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A compact displacement sensor (CDS) was proposed to be applied as a non-intrusive concentration mea-
surement of flowing liquid by employing a phase-interrogation in a homodyne interferometer. To verify
the feasibility of the proposed CDS, a measurement setup was constructed and a series of experiments
were performed. The experimental results show that a good linear property between the phase change
and the concentration variation are achievable. The disposable and cheap acrylic container potentially
provides simple and repeatable concentration measurements. The best measurement resolutions of the
weight percentage are 0.015% and 0.013% for the flowing salt and hydrochloric acid solutions, respec-
tively. According to the experimental results, the non-intrusive technique is also useful for real-time
quality monitoring of a flowing liquid on a production line.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The concentration of liquid is an important parameter for qual-
ity control in food, chemicals, and pharmaceutical manufacturing
[1-5], since the refractive index (RI) and resistivity of the liq-
uids are dependent on the concentrations as well as the weight
ratios of the mixture. Typically, sensing heads utilizing electri-
cal and optical characterizations have been developed to analyze
concentration variations [3-5]. Especially, liquids mixed with dif-
ferent contents or chemical reactions in manufacturing can be
easily monitored through sensing heads. The schemes of conduc-
tivity measurements are adopted for some corrosive liquids in a
semiconductor process using the electrically sensing heads with
corrosion resistance [3]. However, measuring conductivity is only
used for determining the concentration of ionic solutions. Concen-
tration measurements of solutions containing nonionic and weak
ionic substances are more reliable when optical measurements
are used [4]. The RI measurement of a liquid using a commercial
refractometer was performed to further confirm the concentrations
through the relationship between RI and concentration [5]. There-
fore, some alternative schemes are still attractive based on optical
methodology. In surface plasmon resonance (SPR) and total inter-
nal reflection (TIR) sensors [6-9], the intensity and phase of the
reflected light are changed by the tested liquids covering the sens-
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ing surfaces of the transducers. Usually, the contact surface has to
be cleaned before the next use. However, oil or organic liquids are
not easily removed [2,8]. Therefore, it takes several procedures to
reset the clean surface for the next stable measurements. Typically,
an SPR sensor is coated with a gold thin film, and the metallic film is
easily affected by corrosive solutions. Contact-type SPR sensors are
not suitable for such chemical concentration measurements. There-
fore, a chemically stable prism made of sapphire is used according
to the TIR in the commercial instrument [5].

To overcome these concerns regarding contact, the design of
non-contact or non-intrusive measurement has been successfully
demonstrated by employing the separations between the tested
liquids and the main sensing heads [10-14]. For conductivity mea-
surement the sensing head needs to be in direct contact with the
electrons or ions in the liquids in order to transfer the current sig-
nal. Therefore, a non-contact technique is difficult to be applied
to the conductivity measurement. Thanks to the advantages of
remote and non-contact properties in optical sensing technology, it
is possible to evaluate a non-contact design by avoiding the incon-
venience of a contact-type sensing head. Recently, an image-based
interferometry has been successfully demonstrated for the non-
intrusive and real time measurements of concentration of fluids
[15,16]. According to a geometric optic perspective, the propaga-
tion angle change of an incident light is dependent on the relative
RI between two mediums based on Snell’s Law. The angle differ-
ence can induce a lateral displacement change after light passes
through the sample container filled with liquids of different Rls.
There are rectangular, triangular, and cylindrical shapes for the
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designs of liquid containers [10-14]. In a wave optic perspective,
an immersion grating in the tested liquids was used to evaluate a
diffraction angle or diffraction efficiency change due to the con-
centration changes [17-19]. A position sensing detector (PSD) is
used to measure the position shifts of the beam spots which are
induced by the RI difference in the geometric container and the
immersion grating [11,13,17]. However the accuracy of displace-
ment measurements is decided by the spot size and resolution of
the PSD. To further improve the measurement resolutions, the spa-
tial shift of the probe light after passing through the liquid container
can be converted to a phase variation by using a prompt displace-
ment sensor in a heterodyne interferometer [10]. Moreover, the
displacement sensors have been demonstrated using SPR and TIR
principles [10,20].

To reduce the volume of the optical transducer, a compact
module made by combining the individual devices can improve
stability and avoid complex alignments. Sometimes, commercially
available devices can’t fulfill the requirements. Optical birefringent
sensors have been successfully demonstrated in the measurements
of angular displacement and liquid concentration in our previ-
ous works [21-23]. In this article, a compact displacement sensor
(CDS) is proposed to be applied to the non-intrusive liquid con-
centration measurements in the homodyne interferometer. The
homemade CDS was fabricated using a cylindrical lens and an
attached birefringent plate. By combining with the transparent
acrylic flow container, it potentially provides simple and repeatable
measurements for salt and hydrochloric acid (HCL) solutions. The
proposed non-intrusive measurement is also useful for real-time
quality monitoring of a flowing liquid on a production line.

2. Design of the compact displacement sensor

Fig. 1 shows the design concept and geometric drawing of the
CDS for a lateral displacement measurement. As shown in Fig. 1(a),
the birefringent plate of potassium titanyl phosphate (KTP) (n4) is
attached to the cylindrical lens (n2) using UV glue (n3).The position
0 is the center of the cylindrical lens. The position H represents
an incidence point of a probe light on the curved surface of the
lens. The distance between positions O and H is equal to radius
(r) of the cylindrical lens, which is equal to 10.2 mm. The probe
light with two orthogonal polarizations is perpendicular to the base
of the cylindrical lens. The distance between positions O and R is

represented by L. The incident angle is defined as:
01;= sin~1(L/r). 1)

According to Snell’s law, the refracted angle in the lens is defined
as:

. _q1,nl .
01r = sin 1(ﬁ -sinby;),
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where ny and n, are the refractive indices of air and lens, respec-
tively. The incident angle between the lens and the glue layer is
defined as:

02i =01 — O1r (3)

Fig. 1(b) illustrates more detail for the ray traces through the
KTP. The refracted angle in the thin glue layer with a thickness of t
is represented by:

0y = sin (22 . sin6y,). (4)
ns

Since the glue layer is an interlayer between the lens and KTP,

the propagation angles of probe light are described in the following

equations:

Ny - sinfy; = n3 - sinby;, (5a)
n3 - sinfs; = np - sind, (5b)
15 - sinf3; = ng - sins. (5¢)

The incident angle 63; between the glue layer and KTP plate is
equal to 05,. Since the thickness of the glue layer ation angle change,
the n3 can be replaced by the n, in the Eq. (5b) and (5c¢) accord-
ing to Eq. (5a). Thus, it means that the parameters (13, and t) of
the glue layer can be ignored. The different refracted angles of p-
and s-waves are represented by 6, and 6s in the birefringent KTP,
respectively. 6, and 6 are expressed by:

0, = sin" ("2 _sin6y), (6a)
p

0; = sin"' (22 . sin ). (6b)
ns

The KTP is a biaxial birefringent crystal with three different
refractive indices named as ny, ny, and n.. The s-wave is along the
z-axis of the KTP crystal, and the p-wave is parallel to the x-y plane.
Therefore, ns and n, are represented by:

(7)

The phase delay between the p-wave and s-wave emerging from
the CDS can be represented by:

ng =ng,ny = nxny/\/njz, - 0820, + n# - sin26,

¢=¢p*¢s

_T-(nlyAC—nS'AB—n]-BE)

2n 22 cin2 2 _ 2 ny

=T-d-( ng —ny-sinty; — 4 [Ny —ng - = - sin?0y; (8)
nX

ny

(a)

(b)

Fig. 1. Geometric drawing of compact displacement sensor: (a) overall layout for the propagation of probe light and (b) the detailed ray paths in the KTP plate.
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S-wave4 64

P

Fig. 2. Schematic diagram and photo of the FC and CDS.

ZIPM

Fig. 3. Schematic of the experimental set-up for the characterization of the CDS.

where A is the wavelength of the probe light, and d is the thickness
of the KTP plate. According to previous descriptions, the phase delay
is a function of d, ny, nx, ny, nz, and ;. If the probe light is fixed,
the refraction position H and lateral distance L are changed by the
laterally moveable CDS. Thus, it can induce incident angle changes
of 6,; to change the phase variations. Furthermore, the measured
phase variations are adopted to calculate the lateral displacements.

3. Non-intrusive concentration measurements

Fig. 2 shows the schematic diagram and photo of the fabri-
cated flow container (FC) and CDS. The flow container is made
of 1mm thick transparent acrylic slides with dimensions of
40 mm x 10 mm x 10 mm. The probe light that transmits through
the FC with an inner width (W =8 mm) is perpendicular to the base

Probe light

of the CDS. The RIs of the injection liquids are increased from ng
to np as are the concentrations. Usually, the reference liquid (ng) is
used as a baseline for comparing the test concentration variations
(np). Atanincident angle of 6; of the probe light, the refracted angles
0rq and 6,4, are described by:

Ora = sin" (- - sin6)), (9a)
Nq
.1, 1 .
6,y = sin™'(— - sin6;). (9b)
np

As the refracted angle changes from 6,4 to 0,3, the refracted posi-
tions shift from Ha to Hb on the curved surface of the CDS. The
distances of the horizontal lines extension with respect to the cen-

Fig. 4. Setup for non-intrusive concentration measurements of flowing liquid.
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Fig. 5. (a) Phase changes versus time for different applied voltages, (b) Phase variation and linear fit for one period of different voltages.

ter O are changed from Laand Lb. The incident angles 64; are decided
by the values of La and Lb. The lateral shift dL is expressed by:

dL =W . cost; - (tanbyq — tanf ) .

(10)

=W - sin; - cosb; - ! - ! -
\/n2 —sin26;  \/nZ —sin26;
According to the sensing principles of the CDS, the phase vari-
ations of the probe light are dependent on the lateral shifts. This

means that the measured phase information can be further used to
calculate concentration variations through the derived equations.

4. Experimental setup for the CDS and concentration
measurement

The experimental setup of the homodyne interferometer used
for the characterization of the fabricated CDS is shown in Fig. 3 and
includes a linearly polarized light with equal amplitudes for two
orthogonal polarizations, which was obtained from a He-Ne laser,
apolarizer (PL), and a half-wave plate (HWP). Lenses L1 and L2 were
used to focus the input and output beams. A stable homodyne light
source with a sinusoidal phase modulation was provided through
a lithium niobate waveguide phase modulator (ZIPM) by applying
the voltages from a function generator (FG) [22,23]. The home-
made ZIPM has advantages of low operation voltage and stable
phase modulation for the homodyne and heterodyne interferome-
ters [24,25]. In the homodyne interferometer, the sinusoidal phase
modulation and a Fast Fourier transform (FFT) scheme are adopted
to improve the phase measurement resolution. A pinhole (PH) was
used to block the scattered light. To test the measurement sen-
sitivity of the proposed CDS, the incident positions of the probe
light were changed through the movable CDS which was placed
on a micro-displacement piezoelectric transducer (PZT) stage. The
transmitted light passed through the CDS, an analyzer (AL), and
a cylindrical lens (CL) and then, was received by a photodetector
(PD). The interferometric signal was connected to a multichannel
data acquisition module (PXI), and the phase information is shown
on a personal computer (PC). Therein, the phase was interrogated
through the FFT technique which was performed in a LabVIEW-
based platform [23].

The experimental setup used for the non-intrusive concentra-
tion measurements of a flowing liquid is shown in Fig. 4. The probe
light from the ZIPM is transmitted through the FC. The liquids with
different RIs were injected into the FC by a tubing pump (TP) with
a flow rate of 90 sccm (mL/min). The probe light was divided into
two different paths by a beam splitter (BS). The transmitted light
was used to measure the phase variations in the Homodyne polar-
ization interferometer. At the same time, the reflected light was
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Fig. 6. Lateral displacements versus refractive index of liquid for two different inci-
dent angles.

focused through alens (L3)and then, received by a CCD camera with
a pixel resolution of 5.7 wm. The phase variations and the light spot
movements were simultaneously measured to compare detection
characterizations.

5. Results and discussions

To verify the displacement sensitivity (phase change versus dis-
placement) of the proposed CDS, the incident positions of the probe
light were changed by driving the PZT stage with different volt-
ages. The initial position H with a vertical distance L=3.2 mm was
used for the displacement measurements. Fig. 5(a) gives the mea-
surement results of the CDS by applying the different sawtooth
voltages. The driving voltages of 75, 100, and 150 V were applied to
the driver of the PZT stage, and the corresponding displacements
were 20, 26.6, and 40 pm. The measured phase values were 3.55,
4.51, and 7.04 deg for the three voltages. Thus, the values of dis-
placement sensitivity were 0.177, 0.169, and 0.176 (deg/pm) for
the different ranges of displacement. The average sensitivity was
around 0.174 (deg/pm). Fig. 5(b) gives the linearity between the
phase variation and the displacement after linear fits. The values of
R-square are 0.9986, 0.9991, and 0.9959 for the displacements of
20, 26.6, and 40 p.m, respectively.

According to Eq. (10), the dependence of the lateral displace-
ment on the RI variation can be given in Fig. 6. Assume that RI is
1.33 for the initial baseline liquid and corresponding position; the
displacement curves show a good linear tendency in the Rls ranging
up to 1.36 for two different incident angles of 30° and 60°. The slope
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Fig. 7. (a) Phase response for the periodic injections between the DI and the different concentrations of SW, (b) Phase variation versus concentration for experimental and

simulation results.

SW(10%)

Fig. 8. The measurements of spot shifts for different liquids.

of the 60° incident angle is around two times greater than that of
the 30° incident angle. Since the lateral displacements are limited
for real measurements on the CDS, the adjustable incident angles
are flexible for measuring different RIs or concentration ranges.
With the successful verifications between the displacements
and phase measurements on the CDS (Fig. 5), and the estimations
of the RI induced displacement shifts in the FC (Fig. 6), it shall be
possible to combine them for non-intrusive measurements. In the
experiments, the initial incident angle 6; and distance La are 60°
and 3.2 mm, respectively. The positions of transmitted lights on
the CDS were shifted through the FC by injecting different liquids
of deionized water (DI) and salt water (SW) with each period of

80s. Fig. 7(a) illustrates the phase response for periodic exchanges
between DI and different concentrations of SW. The weight per-
centages of the SW were 2.5%, 5%, 7.5%, and 10%. The corresponding
RIs, 1.338, 1.343, 1.384, and 1.353, were used for the simulations
[26]. The response time for the stable phase measurements during
the liquids exchanged is mainly dependent on the design of flow
container and the flowing speed. According to the experimental
results, the rising and falling times between the DI and SW liquids
are of around 4.5 and 6 s, respectively. To represent the relationship
between the measured phase and the concentration, as shown in
Fig. 7(b), the mean phase and stability values of each concentra-
tion were taken by considering a measured phase of 40 s in the first



R.-C. Twu, J.-Y. Chen / Sensors and Actuators A 267 (2017) 424-430

—=—0.3125%
1241 o 0.625% (a)
—a—1.25%
= —v— 2.5% "
> 8 =
[0) |
S A
A7 1
3 44 Mean & ¥4
g Stability #&i |
o
0- il
0 80 160 240 320 400

Time (sec)

429
8
—=a— experiment (b)
61 | —*— simulation
e
o)} Slope = 2.83 deg/%
% 4. R-square= 0.9998
S~
s Mean RMSE
b O (e (o)
S 2] 03125 082 0038
o 0625 173 0053
125 345 0047
25 701 0038
0 ; ;
0 1 2 3

HCL concentration (%)

Fig.9. (a) Phase response for periodic injections between the DI and the different concentrations of HCL, (b) Phase variation vs. concentration for experimental and simulation

results.

middle period, as shown in Fig. 7(a). To clearly discuss the measure-
ment stability based on a proper error analysis, a root mean square
error (RMSE) of the measured data is used to express the phase
stability in the measurements. The summarized table of the mean
values and RMSEs is shown in the inset of Fig. 7(b). Comparisons
between the experimental results and the simulations are shown
in Fig. 7(b). Both of the phase curves show good linearity between
the phase and concentration variations. The concentration sensi-
tivity is defined as a slope of phase variation versus concentration.
The slope of the experimental phase results after the linear fit is
2.08 (deg/%). The corresponding R-square is 0.9986. Based on the
best phase stability 0.032 deg during flowing SW, a resolution of
0.015% on the non-intrusive measurements of SW concentration is
achievable.

To compare the measurement capability between the CCD and
phase measurements, the spots shifted horizontally during the
switch between the DI and the different SW solutions (5% and 10%)
are shown in Fig. 8. The probe beam diameter is around 500 p.m.
The position shifts were small even in the liquids that changed from
the DI to SW (10%). This means that the phase measurement is more
sensitive to analyze concentration variations.

Fig. 9(a) illustrates the phase response for periodic exchanges
between the DI and different weight percentages of hydrochloric
acid (HCL) solutions. The rising and falling times between the Dl and
HCL liquids are of around 5.5 and 6.5 s, respectively. The concen-
trations were 0.3125%, 0.625%, 1.25%, and 2.5%. The corresponding
RIs, 1.3337, 1.3344, 1.3358, and 1.3387, were used for the simula-
tions [5]. Comparisons between the experimental results and the
simulations are shown in Fig. 9(b). Both of the phase curves show
good linearity between the phase and concentration variations. The
slope and R-square of the experimental phase results after a lin-
ear fit were 2.83 (deg/%) and 0.9998, respectively. The summarized
table of the mean values and RMSEs is shown in the inset of Fig. 9(b).
Based on the best phase stability 0.038 deg during flowing HCL, a
resolution of 0.013% on the measurements of HCL concentration is
achievable.

6. Conclusions

The proposed CDS has been successfully demonstrated for non-
intrusive measurements on concentration variations of flowing
liquids. The measurement resolutions were 0.015% and 0.013%
for the SW and HCL solutions, respectively. In comparison to the
contact-type designs, the sample container separated with a sens-
ing head can reduce cleaning steps and avoid damage to the sensing
head. Monitoring of concentration variations is especially essential
in some erosive or dangerous chemicals during manufacturing. The
properties of viscosity or causticity need reliable measurements for

cleaning sensing heads. A disposable and cheap acrylic container
will provide simple and repeatable measurements for some spe-
cial solutions such as oil-related products and organic chemicals.
Moreover, the measured Rls in dynamic ranges are easily adjusted
by tuning the incident angles at the flow container.
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