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ABSTRACT: Photonic mechanical sensors offer several advan-
tages over their electronic counterparts, including immunity to
electromagnetic interference, increased sensitivity, and measure-
ment accuracy. Exploring flexible mechanical sensors on deform-
able substrates provides new opportunities for strain-optical
coupling operations. Nevertheless, existing flexible photonics
strategies often require cumbersome signal collection and analysis
with bulky setups, limiting their portability and affordability. To
address these challenges, we propose a waveguide-integrated
flexible mechanical sensor based on cascaded photonic crystal
microcavities with inherent deformation and biaxial tensile state
analysis. Leveraging the advanced multiplexing capability of the
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sensor, for the first time, we successfully demonstrate 2D shape reconstruction and quasi-distributed strain sensing with 110 ym
spatial resolution. Our microscale mechanical sensor also exhibits exceptional sensitivity with a detected force level as low as 13.6 uN
in real-time measurements. This sensing platform has potential applications in various fields, including biomedical sensing, surgical
catheters, aircraft and spacecraft engineering, and robotic photonic skin development.

KEYWORDS: Integrated optics devices, Optical sensing and sensors, Optical resonators, Glass waveguides

hotonic sensors are increasingly in demand in various

fields, such as healthcare and medical monitoring,l’2
industrial automation,” aerospace engineering,” and intelligent
robotics,” due to their numerous advantages over their
electronic counterparts,”~” including compact footprints and
superior sensitivity and accuracy, as well as the ability to
perform multiplexing functions with immunity to electro-
magnetic interference (EMI). Photonic sensors typically
measure and analyze how biological, chemical, and mechanical
perturbations influence the optical parameters of the sensors.
Among them, mechanical sensors have attracted great
attention nowadays since they are widely employed to measure
displacement, strain, force, acceleration, pressure, vibration,
and ultrasound.'’™"® Optical microelectromechanical system
(MEMS)-based sensors have made significant achieve-
ments,”> """ but their rigid forms make them challenging
to deploy flexibly for conformal sensing in three-dimensional
space. To address this, fiber optic-based strategies have been
developed for mechanical sensing due to their excellent
intrinsic flexibility.”> ™" Nevertheless, realizing high-spatial-
resolution detection of microstrain using discrete Bragg grating
units is challenging due to their large device size.’"*’
Although distributed optical fiber sensors have the potential
to achieve millimeter-level spatial resolution through time-
domain,’ frequency—domain,‘%_‘?’8 and correlation-do-
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main scattering sensing mechanisms, they may exhibit

limitations in sensitivity and accuracy compared to point
sensing. Furthermore, implementing distributed fiber sensing
technology can be complex and requires specialized and
expensive equipment for spectral decoding and interpretation
of measurement results, making them susceptible to dis-
ruptions caused by extraneous environmental noise.” Despite
these trade-offs, mechanical sensing with high sensitivity and
rapid, precise, and high-resolution measurements at the
micrometer level hold substantial value for various applica-
tions. Numerous biological processes involve strain variations
on the microscale, e.g., cell migration and differentiation, *~**
wound healing,” ™" and tumor progression.”® In order to
study biomechanics and develop intelligent composite
materials and advanced medical devices,*° real-time multi-
point sensors with micron-level resolution can be integrated
into high-value materials. One interesting example is the shape-
sensing surgical catheter, which enables surgeons to easily
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Figure 1. (A) Schematic of the flexible right-angle strain gauge with two strain sensors positioned perpendicular to each other. (B) Laminated
structure of the flexible chip. The strain sensors are buried into the SU-8 cladding with double-layer silicone and polyimide tape as the mechanical
support layer. (C) Microscopy image of the right-angle strain gauge. The inset shows the SEM image of the Bragg grating of the strain sensor. (D)
Schematic of the strain sensor based on a side-coupled 1D PhC microcavity. (E) Simulated transmission spectrum of the side-coupled 1D PhC
microcavity. The inset shows the electrical field component |El for the fundamental quasi-TE mode at the resonant wavelength. (F) Contour plot of
the principal strain along the x-axis in the xz plane of the flexible chip with a bending radius of 1 mm. The white dashed line denotes the boundaries
of different layers. The white solid line indicates the position of the waveguide layer, while the red dashed line refers to the mechanical neutral
plane. (G) Schematic diagram of the setup for device characterization. The inset shows the flexible chip mounted to a couple of linear motion
stages with the strain sensor in the middle and the grating coupler placed on the static stage for fiber-to-chip coupling. PC: polarization controller.

navigate intricate anatomical pathwa?rs and perform minimally
invasive surgeries in targeted areas.” *

Recently, mechanically flexible photonic devices on deform-
able polymer substrates have emerged with potential
applications in soft robotics, human motion monitoring, and
human—machine interaction.”™*® Over the past decade,
significant research efforts have focused on free space-type
flexible photonic sensors.””~** However, in most demonstra-
tions, the requirements for free space light beam focusing/
collimation equipment and spectrum analyzers have made
flexible integration challenging for small-footprint, portable
applications. Waveguide-integrated devices have the potential
to exhibit much better performance characteristics than their
free space counterparts, thanks to their tight optical confine-
ment, convenient signal readout, and the ability to facilitate
various functional components for integrated photonic circuits.
In our previous works,*"® 2 suite of photonic devices,
including flexible microdisk/microring resonators and pho-
tonic crystal (PhC) cavities, have been employed as strain
sensors to investigate the strain—optical coupling behavior.
These devices exhibit excellent optical performance, and
extremely small changes in deformation and material
parameters of the devices can produce a significant deviation

in optical properties such as a resonant wavelength shift. The
sensitivity of such mechanical sensors can be deterministically
regulated by changing the mechanical neutral plane (MNP)
position within a multilayer polymer substrate and optimizing
the design of optical sensing units.” Compared to the
microdisk/microring resonators, one-dimensional (1D) PhC
microcavities exhibit inherent deformation sensing advantages
because of their mechanically variable unit lattices.””*® Such
1D architectures allow devices to detect various types and
directions of strain with high precision.

In this paper, we propose a novel design for a microscale
integrated flexible photonic mechanical sensor that boasts
exceptional sensitivity and quasi-distributed sensing capabil-
ities. The sensor incorporates cascaded 1D PhC microcavities
embedded in a deformable polymer substrate. Here, the sensor
units possess free spectral range (FSR)-free characteristics that
enable quasi-distributed sensing through a single optical link
via wavelength-division multiplexing (WDM) technology. Due
to their low loss, compact footprint, and wide operating
bandwidth characteristics, we demonstrate the integration of a
large number of sensing units within a small, confined
space.”””" As a conceptual demonstration, we integrated six
sensor units with a shared single bus waveguide, allowing strain
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Figure 2. (A) Measured transmission spectra of the right-angle gauge without bending. Insets show the resonant dips of sensors A and B. (B)
Measured transmission spectra of the right-angle gauge for different bending curvatures from 0 to 2 mm™". (C) Experimental resonant wavelength
shift and simulated principal strain along the x-axis (&,,) for different bending curvature. (D) Simulated strain &, for the bending curvature of 0.1,
1.0, and 2.0 mm™". (E) Relationship between the resonant wavelength shift of sensors A (red square) and B (blue circle) and strain &,,. The solid

lines show the linear fitting results.

quasi-distribution detection in a buckling beam with a high
spatial resolution of 110 um. By utilizing the curvature
information and optical feedback collected from the six sensing
units at different locations, we successfully reconstructed the
two-dimensional (2D) shape of a buckling beam. The
demonstrated sensor exhibited high sensitivity with a detected
force level as low as 13.6 uN in real-time measurements.
Typically, a single strain sensor can detect principal strain
only in one direction. To broaden the capability for biaxial
tensile analysis with predetermined principal directions, a
right-angle strain gauge with two strain sensors positioned
perpendicular to each other is used, as depicted in Figure 1A.
Sensor A is positioned along the «x-axis, while sensor B is
positioned along the y-axis. Using a bus waveguide, both
sensors with distinct resonant wavelengths can share i,
allowing for a single optical test that determines the principal
strain magnitudes with known directions. The laminated
structure of the flexible chip is shown in Figure 1B, the
waveguide layer is Ge,3Sb;S;, (GSS). The optical microscope
image of the right-angle strain gauge is illustrated in Figure 1C;
the inset shows a scanning electron microscopy (SEM) image
of a Bragg grating. Our sensor unit utilizes a side-coupled 1D
PhC microcavity with an FSR-free spectral response, as
previously described in our work,” as shown in Figure 1D.
The design and fabrication details are provided in Supporting
Information Section S1. The sensor’s transmission spectra
were simulated using the three-dimensional finite difference
time domain (3D FDTD) method with only one deep
exhibited in the wavelength range from 1450 to 1650 nm, as
displayed in Figure 1E. The inset presents the electrical field

component |E| for the fundamental quasi-transverse (TE)
mode at the resonant wavelength.

Given that the strain at the MNP is free under bending, the
device core layer is positioned slightly away from the MNP. By
doing so, we can maximize the strain exerted on the devices
during pure bending while ensuring that it stays within safe
parameters and below the failure threshold. This results in a
significant strain exerted on the device, leading to a higher level
of optical measurands (AA) induced by mechanical deforma-
tion.”* The Young’s moduli of the thin-film polyimide and SU-
8 were experimentally measured to be 2.5 and 2 GPa,
respectively. The Young’s modulus of silicone varying with
strain is obtained through fitting of the Mooney-Rivlin formula
and found to be about 0.5 MPa at 1% strain.”" We employed
finite-element modeling (FEM) to simulate the strain
distribution between layers under a 1 mm bending radius.
Due to the significant difference in Young’s modulus between
silicone and polyimide or SU-8, each layer has its own MNP,
resulting in multiple MNPs in the stack for pure bending, as
depicted in Figure 1F. The positive and negative signs of strain
represent the device in tension or compression states,
respectively. To increase the strain—optical interactions, the
core layer of the devices is placed near the surface of SU-8
(top/bottom cladding = 2 ym/18 pm), as indicated by the
white solid line in Figure 1F. The MNP is represented by the
red dashed line. The setup for strain—optical coupling
measurements is exhibited in Figure 1G (Supporting
Information Section S1). The optical resonant wavelengths
of 1D PhC microcavities are monitored in situ while the
flexible chip is bent. It is worth noting that the grating couplers
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Figure 3. (A) Coupling platform for quasi-distributed strain sensing characterization. Inset shows the microscope image of the sensor array
consisting of six cascaded integrated sensors, and the arrow indicates the moving direction of the sample stage. (B) Cross-sectional bending curves
of the buckling chip under microscope observation (solid lines) and reconstructed by cascaded sensors (dotted lines) for different moving distances
AL. (C) Transmission spectrum of the sensor array while the chip is flat without buckling. (D) Resonance dip wavelength shifts and corresponding
experienced strains for the six sensors under different bending conditions by changing AL. (E) Simulated strain (¢,,) for AL = 1.7 mm. The white

dashed line indicates the position of the cascaded integrated strain sensors.

are fixed on the static stage, and any coupling efficiency
variation induced by the applied strain can be ignored.

The right-angle gauge’s transmission spectrum without
bending is shown in Figure 2A, where two deep resonant
dips corresponding to sensors A and B can be observed in the
wavelength range of 1450—1620 nm. The pitches of sensors A
and B are 435 and 445 nm, respectively. The 3-dB bandwidth
of dip A and dip B is 0.26 and 0.20 nm, while the loaded Q-
factors are about 5850 and 7755, respectively. When the
distance between the two stages is decreased and the chip is
bent along the x-axis with the bending curvature from 0 to 2
mm~" at the lowest point, the resonant dip of sensor A
undergoes a blueshift of 3.62 nm, and sensor B shows a redshift
of 0.66 nm in its respective resonant wavelength, as depicted in
Figure 2B. The wavelength blueshift of sensor A is due to the
shrinkage in the lattice constant, as the Bragg grating is
positioned along the x-axis, while the wavelength redshift of
sensor B is caused by the lattice pitch increment under
stretching along the y-axis as per Poisson’s theorem. We have
observed a nearly perfect linear correlation between the
bending curvature of the flexible chip and the wavelength shift,
as shown in Figure 2C. Meanwhile, we also calculated the
strain by FEM coupled with a rigorous strain—optical coupling
theory, 4 revealing the increasing strain along the x-axis €,
from 0 to —0.92%, as the green line shows in Figure 2C. The
strain €, under the bending curvatures of 0, 1, and 2 mm™" is
illustrated in Figure 2D. Thus, we can obtain the relationship
between the resonant wavelength shift of these two sensors and
& as shown in Figure 2E. Sensor A possesses the strain
sensitivity of 0.39 pm/ue by the linear fitting with a high R* of

0.997, while Sensor B has the strain sensitivity of —0.07 pm/ue
with a high R* of 0.996. The letter & refers to the unit strain.

To evaluate the precision of spectral strain resolution using
an optical resonance shift, we define an optical strain-resolving
factor as (A4/¢€)/52 including the strain sensitivity and spectral
resolution,”” where A4 and 81 are the resonant wavelength
shift and 3-dB bandwidth of the resonance, respectively. The
strain—optical coupling strategy provides a sensitive measure-
ment of local strain with a detection optical strain-resolving
factor of about 2000. Therefore, through the established
relationship between the resonant wavelength shift and strain,
we can precisely determine the principal strain magnitudes
with known directions by such a right-angle gauge to realize
biaxial tensile analysis (Supporting Information Section S2).
Moreover, the strain gauge is completely EMI-free due to the
purely optical effects.

Thanks to the FSR-free spectral response, our proposed 1D
PhC microcavity has advanced multiplexing capability. It holds
promise as a quasi-distributed sensor by cascading multiple
microcavities with different grating pitches, which enables
strain and position information encoded into the wavelength-
dependent resonant dip, and the resulting wavelength shift can
be used to retrieve the quasi-distributed strain information
along the cavity section, rendering the integrated sensor a
highly flexible and customizable platform for high spatial
resolution strain mapping in the range of tens to hundreds of
micrometers.

To illustrate the capability of our demonstration, we
analyzed the distribution of bending strain in a buckling chip
consisting of six cascaded sensors that are arranged in a line
with a spacing interval of 110 pm. The sensing units have

https://doi.org/10.1021/acs.nanolett.3c02239
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Figure 4. (A) Photograph showing the flexible chip on a plane stage used to characterize the device sensitivity and dynamic performance. The
strain was applied via a metal needle probe, and the light was coupled into and out of the waveguide through optical fibers. (B) Photograph of the
testing probe loading platform for force calibration. (C) Measured forces at different pressing depths. The red line represents the linear regression
model fitted to the original measurement data set. (D) Measured optical power deviation at different pressing depths. (E) Relationship between the
received optical power deviation and force applied on the sensor via the metal needle. (F) Dynamic performance of the point force sensor under
intermittent heavy and light force loaded by the metal needle and heavy pressure but far from the sensor.

grating pitches ranging from 432 to 452 nm with an increment
of 4 nm. As shown in Figure 3A, the chip is loaded on the
linear motion stages and the white dashed line indicates the
normal line passing the lowest point of the bending curve.
Sensors A—C are located to the left of the normal line, while
sensors D—F are on the right. The inset shows the microscope
image of the strain sensor array. To simulate various cross-
sectional bending curves for the buckling sample, the position
of the movable stage is adjusted to apply an external lateral
force to the chip along the x-axis. As shown in Figure 3B, the
solid lines indicate the bending profiles of the buckling chip
extracted from the captured images with a lateral microscope.
The curve reconstruction by quasi-distributed strain sensing
has been carried out by extracting the wavelength shift of each
sensor based on the strain—optical coupling conditions given
in Figure 2C. The chip is initially flat (moving distance of the
linear motion stage AL = 0 mm) to obtain the transmission
spectrum of the flexible chip, revealing six resonant dips
throughout the entire testing waveband, whose resonant
wavelengths have been recorded for calibration (Figure 3C).
The temperature stability analysis can be found in Supporting
Information Section S3. These dips correspond to six cascaded
sensors (A—F) coupled to a single waveguide for the quasi-
distributed sensing along the bending curve. The curves
reconstructed from the curvature values of the six sensors are
depicted by the red dotted line in Figure 3B, which agrees well
with the bending profile captured by the camera. The detailed
method can be found in Supporting Information Section S4.
In addition, by employing the calibrated strain—optical
coupling relation given in Figure 2E, we can obtain the
experienced strain (¢,,) for the six sensors at different bending
conditions by changing the moving distance AL (Figure 3D).
For comparison, we calculate the strain distribution of the
buckling beam by using FEM based on the extracted cross-
sectional bending profile for a moving distance of 1.7 mm, as

shown in Figure 3E, which agrees well with the results of the
purple curve in Figure 3D. Therefore, our method enables
precise quantification of the quasi-distribution strain in a
flexible device undergoing bending with high spatial resolution.
By adding more strain sensors, we can achieve a greater
number of points and a more comprehensive strain sensing,
taking advantage of the abundant spectrum resources with
minimal losses.

The high Q-factor of the proposed mechanical sensor
contributes to the high sensitivity when using the slope
detection method.By tuning the laser to the resonance flank,
force-induced resonant wavelength shifts translate to intensity
modulations of the output light. Compared to the response
wavelength analysis, the slope detection method can obtain
higher sensitivity and requires less sampling time, albeit at the
cost of a low dynamic range. To demonstrate the capability of
resolving small force changes, we measured the collective
optical power variation when the chip was placed on a plane
stage. Due to the small mode volume of our 1D PhC
microcavities, a metal needle probe with about 10-um tip
radius can provide effective external stimuli by touching the
surface over the microcavity, as shown in Figure 4A. Coupling
loss deviation can be ignored since the sensor is far from the
grating coupler and the optical fiber is suspended. Prior to
conducting the sensing experiments, it is necessary to
determine the forces associated with varying pressing depths.
To achieve this, we designed and implemented a platform
utilizing the dynamic thermomechanical analyzer (TA-Waters,
Massachusetts), as illustrated in Figure 4B, for force
calibration. This platform ensures precise static force measure-
ments with a precision of 1 yN and accurate displacement
measurements with a precision of 1 nm. The forces applied at
different pressing depths were determined experimentally and
are represented by the black curve in Figure 4C. By performing
linear regression analysis, we have established the relationship

https://doi.org/10.1021/acs.nanolett.3c02239
Nano Lett. XXXX, XXX, XXX—XXX



Downloaded via UNIV OF CENTRAL FLORIDA on October 04, 2023 at 13:13:30 (UTC). See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Nano Letters

pubs.acs.org/NanoLett

Table 1. Comparison of State-of-the-Art Flexible Force Sensors

working principle sensing level unit size
Piezo-resistance 90 uN S X S mm
Piezo-resistance 10 mN S X S mm
Capacitance 20 mN 4 X 4 mm
Magnetoelasticity 0.1 N 0.3 X 0.3 mm
Fiber Grating 17.8 mN 20 X 5 mm
Fiber Grating 60 mN 15 X 1S mm
Micro-Nano fiber 1 mN 10 X 10 mm
Micro-Nano fiber 10 uN 0.1 X 0.1 mm
Integrated flexible photonics 13.6 uN 0.11 X 0.03 mm

conformal sensing (yes/no) multiplexed (yes/no) year
Yes Yes 2021°
Yes No 20187
Yes Yes 2018°
Yes Yes 2021°
No Yes 2021%
No Yes 2016
Yes No 20217
Yes No 2022
Yes Yes This work

between force and pressing depth with a slope of 0.162 mN/
um.

The collective optical power increases almost linearly with
the increasing pressing depth (red line), as shown in Figure
4D. Thus, we attain the force by detecting the optical power
deviation with a sensitivity of 1.47 X 107> dB/uN, as shown in
Figure 4E. Considering the detection accuracy of the
photodetector (Santec MPM-215-04-F, +0.02 dB), we can
achieve a detected force level as low as 13.6 uN. The proposed
force sensor is a powerful platform for real-time measurement.
We characterize the response of the sensor when the probe
intermittently touches the surface over or far from the sensor,
as shown in Figure 4F. When the probe applies heavy pressure
on the sensor, there is a large optical power variation,
consistent with an obvious depth change. A small optical
power fluctuation can be observed when the probe gently
presses the sensor. Although the chip is heavily pressurized, the
optical power remains almost unchanged when the probe is far
from the sensor. Table 1 shows a comparison of state-of-the-art
flexible force sensors. Our sensor demonstrates significant
advantages in detecting extremely small force changes with a
compact footprint and multiplexing capability for a large-scale
sensor matrix, which makes it highly sensitive to slight
mechanical deformation with high spatial resolution and
massive sensing information.

In summary, we reported an integrated flexible microscale
mechanical sensor with FSR-free 1D PhC microcavities. By
optimization of the layout of the cascaded cavities, the strain
gauge consisting of function units sharing a single bus
waveguide can precisely determine principal strain magnitudes
with a known direction. The FSR-free feature of the 1D PhC
microcavity enables the ease of scalability and flexible
configuration to a sensor array or matrix. We investigate the
relationship between strain, position information, and wave-
length-dependent resonant dips, enabling precise strain quasi-
distribution assessment of a buckling beam by using six strain
sensors with high spatial resolution. By utilizing the curvature
information from six different sensors, we achieve two-
dimensional shape sensing of the buckling beam, which is
the first successful demonstration of quasi-distribution strain
and shape sensing on a waveguide-integrated flexible photonic
platform to the best of our best knowledge. The number of
strain sensors can be further increased to measure more points,
leading to large-scale and high-spatial-resolution sensing.
Additionally, the force sensor can also be configured in high-
sensitivity mode with real-time measurement, demonstrating a
detected force limit as low as 13.6 uN by the slope detection
method. The proposed mechanical sensor represents a
promising platform for advanced applications such as
monitoring cellular behavior in vitro for biomedical research.
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