
9.49E+04 2.47E+02 -8.25E+03 7.33E-07
7.54E+04 1.89E+02 -1.04E+04 3.54E-07
5.99E+04 5.32E+02 -1.26E+04 6.69E-07
4.75E+04 6.24E+02 -1.58E+04 5.00E-07
3.78E+04 7.39E+02 -1.99E+04 3.77E-07
3.00E+04 9.47E+02 -2.49E+04 3.07E-07
2.38E+04 1.20E+03 -3.12E+04 2.49E-07
1.89E+04 1.49E+03 -3.90E+04 1.97E-07
1.50E+04 2.12E+03 -4.91E+04 1.77E-07
1.19E+04 2.85E+03 -6.15E+04 1.51E-07
9.49E+03 3.51E+03 -7.71E+04 1.19E-07
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Appendix 11.9 – Continued 

  Frequency 
(Hz)

Z' Impedance 
(real)

Z'' Impedance 
(imaginary)

Conductivity 
[S/m]

7.54E+03 4.68E+03 -9.65E+04 1.01E-07
5.99E+03 5.34E+03 -1.20E+05 7.40E-08
4.75E+03 7.27E+03 -1.50E+05 6.49E-08
3.78E+03 9.39E+03 -1.89E+05 5.29E-08
3.00E+03 1.30E+04 -2.36E+05 4.67E-08
2.38E+03 1.47E+04 -2.95E+05 3.40E-08
1.89E+03 1.91E+04 -3.66E+05 2.86E-08
1.50E+03 2.74E+04 -4.59E+05 2.61E-08
1.19E+03 3.49E+04 -5.76E+05 2.11E-08
9.49E+02 3.62E+04 -7.15E+05 1.42E-08
7.54E+02 5.30E+04 -8.94E+05 1.33E-08
5.99E+02 8.27E+04 -1.12E+06 1.31E-08
4.75E+02 7.42E+04 -1.38E+06 7.88E-09
3.78E+02 1.18E+05 -1.75E+06 7.73E-09
3.00E+02 2.32E+05 -2.25E+06 9.16E-09
2.38E+02 1.48E+05 -2.58E+06 4.49E-09
1.89E+02 3.40E+05 -3.31E+06 6.18E-09
1.50E+02 3.32E+05 -4.15E+06 3.86E-09
1.19E+02 6.76E+05 -5.14E+06 5.07E-09
9.49E+01 5.58E+05 -6.23E+06 2.87E-09
7.54E+01 1.13E+06 -7.43E+06 4.03E-09
5.99E+01 1.34E+06 -9.89E+06 2.70E-09
4.75E+01 1.33E+06 -1.19E+07 1.88E-09
3.78E+01 3.11E+06 -1.37E+07 3.19E-09
3.00E+01 1.95E+06 -1.76E+07 1.25E-09
2.38E+01 1.03E+07 -2.88E+07 2.23E-09
1.89E+01 2.24E+07 -4.50E+07 1.79E-09
1.50E+01 3.90E+07 -3.85E+07 2.62E-09
1.19E+01 2.47E+07 -5.14E+07 1.53E-09
9.49E+00 1.03E+08 -3.65E+07 1.74E-09
7.54E+00 3.58E+07 -2.79E+07 3.50E-09
5.99E+00 -1.01E+07 -8.50E+07 2.79E-10
4.75E+00 1.88E+07 -6.02E+07 9.51E-10
3.78E+00 5.39E+07 1.53E+07 3.46E-09
3.00E+00 -8.08E+06 -5.36E+07 5.54E-10
2.38E+00 -2.18E+07 -3.95E+07 2.16E-09
1.89E+00 8.45E+07 -6.37E+07 1.52E-09
1.50E+00 3.59E+07 1.53E+07 4.75E-09
1.19E+00 -8.97E+06 -2.70E+07 2.24E-09
9.49E-01 -1.43E+07 -7.26E+05 1.41E-08
7.54E-01 2.81E+06 1.80E+07 1.71E-09
5.99E-01 -7.73E+06 2.13E+07 3.04E-09
4.75E-01 6.97E+06 -7.81E+06 1.28E-08
3.78E-01 4.98E+06 1.51E+07 3.97E-09
3.00E-01 2.87E+07 -2.68E+07 3.75E-09
2.38E-01 2.60E+06 -4.68E+06 1.83E-08
1.89E-01 1.31E+07 -5.10E+06 1.34E-08
1.50E-01 6.30E+07 2.85E+07 2.66E-09
1.19E-01 2.89E+06 -7.80E+06 8.42E-09
1.00E-01 3.26E+07 -1.39E+07 5.23E-09
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Appendix 11.10 – Impedance and conductivity data for Gum Arabic (Acacia). 

 

conduct avg at 1 kHz dielectric constant at 100 kHz
4.38E-08 6.33

std dev std dev
6.79E-08 0.19

Avg. Z' 
Impedance 

(real)

Avg. Z'' 
Impedance 
(imaginary)

dielectric 
const avg

conductivity 
avg

1.73E+02 4.00E+02 2.34 5.58E-03
9.71E+01 -1.23E+02 2.30 2.43E-02
3.88E+01 -5.26E+02 2.84 8.64E-04
3.57E+01 -9.20E+02 3.19 2.64E-04
-5.92E+01 -1.46E+03 4.52 -1.64E-04
2.97E+01 -2.02E+03 5.30 4.95E-05
9.39E+01 -2.63E+03 5.65 8.81E-05
1.53E+02 -3.34E+03 5.70 8.63E-05
2.22E+02 -4.14E+03 5.77 8.09E-05
2.99E+02 -5.21E+03 5.49 6.72E-05
3.06E+02 -6.54E+03 5.20 4.54E-05
4.69E+02 -7.99E+03 5.39 4.41E-05
5.89E+02 -9.94E+03 5.62 3.61E-05
4.83E+02 -1.23E+04 5.88 2.05E-05
6.17E+02 -1.53E+04 5.25 1.64E-05
1.84E+03 -1.94E+04 5.89 3.01E-05
2.04E+03 -2.43E+04 5.87 2.13E-05
2.27E+03 -3.04E+04 5.89 1.52E-05
2.61E+03 -3.81E+04 5.95 1.11E-05
3.06E+03 -4.77E+04 6.04 8.31E-06
3.66E+03 -5.98E+04 6.11 6.33E-06
4.41E+03 -7.52E+04 6.21 4.85E-06
5.67E+03 -9.45E+04 6.13 3.94E-06
7.23E+03 -1.19E+05 6.19 3.15E-06
8.60E+03 -1.50E+05 6.29 2.39E-06
1.15E+04 -1.89E+05 6.33 2.00E-06
1.32E+04 -2.39E+05 6.33 1.45E-06
1.23E+04 -2.84E+05 6.58 9.59E-07
1.30E+04 -3.54E+05 6.67 6.46E-07
2.12E+04 -4.41E+05 6.45 7.14E-07
3.18E+04 -5.48E+05 6.19 6.58E-07
3.57E+04 -6.88E+05 5.96 4.73E-07
5.03E+04 -8.53E+05 6.73 4.40E-07
7.69E+04 -1.06E+06 6.22 4.35E-07
1.20E+05 -1.34E+06 7.55 4.00E-07
2.01E+05 -1.70E+06 5.88 4.39E-07
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Appendix 11.10 - Continued 

Avg. Z' 
Impedance 

(real)

Avg. Z'' 
Impedance 
(imaginary)

dielectric 
const avg

conductivity 
avg

5.37E+04 -2.04E+06 6.44 6.30E-08
1.57E+05 -2.62E+06 6.49 1.41E-07
3.72E+05 -3.17E+06 5.68 2.32E-07
3.83E+05 -3.87E+06 4.68 1.52E-07
1.81E+05 -4.52E+06 7.13 5.92E-08
1.07E+06 -6.83E+06 5.52 1.35E-07
6.81E+04 -8.41E+06 7.96 1.33E-08
4.05E+05 -1.18E+07 4.10 9.25E-08
8.30E+05 -1.26E+07 4.83 4.04E-08
-2.10E+06 -1.33E+07 4.96 5.50E-08
2.03E+06 -1.84E+07 26.96 1.29E-10
-8.44E+06 -2.75E+07 6.37 -4.29E-08
6.11E+06 -1.51E+07 4.74 1.43E-07
-2.87E+07 -5.99E+07 1.42 -5.74E-08
-3.20E+07 -3.11E+07 1.19 -7.72E-08
-1.83E+07 -2.84E+07 10.93 -8.04E-08
-2.08E+07 -2.29E+07 2.11 -1.29E-07
-6.69E+06 -3.19E+07 2.13 -1.69E-08
-1.02E+07 -4.61E+07 3.91 -3.22E-08
-2.45E+07 -4.30E+07 1.51 -4.88E-08
-4.90E+07 -5.08E+07 2.56 -5.85E-08
-4.35E+07 -4.60E+07 5.72 -3.73E-08
3.29E+07 -1.42E+08 0.88 -1.54E-08
-4.95E+07 -5.92E+07 0.82 -5.77E-08
7.38E+07 -1.75E+07 0.72 5.37E-08
3.21E+07 2.65E+07 1.96 -6.58E-09
-8.95E+07 1.17E+07 0.40 -8.01E-08
-6.85E+07 1.17E+08 3.63 1.96E-08
-1.71E+07 -3.47E+07 3.01 6.89E-08
-1.34E+07 -3.22E+07 9.20 -9.47E-08
2.25E+07 1.98E+07 0.80 4.64E-09
-1.52E+07 2.86E+07 95.65 4.51E-08
1.46E+07 -6.22E+07 0.78 -7.83E-08
-2.31E+07 -1.56E+07 1.35 -8.10E-10
-3.69E+06 -9.68E+06 1.42 -4.45E-08
5.51E+06 1.51E+05 2.88 1.17E-07
1.82E+07 -7.13E+06 3.77 2.16E-07
7.69E+06 3.65E+06 1.08 -7.16E-08
-6.86E+06 3.56E+06 2.40 -1.33E-07
-1.07E+07 1.76E+07 0.19 -1.20E-07
-5.08E+06 -1.18E+06 2.51 -2.02E-07
-2.04E+07 -4.11E+06 3.37 -2.18E-07
-6.75E+06 -8.82E+06 0.62 -2.27E-07
-1.49E+07 -5.70E+06 0.70 -1.28E-07
-4.89E+06 8.17E+06 2.88 -2.98E-07
-2.09E+07 6.39E+06 22.13 1.27E-07
5.95E+06 -8.06E+06 2.31 5.42E-08
7.91E+06 -4.05E+05 0.44 2.16E-07
2.21E+06 1.54E+06 0.83 4.32E-07
-3.21E+06 -2.86E+06 0.67 -9.76E-08
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Appendix 11.11 – Impedance and conductivity data for Sylgard 184. 

conductivity at 1 kHz Std dev
1.37E-09 1.40004E-09

  
Frequency 

(Hz)
Z' Impedance 

(real)

Z'' 
Impedance 
(imaginary)

Conductivity 
[S/m]

3.00E+07 -251.52 17.204 5.22E-04
2.38E+07 40.476 37.982 1.73E-03
1.89E+07 151.17 22.568 8.53E-04
1.50E+07 203.56 8.6735 6.46E-04
1.19E+07 224.51 -21.047 5.82E-04
9.49E+06 240.55 -51.384 5.24E-04
7.54E+06 250.48 -85.51 4.71E-04
5.99E+06 253.68 -123.08 4.21E-04
4.75E+06 255.69 -167.06 3.61E-04
3.78E+06 256.44 -219.08 2.97E-04
3.00E+06 254.19 -285.8 2.29E-04
2.38E+06 255.88 -361.14 1.72E-04
1.89E+06 255.56 -457.06 1.23E-04
1.50E+06 255.65 -577.85 8.44E-05
1.19E+06 251.97 -727.43 5.60E-05
9.49E+05 274.97 -906.37 4.04E-05
7.54E+05 272.73 -1149.4 2.58E-05
5.99E+05 269.26 -1452.8 1.63E-05
4.75E+05 264.59 -1835.5 1.01E-05
3.78E+05 257.66 -2313.6 6.27E-06
3.00E+05 250.64 -2922.4 3.84E-06
2.38E+05 239.45 -3689 2.31E-06
1.89E+05 221.64 -4657.6 1.34E-06
1.50E+05 201.13 -5884.5 7.65E-07
1.19E+05 167.19 -7434.6 3.98E-07
9.49E+04 112.4 -9394.2 1.68E-07
7.54E+04 -10.675 -11860 1.00E-08
5.99E+04 282.46 -14489 1.77E-07
4.75E+04 302.87 -18223 1.20E-07
3.78E+04 301.09 -22965 7.52E-08
3.00E+04 308.65 -28861 4.88E-08
2.38E+04 360.94 -36301 3.61E-08
1.89E+04 364.1 -45717 2.30E-08
1.50E+04 746.14 -57816 2.94E-08
1.19E+04 743.19 -72594 1.86E-08
9.49E+03 1184.2 -91457 1.87E-08
7.54E+03 1204.7 -115500 1.19E-08
5.99E+03 1121.8 -144110 7.12E-09
4.75E+03 852.85 -181520 3.41E-09
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Appendix 11.11 - Continued  

  
Frequency 

(Hz)
Z' Impedance 

(real)

Z'' 
Impedance 
(imaginary)

Conductivity 
[S/m]

3.78E+03 1184.9 -228960 2.98E-09
3.00E+03 2936.5 -288280 4.66E-09
2.38E+03 1126.8 -360320 1.14E-09
1.89E+03 3371.9 -455600 2.14E-09
1.50E+03 6108.1 -566800 2.51E-09
1.19E+03 498.56 -709820 1.30E-10
9.49E+02 -5187.4 -895220 8.53E-10
7.54E+02 -4565.6 -1126600 4.74E-10
5.99E+02 -6020.4 -1398500 4.06E-10
4.75E+02 4967.7 -1772500 2.08E-10
3.78E+02 -45152 -2210400 1.22E-09
3.00E+02 40406 -2946000 6.13E-10
2.38E+02 -31436 -3556900 3.27E-10
1.89E+02 138000 -4306700 9.79E-10
1.50E+02 -40201 -5582800 1.70E-10
1.19E+02 147070 -7472300 3.47E-10
9.49E+01 -365350 -8440100 6.75E-10
7.54E+01 -277530 -11488000 2.77E-10
5.99E+01 -1592400 -14262000 1.02E-09
4.75E+01 -1184500 -20502000 3.70E-10
3.78E+01 -4759900 -19469000 1.56E-09
3.00E+01 -12312000 -33500000 1.27E-09
2.38E+01 -6907700 -51936000 3.32E-10
1.89E+01 38970000 -69065000 8.17E-10
1.50E+01 72338000 4766000 1.81E-09
1.19E+01 88270000 -207580000 2.29E-10
9.49E+00 -241710000 -35789000 5.34E-10
7.54E+00 -106690000 -53791000 9.85E-10
5.99E+00 35212000 -8950800 3.52E-09
4.75E+00 81583000 1753400 1.61E-09
3.78E+00 232560000 68800000 5.21E-10
3.00E+00 22279000 21617000 3.05E-09
2.38E+00 -45393000 -13820000 2.66E-09
1.89E+00 -11940000 -72320000 2.93E-10
1.50E+00 6510400 64497000 2.04E-10
1.19E+00 1110600 -20175000 3.58E-10
9.49E-01 -4135200 -9946800 4.70E-09
7.54E-01 -13256000 7878100 7.35E-09
5.99E-01 6950100 718560 1.88E-08
4.75E-01 5975100 -7377300 8.74E-09
3.78E-01 -1808700 -19524000 6.20E-10
3.00E-01 -18602000 -1182800 7.06E-09
2.38E-01 10703000 313060 1.23E-08
1.89E-01 75050000 -1310600 1.76E-09
1.50E-01 5589800 -7155800 8.93E-09
1.19E-01 -4758600 -17783000 1.85E-09
1.00E-01 -2497000 -11930000 2.22E-09
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Appendix 11.12 – Impedance and conductivity data for OG-154 UV epoxy 

Conductivity at 1kHz (S/m)
8.68E-09

std dev
7.4146E-09

  
Frequency 

(Hz)

Z' 
Impedance 

(real)

Z'' 
Impedance 
(imaginary)

Conductivity 
[S/m]

3.00E+07 -197.09 84.345 9.31E-04
2.38E+07 51.671 19.077 3.70E-03
1.89E+07 169.97 -42.219 1.20E-03
1.50E+07 255.49 -83.693 7.67E-04
1.19E+07 300.99 -110.97 6.35E-04
9.49E+06 338.77 -132.72 5.55E-04
7.54E+06 367.62 -157.1 4.99E-04
5.99E+06 371.61 -173.82 4.79E-04
4.75E+06 378.59 -204.73 4.44E-04
3.78E+06 382.04 -244.56 4.03E-04
3.00E+06 378.12 -300.03 3.52E-04
2.38E+06 383.76 -365.24 2.97E-04
1.89E+06 379.05 -449.82 2.38E-04
1.50E+06 381.35 -559.34 1.81E-04
1.19E+06 376.75 -695.06 1.31E-04
9.49E+05 398.11 -856.32 9.69E-05
7.54E+05 397.39 -1081.9 6.49E-05
5.99E+05 395.7 -1363.4 4.26E-05
4.75E+05 390.59 -1717.7 2.73E-05
3.78E+05 389.44 -2163.9 1.75E-05
3.00E+05 387.92 -2725.1 1.11E-05
2.38E+05 374.92 -3433.8 6.82E-06
1.89E+05 370.84 -4327.1 4.27E-06
1.50E+05 360.51 -5461.4 2.61E-06
1.19E+05 343.52 -6890.9 1.57E-06
9.49E+04 315.41 -8681.8 9.07E-07
7.54E+04 219.62 -10955 3.97E-07
5.99E+04 518.66 -13366 6.29E-07
4.75E+04 583.69 -16791 4.49E-07
3.78E+04 624.38 -21098 3.04E-07
3.00E+04 709.16 -26512 2.19E-07
2.38E+04 835.33 -33294 1.63E-07
1.89E+04 978.21 -41922 1.21E-07
1.50E+04 1547.8 -52604 1.21E-07
1.19E+04 1789.9 -66140 8.87E-08
9.49E+03 1916.3 -83147 6.01E-08
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Appendix 11.12 - Continued  

 
  

Frequency 
(Hz)

Z' 
Impedance 

(real)

Z'' 
Impedance 
(imaginary)

Conductivity 
[S/m]

7.54E+03 2748.3 -104670 5.44E-08
5.99E+03 2457.5 -130560 3.13E-08
4.75E+03 4011.8 -164390 3.22E-08
3.78E+03 4412.1 -206920 2.24E-08
3.00E+03 6724.1 -258450 2.18E-08
2.38E+03 9315.2 -326890 1.89E-08
1.89E+03 11229 -409840 1.45E-08
1.50E+03 8681.2 -512180 7.18E-09
1.19E+03 8868.3 -637450 4.74E-09
9.49E+02 30806 -804020 1.03E-08
7.54E+02 13562 -1020200 2.83E-09
5.99E+02 11334 -1239200 1.60E-09
4.75E+02 31431 -1533300 2.90E-09
3.78E+02 36309 -1999500 1.97E-09
3.00E+02 23010 -2383400 8.79E-10
2.38E+02 -14582 -3009400 3.49E-10
1.89E+02 29228 -3752800 4.50E-10
1.50E+02 -269730 -4793500 2.54E-09
1.19E+02 321060 -5799200 2.07E-09
9.49E+01 -325010 -7331800 1.31E-09
7.54E+01 223740 -8947100 6.06E-10
5.99E+01 33281 -10720000 6.29E-11
4.75E+01 1969700 -14411000 2.02E-09
3.78E+01 700450 -15688000 6.17E-10
3.00E+01 -2135300 -20584000 1.08E-09
2.38E+01 -5384800 -34429000 9.62E-10
1.89E+01 -9001000 -31991000 1.77E-09
1.50E+01 -93985000 -169980000 5.41E-10
1.19E+01 19004000 -56153000 1.17E-09
9.49E+00 8122600 -82176000 2.59E-10
7.54E+00 -92415000 -195540000 4.29E-10
5.99E+00 -136370000 217380 1.59E-09
4.75E+00 43005000 6183900 4.94E-09
3.78E+00 -58855000 26524000 3.07E-09
3.00E+00 3229800 -38627000 4.67E-10
2.38E+00 1175600 -39120000 1.67E-10
1.89E+00 64242000 7608100 3.33E-09
1.50E+00 -31628000 -25339000 4.18E-09
1.19E+00 438160 26759000 1.33E-10
9.49E-01 -49133000 -63405000 1.66E-09
7.54E-01 -12900000 22193000 4.25E-09
5.99E-01 -23759000 8615900 8.07E-09
4.75E-01 6226500 18612000 3.51E-09
3.78E-01 -5116100 -14059000 4.96E-09
3.00E-01 -4349000 285480 4.97E-08
2.38E-01 236410 8679300 6.81E-10
1.89E-01 -9335500 -19558000 4.31E-09
1.50E-01 -2614600 -24259000 9.53E-10
1.19E-01 -4406800 18005000 2.78E-09
1.00E-01 3392500 7244800 1.15E-08
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Appendix 11.13 – Impedance and conductivity data for OG142-13 UV epoxy 

Conductivity at 1kHz (S/m)
2.80E-07

std dev
2.4685E-08

  Frequency 
(Hz)

Z' Impedance 
(real)

Z'' Impedance 
(imaginary)

Conductivity 
[S/m]

3.00E+07 -131.68 -114.24 8.73E-04
2.38E+07 -0.80322 24.805 2.63E-04
1.89E+07 42.401 43.061 2.34E-03
1.50E+07 65.041 32.877 2.47E-03
1.19E+07 67.44 13.418 2.87E-03
9.49E+06 71.829 -15.58 2.68E-03
7.54E+06 75.27 -46.819 1.93E-03
5.99E+06 76.581 -80.448 1.25E-03
4.75E+06 77.919 -118.17 7.84E-04
3.78E+06 79.194 -161.71 4.92E-04
3.00E+06 78.747 -214.77 3.03E-04
2.38E+06 82.034 -276.19 1.99E-04
1.89E+06 84.387 -352.04 1.30E-04
1.50E+06 88.302 -445.65 8.62E-05
1.19E+06 89.418 -560.1 5.60E-05
9.49E+05 114.35 -699.42 4.59E-05
7.54E+05 119.28 -882.38 3.03E-05
5.99E+05 125.66 -1109.4 2.03E-05
4.75E+05 133.33 -1394.9 1.37E-05
3.78E+05 143.29 -1751.8 9.35E-06
3.00E+05 158.18 -2196.7 6.57E-06
2.38E+05 174.31 -2759.5 4.60E-06
1.89E+05 198.44 -3464.1 3.32E-06
1.50E+05 229.35 -4354.8 2.43E-06
1.19E+05 268.96 -5469.5 1.81E-06
9.49E+04 318.61 -6876.4 1.36E-06
7.54E+04 344.65 -8623.5 9.33E-07
5.99E+04 684.21 -10459 1.26E-06
4.75E+04 893.21 -13077 1.05E-06
3.78E+04 1184.6 -16335 8.90E-07
3.00E+04 1621.4 -20431 7.78E-07
2.38E+04 2170.8 -25466 6.70E-07
1.89E+04 3039.8 -31783 6.01E-07
1.50E+04 4416.1 -39752 5.56E-07
1.19E+04 6133.8 -49402 4.99E-07
9.49E+03 8719.7 -61380 4.57E-07
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Appendix 11.13 - Continued 

  Frequency 
(Hz)

Z' Impedance 
(real)

Z'' Impedance 
(imaginary)

Conductivity 
[S/m]

7.54E+03 12223 -75680 4.19E-07
5.99E+03 17286 -93544 3.85E-07
4.75E+03 25000 -115730 3.59E-07
3.78E+03 36065 -142710 3.35E-07
3.00E+03 53181 -173080 3.27E-07
2.38E+03 74865 -207730 3.09E-07
1.89E+03 105350 -247620 2.93E-07
1.50E+03 149860 -286650 2.89E-07
1.19E+03 205740 -325930 2.79E-07
9.49E+02 270300 -357270 2.71E-07
7.54E+02 349900 -376840 2.67E-07
5.99E+02 427530 -389840 2.57E-07
4.75E+02 513830 -377270 2.55E-07
3.78E+02 584560 -353950 2.52E-07
3.00E+02 646480 -319400 2.51E-07
2.38E+02 697630 -288850 2.47E-07
1.89E+02 732270 -245220 2.47E-07
1.50E+02 757310 -216400 2.46E-07
1.19E+02 781590 -198630 2.42E-07
9.49E+01 805740 -173710 2.39E-07
7.54E+01 813230 -147980 2.40E-07
5.99E+01 824110 -143040 2.37E-07
4.75E+01 833380 -135160 2.36E-07
3.78E+01 845250 -139230 2.32E-07
3.00E+01 855510 -144970 2.29E-07
2.38E+01 861400 -143670 2.28E-07
1.89E+01 865120 -155670 2.26E-07
1.50E+01 883420 -186370 2.18E-07
1.19E+01 903100 -201890 2.13E-07
9.49E+00 911940 -238270 2.07E-07
7.54E+00 932000 -284530 1.98E-07
5.99E+00 968580 -329170 1.87E-07
4.75E+00 1013800 -388920 1.73E-07
3.78E+00 1030700 -479810 1.61E-07
3.00E+00 1104500 -549190 1.46E-07
2.38E+00 1167700 -639900 1.33E-07
1.89E+00 1243100 -732550 1.20E-07
1.50E+00 1287600 -771430 1.15E-07
1.19E+00 1279000 -1063900 9.31E-08
9.49E-01 1487600 -868550 1.01E-07
7.54E-01 1812700 -986620 8.58E-08
5.99E-01 1587600 -1005000 9.06E-08
4.75E-01 2817400 -1970000 4.80E-08
3.78E-01 1879300 -1431500 6.79E-08
3.00E-01 3751400 -1333300 4.77E-08
2.38E-01 1083800 -3059500 2.07E-08
1.89E-01 5424800 -1257800 3.53E-08
1.50E-01 4030400 -2079400 3.95E-08
1.19E-01 4742100 1228000 3.98E-08
1.00E-01 1520000 -2873400 2.90E-08
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Appendix 12: 
 
E Ink permission 
 
2/6/2009 1:18 PM 
 
Jerry, 
Please treat this email as written permission to use the image 
attached(high res) for non-commercial purposes as in the thesis that 
you sent.  
The other image that you sent is something that I have seen before but 
I don’t have a high res version. If you can chop the images such that 
the focus is on the display and not on the model of the cell phone, 
that might be best. 
 
I have attached a copy of your logo in case you need it along with a 
few other images. I wish you good luck with your project 
 
Sri 
 
-----Original Message----- 
From: Gerald Cox [mailto:gcox@lle.rochester.edu]  
Sent: Friday, February 06, 2009 10:05 AM 
To: Sriram Peruvemba 
Subject: Re: FW: E Ink Press Inquiry 
 
Sri, 
I have attached the portion of my thesis draft that refers to E Ink 
technology.  The graphics I would like permission to use are included.  
 If you have a higher resolution image of either, I would appreciate it 
if you would email me a copy.  Thank you for your help. 
 
Jerry 
 
 
 
On Fri, 6 Feb 2009 09:30:01 -0500 
  "Sriram Peruvemba" <speruvemba@eink.com> wrote: 
  Gerald, 
   
  Please tell me which specific ones you want permission to re-print 
and also please share the template or presentation that you will use it 
in so I understand that context. In general I have no problem with 
supporting you 
   
  Sri 
   
   
   
From: Jerry Cox [mailto:gcox@lle.rochester.edu] 
  Sent: Thursday, February 05, 2009 3:47 PM 
  To: Sriram Peruvemba 
  Subject: Re: FW: E Ink Press Inquiry 
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  Sriram, 
  Do I have permission to use those images that are E Ink's? 
   
  Gerald 
   
  Sriram Peruvemba wrote: 
   
  Gerald, 
   
  Most of the images on our site belong to our customers and you are 
welcome to contact them directly for reprint permission. 
   
   
   
  S Peruvemba 
   
  E Ink 
   
   
   
   
   
   
   
    
  NAME:  Gerald  Cox 
  COMPANY: University of Rochester 
  EMAIL:  gcox@lle.rochester.edu 
  PHONE:  (585) 273-3729 
   
  REQUEST:  I would like to request permission to use E Ink technology 
graphics from your website and from past presentations given at 
conferences in my PhD dissertation. The graphics will be used in 
support of my research, not for any commercial purposes. I wish to use 
the graphics as illustrations of a current commercial product with an 
electrophoretic display. Thank you in advance. 
  CONTACT REASON: Reprint permission - images 
  RESPONSE NEEDED:  Within 3 days 
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Polymer Vision permission 
 
2/6/2009 4:16 AM 
 
 
No problem to use an image but you always have to mention the source 
Polymer 
Vision ltd. 
 
Kind regards 
Gerdie Vlassak 
 
Polymer Vision ltd. 
High Tech Campus 48 
5656 Ae  Eindhoven 
The Netherlands 
 
 
-----Original Message----- 
From: noreply@readius.com [mailto:noreply@readius.com] On Behalf Of 
gcox@lle.rochester.edu 
Sent: Thursday 5 February 2009 20:10 
To: info@readius.com; gerdie.vlassak@polymervision.com 
Subject: [Feedback] permission to use graphic from website 
 
Gerald Cox sent a message using the contact form at   
http://www.readius.com/contact. 
 
I would like to request permission to use a Readius graphic from your 
website   
in my PhD dissertation at the University of Rochester.  The graphic 
will be 
 
used in support of my research, not for any commercial purposes.  I 
wish to 
 
use the graphics as illustrations of a current commercial product with 
an   
electrophoretic display.  Thank you in advance. 
 
Gerald Cox 
PhD Candidate in Materials Science 
Laboratory for Laser Energetics 
University of Rochester 
250 East River Road 
Rochester, NY 14623 
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SiPix permission 
 
2/9/2009 3:16 AM 
 
Hi Jerry, 
 
Thank you for your interest in SiPix and our technology.  I am glad 
that 
you were able to find material that is useful to your PhD dissertation. 
As long as any material used is not for commercial purposes and the 
source of images are acknowledged, please feel free to use any graphics 
from our website 
 
rgds, 
  
Bryan Chan 
Director of Marketing 
SiPix Imaging, Inc. 
47485 Seabridge Drive 
Fremont, CA 94538 
+1-510-743-2916 
www.sipix.com 
  
-----Original Message----- 
From: Jerry Cox [mailto:gcox@lle.rochester.edu]  
Sent: Thursday, February 05, 2009 11:01 AM 
To: Sales 
Subject: permission request for SiPix graphic images 
 
I would like to request permission to use Microcup Electronic Paper  
graphics from your website in my PhD dissertation.  The graphic will be  
used in support of my research, not for any commercial purposes.  I 
wish 
 
to use the graphics as illustrations of a current commercial product  
with an electrophoretic display.  Thank you in advance. 
 
 
Gerald Cox 
Ph.D. Candidate in Materials Science 
Laboratory for Laser Energetics 
250 East River Road 
University of Rochester 
Rochester, NY 14623 
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Corning Inc. permission 
 
Hi Jerry -  
 
Here it is - I only have a pdf, if you want an original graph you can conatct Peter at 
BockoPL@Corning.Com.  
 
Best ,  
 
MB  
 
 
Professor Bocko,  
Good morning.  I attended Peter Bocko's talk yesterday afternoon on technology trends in 
the future of display.  Afterward he told me to contact you about getting a copy of his 
presentation.  I am in the process of writing my thesis on reflective particle technology 
that is targeted to electronic paper and some of his graphs would be very helpful to me.  
Would you please forward me a copy of his presentation.  Thank you in advance.  
 
Best regards,  
Jerry Cox  
 

--  
_________________________________________________________  
*   Mark F. Bocko - Professor and Chair                 *  
*   Department of Electrical and Computer Engineering & *  
*   Professor, Department of Physics and Astronomy      *  
*   Computer Studies Building 518            *  
*   P.O. Box 270231                       *  
*   University of Rochester                        *  
*   Rochester, New York  14627  (USA)              *  
*   email:  bocko@ece.rochester.edu                 *  
*   Phone:  (585) 275-4879                         *  
*   Fax:    (585) 275-7151                        *  
*   http://mrl.esm.rochester.edu            *  
*   http://www.ece.rochester.edu/~sde/                  *  
_________________________________________________________ 
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