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Experimental design to measure the anchoring energy on substrate
surface by using the alternating-current bridge∗
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The anchoring property of the substrate surface of liquid crystal cells plays an important role in display and nondisplay
fields. This property directly affects the deformation of liquid crystal molecules to change the phase difference through
liquid crystal cells. In this paper, a test method based on the alternating-current bridge is proposed to determine the
capacitance of liquid crystal cells and thus measure the anchoring energy of the substrate surface. The anchoring energy
can be obtained by comparing the capacitance–voltage curves of twisted nematic liquid crystal cells with different anchoring
properties in experimental and theoretical results simulated on the basis of Frank elastic theory. Compared with the other
methods to determine the anchoring energy, our proposed method requires a simple treatment of liquid crystal cells and
allows easy and high-accuracy measurements, thereby expanding the test ideas on the performance parameters of liquid
crystal devices.
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1. Introduction
Liquid crystal (LC) materials, as a type of transmission

medium, are widely used in display and nondisplay fields be-
cause of their capacity to modulate the outside signal and the
control voltage.[1] The uniform orientation of LC molecules in
LC devices significantly influences the result of LC modula-
tion. The alignment layer on the substrate surface determines
the uniform orientation of LC molecules, i.e., the anchoring
characteristics of the alignment layers to LC molecules.[2] The
LC molecule deformation in LC cells with different anchor-
ing strengths is different even when the applied voltage is the
same. At present, several LC display and nondisplay devices
are based on weak anchoring.[3–9] Therefore, the precise de-
termination of anchoring energy on the substrate surface can
ensure the accurate design of LC devices.

Anchoring treatment on the surface can be classified as
either contact type or noncontact type. Contact type, that is,
rubbing the substrate, is the main treatment currently used
in industrial production. Noncontact type, including oblique
evaporation[10] and photoinduced alignment,[11] is the major
treatment used in laboratory research. To connect with in-
dustrial production, the anchoring effect caused by rubbing
the substrate should be considered. Anchoring energy can
be measured by using optical and electrical methods. The

optical method has two main types: Freedericksz transition
technology[12,13] and optical waveguide technology.[14] The
former requires the electromagnetic coherence length to be ap-
proximately the same as the LC cell thickness, indicating that
the Freedericksz transition can occur only when the surface
has strong anchoring. The latter is a relatively high-precision
measurement, but the experiment equipment and data process-
ing are complicated, which can easily cause errors. The main
electrical method is the high electric field technique.[15,16] In
the real measurement system, however, LCs may contain a
small amount of conductive ion and flexelectric effect, which
could affect the measurement result. An electrical measure-
ment method to obtain the anchoring energy of the substrate
surface is achieved by comparing the experimental C–U curve
with a numerical simulation C–U curve based on Frank elas-
tic theory.[17,18] Ye et al.[19] determined the influence of sub-
strate anchoring on the capacitance of parallel alignment ne-
matic and hybrid alignment nematic LC cells through theoreti-
cal analysis and numerical simulation. In the present paper, we
propose an experimental design to measure the capacitance of
twisted nematic (TN) LC cells and thus obtain the anchoring
energy on the substrate surface using the alternating-current
(AC) bridge.
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2. Theoretical basis
In our proposed method, the anchoring energy is mea-

sured by comparing the C–U curves of experimental results
and theoretical simulation. Two basic theories are involved,
namely, the capacitance determination of LC cells on the basis
of the AC bridge and the numerical simulation of the capaci-
tance of LC cells on the basis of Frank elastic theory.

2.1. AC bridge

The schematic of the AC bridge is shown in Fig. 1, where
S is the AC signal source, Ri (i = x, 2, 3, 4) is a precision ad-
justable resistance, Cx is the LC cell to be measured, C2 is the
precision fixed value capacitor, G is the galvanometer, and K
is the switch.
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Fig. 1. Schematic diagram of the AC bridge.

When the bridge reaches balance, points B and D have the
same voltage amplitude and phase, that is to say, UB =UD and
ϕB = ϕD, which meet the following relationship:

ŨB = ŨD. (1)

From Eq. (1), one can obtain
Rx =

R4

R3
R2,

Cx =
R3

R4
C2,

tanϕ ′ = ωC2R2 = ωCxRx,

(2)

where ϕ ′ is the phase difference between B and D, and ω is
the angular frequency of AC signal.

2.2. Numerical simulation of capacitance of TN cell

The structure of the weak anchoring TN cell is shown in
Fig. 2, with the thickness of l, and the alignment layers on the
upper and lower substrates are rubbed in the x and y directions,
respectively. The LC molecules are distorted by 90◦ from
the lower to the upper substrate. The anchoring directions of
the upper and lower substrates are 𝑒l and 𝑒0, respectively, in
which the pretilt angles are Θl and Θ0, and the pretwist angles

are Φl and Φ0. The LC director 𝑛 is determined by the tilt
angle θ and twist angle φ , and is only a function of the spatial
coordinate z. The electric field in the cell formed by the ap-
plied voltage U changes the orientation of the LC molecules,
which can be determined on the basis of Frank elastic theory.
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Fig. 2. The structure of a TN cell with a weak anchoring and coordinate
system.

The free energy of the TN cell system per unit area is

F =
∫ l

0
fz dz+Fs0 +Fsl , (3)

where fz is the free energy density, and Fs0 and Fsl are the
surface anchoring energy per unit area of the lower and upper
substrates, respectively. Their expressions are

fz =
1
2

[
f (θ)

(
dθ

dz

)2

+g(θ)
(

dφ

dz

)2
]
− ε0

2

(
dU
dz

)2

h(θ)

+
1
2

k22

(
2π

P

)2

− k22
2π

P
cos2

θ
dφ

dz
, (4)

Fs0 =
1
2

Aθ0 sin2 (θ0−Θ0)+
1
2

Aφ0 sin2 (φ0−Φ0) , (5)

Fsl =
1
2

Aθ l sin2 (θl−Θl)+
1
2

Aφ l sin2 (φl−Φl) , (6)

where f (θ) = k11 cos2 θ + k33 sin2
θ , g(θ) = (k22 cos2 θ +

k33 sin2
θ)cos2 θ , k11, k22, and k33 are the splay, twist, and

bend elastic constants of LC; ε0 is permittivity in the vac-
uum; h(θ) = ε⊥+∆ε sin2

θ , ∆ε = ε||− ε⊥ are the dielectric
anisotropy of LC; ε|| and ε⊥ are the relative permittivity along
the direction parallel and vertical to the molecule long axis of
LC, respectively; P is the pitch induced by the chiral dopant;
θ0 and φ 0 are the tilt and twist angles of the LC director on the
lower substrate; θ l and φ l are the tilt and twist angles of the
LC director on the upper substrate; Aθ0 and Aφ0 are the po-
lar and the azimuthal anchoring energy on the lower substrate;
and Aθ l and Aφ l are the polar and the azimuthal anchoring en-
ergy on the upper substrate.

When the system reaches balance under an applied volt-
age, according to the variational principle, the Euler equations
including the tilt angle θ , the twist angle φ , and the potential
φ , can be deduced as follows:[20]

∂ fz

∂θ
− d

dz

 ∂ fz

∂

(
dθ

dz

)
= 0, (7)
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el8
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− d
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Concurrently, the tilt θ and the twist angle φ of the LC di-
rector on the upper and lower substrates meet the following
conditions (

∂ fz

∂ (dθ/dz)

)
l
+

∂Fsl

∂θl
= 0, (10)(

∂ fz

∂ (dφ/dz)

)
l
+

∂Fsl

∂φl
= 0, (11)(

∂ fz

∂ (dθ/dz)

)
0
− ∂Fs0

∂θ0
= 0, (12)(

∂ fz

∂ (dφ/dz)

)
0
− ∂Fs0

∂φ0
= 0. (13)

Substituting Eqs. (4)–(6) into Eqs. (7)–(13), we can obtain the
equilibrium state equations and boundary conditions of the LC
cell system

f (θ)
d2θ

dz2 + sinθ cosθ
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= 0, (14)
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− 2πk22

P
cos2
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+Aφ l sin(φl−Φl)cos(φl−Φl) = 0, (18)
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(
dθ

dz

)
0
−Aθ0 sin(θ0−Θ0)cos(θ0−Θ0) = 0, (19)
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(
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0
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On the basis of the above equilibrium state equations and
the boundary conditions, as well as the differential iteration
method in Ref. [21], the distributions of the tilt and twist
angles under different applied voltages and anchoring ener-
gies can be calculated, as shown in Figs. 3 and 4. In the

calculation, LC E7 is considered with the following material
parameters:[22] k11 = 10.8 pN, k22 = 6.8 pN, k33 = 17.5 pN,
ε|| = 19.2, and ε⊥ = 5.2. The TN cell thickness is l = 10 µm,
the pretilt angles on the upper and lower substrates are Θl =

Θ0 = 1◦, the pretwist angles are Φl = 90◦ and Φ0 = 0◦, and
the LC pitch is P→ ∞. When the applied voltage (2 V) is
beyond the threshold, the substrate anchoring energy coeffi-
cient significantly influences the tilt angle of the LC director.
As the anchoring energy coefficient decreases (from strong to
weak anchoring), the LC director near the substrate surface
changes substantially, leading to the strong variation of cell ca-
pacitance. When the substrate anchoring is weak (10−4 J/m2),
the director tilt angle near the substrate surface increases, as
the applied voltage is increased, thereby changing the TN cell
capacitance.
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Fig. 3. Director distribution under the applied voltage of 2 V for differ-
ent anchoring energy coefficients: (a) tilt angle and (b) twist angle.

Once the tilt angle of the LC director at a voltage is deter-
mined, the TN cell capacitance can be expressed as[23]

C =
Sε⊥ε0∫ l

0
dz

1+ γ sin2
θ

, (21)

where γ = ∆ε/ε⊥ and S is the substrate area. To compare
conveniently the theoretical and experimental results, the re-
duced capacitance of the LC cell is introduced, and it can be
expressed as

c =C/C0 = 1/
∫ 1

0

dξ

1+ γ sin2
θ
, (22)

where ξ = z/l and C0 = Sε⊥ε0/l is the capacitance of the TN
cell without voltage application. After the tilt angle of the
LC director under different voltages is determined, we can ob-
tain the theoretically reduced capacitance curve of the TN cell
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with different substrate anchoring energy coefficients by using
Eq. (22) (Fig. 6). The smaller the substrate anchoring energy
coefficient (10−6 J/m2), the lower the applied voltage (0.8 V)
to make the TN cell capacitance reach a stable value. The
steepness of the C–U curve decreases as the substrate anchor-
ing energy coefficient is increased. For the two situations of
5×10−4 J/m2 and 10−3 J/m2, the two curves are almost coinci-
dent, indicating that the substrate anchoring energy coefficient
5×10−4 J/m2 has reached strong anchoring.
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Fig. 4. Director distribution under the anchoring energy coefficient of
10−4 J/m2 for different applied voltages; the applied voltage increases
from 0 V to 10 V with a voltage step of 1 V along the arrow direction:
(a) tilt angle and (b) twist angle.
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Fig. 5. Reduced capacitance of TN cell versus voltage for different an-
choring energy coefficients.

As indicated in Fig. 6, the TN cell capacitance remains
constant with increasing anchoring energy coefficient regard-
less of the applied voltage (2, 3, or 4 V). When the substrate
anchoring energy coefficient exceeds 5×10−4 J/m2, the differ-
ence in TN cell capacitance is small. For the same anchoring

energy coefficient, the increase in the effective dielectric con-
stant in the TN cell induced by the large tilt angle of the LC
director on the substrate surface due to the enhanced applied
voltage leads to the increase in the TN cell capacitance.
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Fig. 6. Reduced capacitance of TN cell versus anchoring energy coeffi-
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3. Experimental design
3.1. Liquid crystal cell preparation

A TN cell is prepared in accordance with the follow-
ing procedure: ITO glass cleaning→drying→orientation
coating→curing→rubbing→cleaning→drying→silk-
screen printing→sealant patterning→cell making→LC
injecting→sealing. To vary the anchoring strength of the
TN cell, three types of friction moment are utilized during
substrate rubbing. The contact depth and rolling speed be-
tween the roller and the substrate varies. To obtain the TN
cell, the rolling direction of the upper and lower substrates is
perpendicular from 45◦ and 135◦, respectively. The inject-
ing LC E7 is acquired from Shijiazhuang Chengzhi Yonghua
Display Materials Co., Ltd. Importantly, the whole process is
conducted in a clean room.

3.2. Measurement of TN cell capacitance based on AC
bridge

First, the circuit is connected, as shown Fig. 1, where the
signal source provides the voltage of the AC bridge. Then, ad-
justing the precision resistance R and the fixed value capacitor
C2 makes the galvanometer show zero and the phase of points
B and D be the same. The capacitance Cx of the TN cell can
be achieved according to Eq. (2). Concurrently, the voltage be-
tween the upper and lower substrates can be tested. Similarly,
groups of the voltage between the upper and lower substrates
and the capacitance of the TN cell are obtained. Finally, the
C–U experimental curve of the TN cell can be drawn using
Origin software. The detailed process is as follows:

(i) In the experiment, the galvanometer is substituted with
a digital multimeter (VC189, Victor), which is set to AC milli-
volt grade. The fixed value capacitor needed in the experiment
is used. Resistances R3 and R4 are adjusted to the same proper
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value. The testing voltage of the AC source varies from 0 V to
10 V, with the frequency 1 kHz.

(ii) The switch is turned on, the multimeter is connected
between points B and D, and the potential difference is ob-
served. These two balance conditions of amplitude and phase
are supposed to be met. If the potential difference is not zero,
then the AC bridge should be adjusted until the bridge is bal-
anced by changing the values of R2 and R3.

(iii) When the multimeter reading is or almost zero, the
voltage should be measured through a voltmeter (keeping two
significant figures), and the capacitance of the TN cell can be
achieved according to Eq. (2) based on the fixed value capaci-
tance C2.

(iv) The circuit is cut off, the value of C2 is changed, and
Steps (ii) and (iii) are repeated.

(v) With the voltage of the TN cell measured above as
the horizontal coordinate and the ratio of TN cell capacitance
and C0 (the capacitance inferior to the threshold voltage) as the
vertical coordinate, the C–U curve of the reduced capacitance
of the TN cell versus voltage can be plotted.

To eliminate the influence of temperature on the TN cell
capacitance, the precision hot stage (LTS350, Linkam) can be
applied in the experiment to control the TN cell temperature
to be 25 ◦C stable.

3.3. Comparison between experiment and theory

The experiment and theory can be compared by fitting
of theoretical and experimental results. First, the C–U exper-
imental curve based on the AC bridge is considered as the
benchmark, and then the C–U theoretical curve for different
anchoring energies is calculated. When both fully intend to
fit, the anchoring energy used in the calculation is that on the
substrate surface. Before fitting, the material parameters of
the LC, including elastic and dielectric constants, and the de-
vice parameters of the TN cell, including cell gap and effective
area of the substrate electrode, must be accurate and should be
measured or offered by manufactures directly.

4. Discussion and conclusion
The LC cell can be regarded as a capacitor, in which the

LC is a dielectric medium. The change in LC molecular orien-
tation changes the effective dielectric constant of the LC cell,
thereby affecting the LC cell capacitance. Therefore, factors
that change the LC director all reflect the change in the LC
cell capacitance, including the anchoring energy on the sub-
strate surface. Ye et al.[24] designed the capacitance method to
measure the flexelectric coefficient of the nematic LC because
the flexelectric effect affects on the LC director.

In this study, we designed a method to measure the an-
choring energy on the substrate surface using the AC bridge.
The AC bridge is mainly composed of precision adjustable re-
sistance, precision fixed value capacitor, and TN cell. By bal-
ancing the AC bridge, we can obtain the voltage and capaci-
tance of the TN cell and the C–V experimental curve. Then,
the anchoring energy on the substrate surface can be obtained
by comparing with the numerical simulation C–V curve on
the basis of Frank theory. Compared with other methods, this
measurement does not need a complex optical path system, a
high-precision instrument, and a harsh environmental condi-
tion. With only select precision adjustable resistance and pre-
cision fixed capacitor, the AC bridge can be assembled reason-
ably. Moreover measuring with high accuracy is easy, and the
method can be applied to measure other performance param-
eters of LC devices, thereby expanding the means to measure
the performance parameters of LC devices.
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