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Aiming at the difficulty of accurately calibrating the sample position in the
terahertz (THz) imaging process, especially in the defect imaging detection and
the precise characterization of the edge profile, a flexible and highly sensitive 3D
terahertz displacement sensor with a resolution of up to 1 um was proposed by
the artificial electromagnetic metamaterials. The high resolution of the flexible
sensor can be attributed to the used artificial electromagnetic metamaterials
with the enhancing sensitivity of THz sensors as well as the flexible substrate
with the high fitting to the target. Unlike the laser displacement sensor with a
complex and large volume of the generating device, the proposed flexible
sensor with a simple structural design is composed of only a fixed layer and a
displacement indicating layer. The fixed layer is composed of the Mylar flexible
substrate layer and the metal split resonator ring on it, and the displacement
indicating layer is composed of the Mylar flexible substrate layer and the metal
indicator lines on it. By using this unique double-layer structure, high-sensitivity
measurement of displacement can be achieved by measuring the moving
amount of the metal indicator line corresponding to the valley change in the
THz transmission of the displacement sensor. The results demonstrate that the
sensitivity of the displacement sensor can reach 145 GHz/pum, the quality factor
Q can reach 194.67, and the quality factor figure of merit can reach 6.25 um™.
Compared with the mature commercial displacement sensors and laser
displacement sensors, the proposed sensor can have the characteristics of
compact structure, simple preparation process, high-sensitivity, and flexibility,
which can offer certain advantages for the realization of high-precision,
miniaturization, and distributed sensing systems in the future.
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1 Introduction

Terahertz (THz) wave occupies a very special position in the
electromagnetic spectrum, and its frequency band is in a special
region of transition from electronics to photonics. The special
frequency position not only makes THz waves have low-
frequency  microwave  characteristics and  photonics
characteristics but also exhibits unique properties such as low
photon energy, strong penetration of nonmetallic and nonpolar
substances, simultaneous acquisition of the information of the
pulsed electric field amplitude and phase, and good anti-
interference ability (Sirtori, 2002; Lee, 2009). It can have
broad application prospects in the fields of security detection,
nondestructive detection, spectral analysis, imaging, medical
treatment, etc., especially the urgent application requirements
of high-performance THz imaging technology. However, in the
current imaging system with submicron accuracy, the inevitable
negative defects of coherent fringe and laser speckle have greatly
limited the further development of this technology. On the
hardware side, large-area, uniform, and intensity-controllable
THz radiation sources; high-sensitivity THz detection devices;
and the limitation of high thermal radiation background noise in
the THz frequency band are lacking (Mittleman, 2018; Zanotto
et al,, 2020; Bandyopadhyay and Sengupta, 2021). As for the THz
image processing software, the THz image can have inevitable
edge loss, smearing, and ghosting because of the use of
such as  calibration-based

conventional  technology,

nonuniformity  correction,  scene-based  nonuniformity
correction, image preprocessing, and fusion technology (Stark,
2000; Recur et al, 2011). In the past decade, the improving
resolution of the THz imaging system has been studied using
various approaches. The key to solving the above-mentioned
problems lies in the precise positioning of the edge of the imaging
target, which can be solved by assisting the THz imaging system
with a high-sensitivity displacement sensor. Therefore, a
promising approach is needed to effectively improve the
quality of THz imaging. The artificial microstructure can
change the spatial distribution of electromagnetic parameters
in the process of electromagnetic wave transmission and
effectively control the transmission and localization of
electromagnetic thereby greatly the
sensitivity of the sensor (Shen et al., 2009; Lee et al., 2020).

Since 2004, many researchers such as Pendry J. B, Linden S, and

waves, improving

Yen J. T have designed the negative permeability materials that can
support artificial surface plasmon (SP) propagation in the THz
frequency band and experimentally confirmed that the THz plane
metamaterials had the special magnetic effect of negative magnetic
permeability, for example, the Q-factor can increase to 34.3 at
160 um for a split-ring resonator fueled by the lattice mode
matching (Pendry et al, 1999; Hibbins et al, 2005; Xu et al,
2016; Dominik et al,, 2018; Aksimsek, 2020), which opened a
new door for using artificial metamaterials to manipulate THz
waves. Soon afterward, many researchers successively conducted
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studies on the THz metamaterial sensors. For example, in 2007,
Driscoll T et al. added a silicon particle film to the surface of the
metamaterial, and the resulting measurements reveal the expected
resonant permeability of the split resonant rings (SRRs), which
exhibits a range of negative values, where the minimum value is
u = —0.8 at 1.1 THz, which is the first THz surface metamaterial
applied in sensor field (Driscoll et al., 2007a). SRR is the most typical
type of metamaterial structure, which can be equivalent to an LC
oscillator circuit. The opening can be regarded as a capacitor, and the
rings as inductance for the constituent materials are metals in the
THz band. Singh R et al. systematically studied the asymmetric SRR
structure, which corresponds to three resonance mechanisms: LC
resonance, dipole resonance, and quadrupole resonance. Among
them, the quadrupole resonance peak at 1.75 THz can produce a
Q-factor of up to 95 at horizontally polarized incidence. Therefore,
the quadrupole mode can effectively localize the field and provide a
new method for THz sensing and detection (Singh et al.,, 2010). They
also studied the THz sensing properties of Fano resonance and
quadrupole resonance generated by the double-opened asymmetric
SRR structure, which have the Q-factor of four-dipole resonance as
high as 65 and the Q-factor of Fano resonance as high as 28. When
the thickness of the test object is less than 16 um, the sensitivity of
the quadrupole can reach 33 GHz/RIU, and the sensitivity of
49.3 GHz/RIU can be obtained by the Fano resonance (Singh
et al, 2014). In addition, the SINGH R group used ultrathin,
low-refractive-index, flexible polyimide as the substrate material
to make a double-opening asymmetric metal SP resonance structure
on the surface. The structure realized simultaneous sensing on both
sides and the arbitrary bending properties of the material, which can
be practically applied in the wearable THz sensors (Srivastava et al,,
2017). Debus C et al. designed a double-opening asymmetric SRR
with a Q-factor of 40 and the sensitivity S of 6.3 GHz/RIU (Christian
and Bolivar, 2007). Chiam et al. designed a double-SRR structure
sensor with a sensitivity of up to 180 GHz/RIU (Chiam et al., 2009).
The experiment results proved that the resonance peak position and
sensitivity can be adjusted by the changing of the scale and substrate
thickness of the SRR, showing great application potential in the field
of sensing (Chiam et al., 2010). The four-opening SRR structure
designed by Tao H et al. can have higher sensitivity (Tao et al., 2010).
In addition, several groups have conducted similar studies (Driscoll
et al,, 2007b; Cubukcu et al., 2009; Sabah et al., 2014; Wang et al.,
2017; Xu et al., 2018; Chen et al., 2019; Xu et al., 2021; Gu et al,,
2022), and their results all demonstrate that compared with rigid
silicon substrates, ultrathin, small dielectric constant, flexible, and
bendable polymer substrates can effectively improve the sensitivity
of sensors, which is the development trend of THz metamaterial
sensors in the future. Although the sensing and measurement
technology based on THz metamaterials on flexible substrates is
not mature enough at present, and the sensitivity of the sensor is not
high enough for most THz wave detection and analysis based on
THz time-domain spectroscopy (THz-TDS) (O’Hara et al,, 2012),
the technical solution is becoming more and more clear. The basic
method is to achieve a high-density electric or magnetic field
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concentration effect by adjusting the THz metamaterial structure
parameters. In this case, it can amplify the tiny disturbance caused
by the physical quantity to be measured and achieve the goal of high-
sensitivity detection of the physical quantity.

A highly sensitive 3D THz displacement sensor (THz-DS)
composed of a metal split resonator ring, a metal displacement
indicatrix (DI), and a Mylar flexible substrate is designed and its
simulation is studied. The displacement sensor with a simple
of
displacement only by reading the DI movement reflected by the

structure can  achieve  high-precision  measurement
trough change of the THz transmission spectrum. Because the THz
transmission spectrum of the THz-DS can characterize the
properties of THz-DS, when metal DI of THz-DS occurs a small
displacement, the trough of the THz transmission spectrum
produces the corresponding linear change. Therefore, the
displacement sensor can achieve a high-precision measurement
of displacement only by reading the DI movement reflected by
the trough change of the THz transmission spectrum. To optimize
and effectively characterize the performance of the sensor, three
evaluation parameters are introduced: sensitivity (S), quality factor
(Q), and figure of merit (FOM). The numerical simulation results
show that the physical mechanism of the displacement sensor is
derived from the LC-dipole coupling, dipole-quadrupole coupling,
and dipole-hexapole coupling. The THz transmission spectrum
variation of the displacement sensor was simulated with different
structural parameters, the main factors affecting the detection
performance of the sensor were analyzed theoretically, and the
optimal structural parameters of the 3D displacement sensor
were obtained. The numerical simulation results show that the
physical mechanism of the displacement sensor is derived from
LC-dipole coupling, dipole-quadrupole coupling, and dipole-
hexapod coupling. The fitting equation of the relationship
and the

established by studying the relationship, in the three directions

between the variation parameters sensitivity  is
between the resonant frequency and the displacement change when
the displacement changes slightly in three directions. It is hoped that
the current research can have a certain reference value for the design
and optimization of high-sensitivity displacement sensors and the
demand for accurate calibration of position in the THz imaging
process.

2 Design principle of 3D terahertz
displacement sensor

Structure of terahertz displacement
sensor

To realize the high-sensitivity detection of the displacement
sensor, the SRR structure with adding the metal DI was chosen to
efficiently control the electromagnetic wave transmission and
achieve positioning function, facilitating the calibration and
indication of the small displacement. Figure 1 is a schematic
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diagram of the structure of THz-DS. The displacement sensor
has a simple structure, which is easy to fabricate. The bottom
layer of THz-DS is a fixed layer composed of a Mylar flexible
substrate layer and a metal SRR, and the top is a displacement
display layer composed of a Mylar flexible substrate layer and
metal DI. The small displacement can be calibrated by the
displacement difference of the resonance peak caused by the
displacement difference of the resonance peak, thereby realizing
the high-sensitivity measurement of displacement. As illustrated
in Figure 1B, when the indicator layer moves in the x-direction
relative to the fixed layer, the amount of frequency change AF
generated by the resonance peak and trough corresponds to the
amount of displacement change Ax in the x-direction, and the
rest of the directions are the same. Among them, the THz sensor
parameters can be listed as follows: 11 = 50 um and d1 = 10 um
are the side length and thickness of the square Mylar substrate,
respectively; g = 2 um and w = 2 um are the widths of SRR and
DI, respectively; 12 = 38 pm and 13 = 28 um are the side length of
SRR and DI, respectively; and d2 = 0.2 pm is the thickness of SRR
and DI, respectively (Figures 1C, D).

Detection mechanism of terahertz
displacement sensor

To well clarify the detection mechanism of the displacement
sensor, the COMSOL software was used to simulate and calculate
the transmission spectra of the main elements and the overall
structure of the sensor. Among them, the relative permittivity of
the flexible substrate Mylar sheet is set to be 3.3; the Au split
resonator ring is selected as the Drude model (Xu et al., 2018); the
relative permittivity is set to conj (1-w,*/(w” + I X y X w)); the
plasma frequency is w, = 1.367e16 rad/s; the damping coefficient
is y=1.215e14 rad/s; w is the frequency; the conductivity of Au in
this band is 0 = 4.09¢-7 S/m; the perfectly matched layer (PML)
boundary condition is set at perpendicular to the THz light
transmission direction, that is, parallel to the two ends of the
element structure (xy plane); and the thickness of PML is set to be
160 um. The remaining boundaries are set to the Floquet
periodicity boundary.

Figure 2 shows the THz transmission spectrum of the THz-
DS structure when the THz plane light is vertically incident (the
THz light propagates along the z-direction and the electric field
of the THz wave is along the +x-direction). Each valley of
transmission peak corresponds to a resonance mode of the
structure. The black line is the THz transmission spectrum of
the fixed layer where SRR is located, and three transmission
valleys appear in this frequency band. The red spectral line is the
THz transmission spectrum of the indicator layer where DI is
located, and there is one transmission valley in this frequency
band. The blue spectral line is the THz transmission spectrum of
THz-DS. The three resonance transmission valleys are generated
by the resonant coupling between the fixed layer and the
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The THz transmission spectra of the structures for the
proposed THz-DS.

indicator layer. To further study the physical mechanism of the
proposed THz-DS and explain the resonance modes of the three
resonance fronts in Figure 2, the electric field distributions in the
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The schematic diagram of the proposed terahertz (THz) displacement sensor. (A) The schematic diagram of the proposed THz-DS unit. (B) The
schematic diagram of the x displacement corresponds to the trough movement of the THz transmission spectrum. (C) The top view of the fixed layer
of the proposed THz-DS. (D) The top view of the indicator layer of the proposed THz-DS.
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z-direction on the surface of the THz-DS structure at the three
resonance transmission valleys are calculated and plotted
(Figure 3). It can be seen that there is a very high electric
field energy distribution at both ends of DI, which is
consistent with the single-dipole resonance mode, indicating
that the transmission valley (3.195THz) generated by DI is
caused by the dipole oscillation. Because the SRR structure as
the typical metamaterial structure can achieve high-density
electric or magnetic field concentration effects, the low-
frequency resonance peak (0.75 THz) in the THz transmission
spectrum is a typical LC resonance mode. The specific
mechanism is that the electric field of the incident light is
parallel to the direction of the opening, and thus, the induced
charges continue to accumulate at the opening to form a
capacitor structure. The induced charges move directionally in
the metal ring to form a ring current, which excites the magnetic
dipole to generate a magnetic field, and the arm of the metal ring
is equivalent to an inductance to store magnetic energy. In the
whole structure, the electromagnetic waves radiated by
alternating electrical and magnetic energy form resonance
with the THz waves. Therefore, the low-frequency resonance
can be equivalent to an LC tank, which is usually called
electromagnetic resonance or LC resonance (Dominik et al,
2018). The resonant frequency is as follows:
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where L is the equivalent inductance of the SRR, which is
proportional to the geometric area of the THz incident field
passing through the SRR, and C is the equivalent capacitance at
the opening, which can be calculated by using the parallel plate
capacitor model:

EN
= nkd 2)
where ¢ is the dielectric constant, S is the facing area at the
opening, d is the width of the opening, and k is the electrostatic
constant, respectively

When the THz transmission spectrum passes through the
SRR, the high-frequency resonance transmission valley is derived
from the resonant modes such as dipoles, quadrupoles, and
hexapoles. The specific mechanism is that when the THz
electric field is incident on the metamaterial, the charge
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oscillation generates a linear oscillating current, similar to the
electric dipole. In this case, an alternating electromagnetic field
can be generated in the nearby space, which directly resonates
with the THz wave to form a resonance transmission valley, and
thus, it is called the dipole resonance of the electric response
(Singh et al., 2010; Chen et al., 2017) as shown in the black color
line in Figure 2. The transmission valleys at 2.24 and 3.36 THz
are originated from the four-dipole resonance and the six-dipole
resonance, respectively. Combined with Figure 3A in the
z-direction electric field distribution diagram of THz-DS at
0.7 THz, the induced charges gather at the opening and form
an obvious annular current in the metal ring, which can be
determined in the transmission spectrum of Figure 2. The
transmission valley at 0.7 THz is mainly generated by the LC
resonance of the SRR in the fixed layer. Combined with Figure 3B
in the z-direction electric field distribution of THz-DS at
2.135 THz, the charges are split into four dipoles in the metal
ring. The distribution of the annular current shows that the
transmission valley 2.135 THz is generated by the quadrupole
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The numerical simulation method for choosing the optimal length of DI of THz-DS. (A) Transmission spectra of the proposed THz-DS with
different lengths of DI. (B) The relationship diagrams between the length of DI and the transmission of the No. 3 resonance frequency.

resonance of the SRR in the fixed layer. Likewise, combined with

the electric field distribution patterns of Figures 3C, D, the 0.60
resonance transmission valley 2.97 and 3.45THz are

generated by the cocoupling of the dipole resonance of DI in 0.55 |-
the mobile layer and the six-dipole resonance of the SRR in the

fixed layer. Therefore, the information of the third and fourth 0.50 -

resonant peaks can reflect the position state of DI relative to SRR.
When the relative displacement of DI and SRR changes, it will

AF (THz)
o
D
(4]
T

result in the shift of the two peak positions, and in turn, the value

of the two peak positions can characterize the displacement 0401
change.

In addition, to better optimize the parameters of the THz- L35
DS structure, except for the optimal parameters for the
simulation performance of the width of the Mylar 030 1|0 ' 1|5 ' 2.0 ' 2|5 ' 3-0
substrate, SRR, and DI, the length of DI was carefully The thickness of Mylar (um)
simulated and studied. As shown in Figure 4, the

FIGURE 5

transmission spectrum of THz-DS with the changes in the
length of DI (13) is 0-38 um in Figure 4A and the relationship
between the length of DI and the third resonance transmission

The AF of the THz transmission spectrum of THz-DS with the
different thickness of Mylar.

valley in Figure 4B. The transmittance is the smallest when the
length of DI is 28 pum, and the displacement change value is the
most obvious. Therefore, the length of DI in the THz-DS
structure is selected as 28 pm. Moreover, to test whether the
test results of THz-DS would be affected by the thickness of

Terahertz displacement sensor
performance characterization

the Mylar substrate, the transmission spectrum of THz-DS
with the different thickness of Mylar was simulated, and it was
found that the difference AF for positions of the third and
fourth resonance transmission valleys had not changed, as
shown in Figure 5. It can be seen that the AF of the THz
transmission spectrum of THz-DS had not changed in the
range of 10-30 um, indicating that the test results cannot be
affected by the thickness of Mylar.

Frontiers in Materials

S, Q, and FOM were used to evaluate the performance of the
THz 3D displacement sensor. Among them, the sensitivity S is a
physical quantity that characterizes the sensor’s ability to
respond strongly to changes in the measured object (Allsop
and Neal, 2019). According to the characteristics of THz-DS,
the expression of S is as follows:

G

T Ar (3
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where Af represents the change of the resonance frequency shift,
the unit is GHz, and Ar represents the change of the
displacement, which are the change of Ax, Ay, and Az in the
three directions, respectively, and the unit is pm, and thus, the
unit of sensitivity S is GHz/pum

In addition to S, the Q value is an important parameter to
characterize the sensor performance, which can reflect the
properties of optical resonance (Ma et al., 2020). The larger
the Q value is, the smaller the loss of the resonance system and
the narrower the resonance peak are. The definition of the
resonance peak Q value is given as formula (4):

0. _to

"~ FWHM @)

where fj is the center frequency of the resonance peak, FWHM is
the full width at half maximum, and the Q value is dimensionless.
The larger the Q value, the sharper the resonance transmission
valley

To compare the performance of sensors working more
scientifically in  different electromagnetic bands, the
researchers introduced the FOM value (Sherry et al, 2006),
which is defined as in formula (5):

S

FOM =
0 FWHM

®)

The FOM value can comprehensively quantify the two
parameters of sensitivity and resolution. The higher the
sensitivity of the sensor and the smaller the FWHM value,
the better the sensing performance. In short, the Q value
reflects the sharpness of the resonance transmission valley, S
reflects the shift of the resonance transmission valley, and the
FOM value comprehensively considers these two factors to
characterize the overall performance of the sensor. The larger
the FOM value, the better the overall performance of the

Sensor.

Terahertz experiment setup with terahertz
displacement sensor

Our group has developed a THz imaging system based on
the conventional THz-TDS system (Neu and Schmuttenmaer,
2018) with a THz displacement sensor and have studied their
The
femtosecond laser is used for pumping and detecting THz

high-resolution imaging applications. Ti:sapphire
wave, which has a center wavelength of 800 nm, a pulse width
of 100 fs, and an average output power of 960 mW. The THz
pulse is generated by illuminating the InAs with pump pulses.
The probe pulses are modulated by the THz pulse signal
through ZnTe. By varying the time delay between two
pulses, the THz pulse waveform can be detected through
the electrooptic sampling measurement. The THz radiation

spot diameter on the samples is approximately 1 mm. The
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fixed layer of the THz displacement sensor is placed at the THz
beam waist in the THz imaging system, whereas the
displacement indicating the layer of the THz displacement
sensor is attached to the back of the imaging target
synchronous motion.

3 Results and discussion
3D displacement measurement

The
displacements in the x-direction ranging from 1 to 10 um and

THz-DS transmission spectra of the measured
with an interval step of 1 um were simulated and calculated using
the COMSOL Multiphysics simulation software. As shown in
Figure 6A, the positions of the two resonance transmission
valleys in the low-frequency region can have a negligible
change, whereas the positions of the third and fourth
resonance transmission valleys in the high-frequency region
can have
attributed

resonance

the evident red-shifted change, which can be
to the coupling changed between the DI dipole
of the indicator layer and the SRR hexapole
resonance of the fixed layer, and the distance between the
third and the fourth transmission valleys gradually decreases
with the increase of displacement. The displacement in the
x-direction and the difference AF between the position of the
third resonance transmission valley and the fourth transmission
valley can be extracted. The relationship between the x-direction
displacement and the transmission valley position difference AF
is obtained by the second-order polynomial curve fitting
(Figure 6B) using formula (6):

x = —35.11693 + 204.2777 AF — 229.2089 AF* (6)

As can be observed from Figure 6B, the fitting degree is as
high as 0.99399. Therefore, one can easily obtain the
x-direction displacement value utilizing formula (6), just
only by inputting the AF. At the same time, the optimal
values of S, Q, and FOM can be obtained by using formulas
(3-5), as given in Table 1, where S is 25 GHz/um, Q value is as
high as 194.67, and FOM is 1.67. It is indicated that the
displacement sensor can be used to effectively measure the
x-direction displacement with high-sensitivity.

In the same way, the THz-DS transmission spectrum with the
displacement range of 1-10 um in the z-direction and the interval
step of 1 um is calculated through the simulation. The change
frequency of AF between the positions of the third and the fourth
resonance transmission valleys gradually increases with the
increase of the z-direction displacement (Figure 7A). The
relationship between the z-direction displacement and the
transmission valley position difference AF can be obtained by
the second-order polynomial curve fitting (Figure 7B) by using
formula (7). Meanwhile, three performance parameters of the
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TABLE 1 The performance parameters of the terahertz (THz)
displacement sensor.

Displacement (um) S (GHz pm™)
X 25
y 145
z 125

sensor are obtained: S is 125 GHz/um, Q value is 148.5, and FOM

is 6.25, as shown in Table 1.

Q FOM (um™)
19467 167

14425 7.7

148.5 6.25

z = 10.81601 — 18.1513 AF + 6.98505 AF*

Frontiers in Materials

In this study, the THz-DS transmission spectrum with a

displacement range of 1-7 pm in the y-direction and an

interval step of 1 pum was also simulated and calculated.

The distance of AF between the positions of the third and
the fourth resonance transmission valleys gradually increases

with the increase of y-direction displacement, as displayed in
Figure 8. Formula (8) shows the relationship between the

y-direction displacement and the transmission valley position

difference AF, and three performance parameters of the sensor

can be obtained: S is 145 GHz/um, Q value is 144.25, and FOM

is 7.7, as shown in Table 1.

(7) y = —0.417 + 2.753 AF + 4.081 AF> (8)
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The y displacement measurement method for the THz displacement sensor. (A) Transmission spectra of the proposed THz-DS with different y
displacements. (B) The relationship diagrams between the y displacement and the AF.

Discussion of displacement measurement

Through the research on the displacement detection in the three
directions, it is concluded that the 3D THz displacement sensor can
achieve high-precision and high-sensitivity detection in the three
directions of XYZ, particularly from the perspective of the
displacement detection sensitivity with the optimal value for the
y-direction and z-direction, whereas the x-direction can be detected
displacement with high Q. Overall, the 3D displacement sensor has
the superior performances as demonstrated by the high FOM of
three directions. Therefore, according to the needs of actual
detection, based on the unique double-layer structure of the
sensor, high-sensitivity = displacement measurement can be
achieved by simply measuring the amount of metal indicator line
change corresponding to the change in the THz transmission trough
of the displacement sensor and finally to realizing the target precise
positioning in the THz high-sensitivity imaging process. For the
stationary imaging target, according to its actual shape, the fixed
layer and the displacement indicating the layer of the THz
displacement sensor are respectively attached to different
positions with large fluctuations in the shape of the edge of the
target to form a combined body, which is then placed in the THz
imaging system. The precise positioning of the edge of the target
body can be obtained by analyzing the THz transmission spectrum
valley changed value of each displacement indication layer, and the
spatial size can be accurate to 1 pm. As for the moving imaging
target, the fixed layer of the THz displacement sensor is placed at the
THz beam waist in the THz imaging system, and the displacement
indicates that the layer of the sensor is attached to the back of the
imaging target. The moving target can be calibrated with an accuracy
of 1um through the displacement values in the x-direction,
y-direction, and z-direction, which are calculated by formulas
(6-8) based on the change frequency of AF between the
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positions of the third and the fourth resonance transmission

valleys in the high-frequency region.

4 Conclusion

In this study, to overcome the problems of coherent fringes,
laser speckle, edge loss, smear, and ghost in the existing THz
imaging technology, a promising method based on the Mylar
flexible substrate layer, metal split resonator ring, and metal
indicator was proposed. With the aid of the concentration effect
of the THz electric field achieved by the coupling between the SRR
and DI, the high-sensitivity detection method for displacement can
be developed. By optimizing the main parameters of the sensor, the
quadrupole/hexapole resonance of the SRR and the dipole
resonance of the DI can be completely overlapped and coupled,
which greatly enhances the interaction between the displacement
and the electromagnetic field, and the sensitivity of the sensor can
reach as high as 145 GHz/pum. Moreover, the sensor can have a
good stability Q value and high FOM value under different
displacement values. In addition, the displacement sensor has a
good direction selection and simple operation characteristics, which
makes it promising in practical applications. To effectively solve the
problems of coherent fringes, laser speckle, edge loss, smear, and
ghost, on the one hand, the resolution can be greatly improved by
optimizing the parameters of the THz displacement sensor. On the
other hand, the DI of the THz displacement sensor closely fits the
target body, enabling it to accurately characterize the shape and
edge of the object being measured. The proposed 3D THz
displacement sensor can have excellent characteristics such as
high-sensitivity, flexible adjustment, good stability, and broad
application prospects in THz imaging and microdisplacement
detection.
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