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Self-Calibrated Flexible Holographic Curvature Sensor

Jianling Xiao, Tomasz Plaskocinski, Mohammad Biabanifard, and Andrea Di Falco*

Optical curvature sensors find regular use in deformation analysis, typically
requiring pre-calibration and post-processing of the gathered data. In this
work, a self-calibrated curvature sensor based on flexible holographic
metasurfaces operating in the visible range is presented. In contrast to
existing solutions, the sensor can be fabricated independently from the target
objects and provides an immediate readout of their curvature. The sensor
consists of distinct patterned areas that create images of a reference scale and
of a position indicator, which shift with respect to each other, as the
metasurface is deformed. The results of this sensor are validated with an
external calibration and critically discuss the types of deformations that the
sensor can detect. This feature makes the sensor particularly attractive for
applications where real-time curvature monitoring is essential, such as in

robotics, biomechanics, and structural health monitoring.

1. Introduction

Optical curvature sensors are practical tools for measuring the
mechanical deformation of objects and surfaces.['?] They of-
fer angular detection with high resolution, making them an
excellent candidate for integration with curvature-sensitive ap-
plications such as soft-bodied robots**] and optical fibers.]’!
External curvature sensors often rely on interferometry!®®! to
detect the interference fringes from the object and a refer-
ence beam, making them suitable for non-contact measurement
methods. However, they typically require high beam coherence,
which limits their range, precise alignment, and time-consuming
measurements.l’) When embedded in fibers, curvature sensors
use either photonic crystals,[1®!!] Bragg gratings,!'*!* or long-
period diffraction gratings!'>1¢l with a known lattice constant,
and extract information on the curvature by tracking the inten-
sity or wavelength of the spectral features of the transmitted or
reflected light.['”] Alternatively, curvature sensors that track the
light scattered by diffraction gratings can be realized on thick flex-
ible substrates.'®1°] In all these cases, the measurement involves
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converting the optical signal into an elec-
trical one, using photodetectors or optical
spectrum analyzers, which require cali-
bration, and readout terminals to convey
the data to the user.l'7:2021]

Holographic metasurfaces (HMSs)
offer unique advantages in optical imag-
ing applications, including multi-color
and three-dimensional displays,[?? vir-
tual reality,!’] augmented reality,?*
and multi-information encoding and
display.>2]  These advantages stem
from their ability to manipulate the
properties of light, such as phase,?’]
amplitude,?®! and polarization.””) The
precise wavefront control is enabled
by arranging the meta-atoms in sub-
wavelength scale arrays to generate
intricate interference patterns, which form the target holo-
graphic images over a wide range of wavelengths, from visible
to ultraviolet.?%31) HMSs can also be applied on an extremely
thin flexible substrate and thus provide more functional appli-
cations in the real world. They are conformable and can be
transferred to non-flat substrates for multiplexing and imaging
applications.[3>3°] These properties make HMSs an excellent can-
didate for curvature sensing applications.

In this paper, we present a flexible self-calibrated holographic
curvature sensor, operating in the visible range, designed to de-
tect the deformation of the target object. At variance with other
approaches, our sensor does not require the mapping of a given
observable onto the curvature of the substrate. The holographic
image instead embeds both a reference scale and an indica-
tion cursor that gives an immediately accessible readout. As
shown in Figure 1, the target image consists of a two-dimensional
(2D) scale and a dot as the curvature indicator. The position of the
dot changes as the substrate deforms, with the displacement be-
ing proportional to the angle.

In the following, we present the design, fabrication, and valida-
tion of the curvature sensor. The accuracy of the self-calibration
was verified independently by measuring the angle of the light
reflected from a uniform area of the sensor.

2. Modeling

The phase profiles for the holograms of the 2D scale and the indi-
cator were generated independently, using the Gerchberg-Saxton
algorithm. This is in an iterative method that calculates the phase
profile of a computer-generated hologram (CGH), that produces
a pre-determined holographic image. Here, we use the Rayleigh-
Sommerfeld integral to propagate the light between the CGH
plane and the holographic image plane.[*®! In this case, the sensor
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Figure 1. Concept image of the flexible curvature sensor. The two pat-
terned areas (in gold) indicate the HMSs that generate the 2D scale image
and the dot indicator image. The dot position walks across the 2D scale
when the patterned areas are displaced with respect to each other. The
labels on the scale are mapped to the displacement angles 6 and ¢.

consists of two distinct holographic images (the 2D scale and the
dot indicator), projected at a defined distance from the CGH on
a suitable detection surface (e.g., a diffusive screen or a wall). At
this distance, the two reflected images, which propagate off-axis
with respect to the incident light, converge to form the scale and
the indicator. In this application, we assume that the patterned
areas of the HMS undergo rigid rotations with negligible trans-
lation. We will address the effect of these approximations in the
discussion section.

In this implementation, the distance between the screen and
the sensor is 10 cm. The 2D scale consists of four concentric cir-
cles spaced regularly with a total diameter of 8 cm. The diameter
of the indicator dot is 0.5 cm. The shape of the scale was cho-
sen to allow for the substrate curvature to be measured in two
directions along the X and Y axes. For a flat configuration (infi-
nite radius of curvature), the sensor displays the dot in the center
of the concentric circles. The patterned area that generates the
indicator is positioned 1 cm away along the Y-axis from the holo-
gram that generates the scale. This was chosen to simplify the
experimental validation of the sensor, as further discussed be-
low. Each patterned area is 300 um X 300 pm with a resolution of
750 x 750 pixels. The 2D scale has a projection angle of a = 42°
and off-axis angles 0, = 23.8° and ¢, = 18.1° along the X and Y
axes, respectively, as shown in Figure 2. As the upper patterned
area that encodes the dot indicator rotates with respect to the pat-
terned area for the 2D scale, the indicator position changes, e.g.
from position O to position R, within the scale. The rotation of
the upper HMS along the X and Y axes to the X’ and Y’ axes is
denoted by the angles 6 and ¢, respectively, as indicated in the
inset. The points M and N indicate the coordinates of R on the
X-axis and Y-axis, respectively.
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The phase profiles of the target images are mapped onto
HMSs using a 12-phase level, with a well-known metal-insulator-
metal Pancharatnam-Berry meta-atoms, providing a 2z phase
coverage,!¥”38! for circularly polarized light. This is not a strict re-
quirement, and other types of meta-atoms can be used, to work
with linearly or unpolarized light. The unit cell, which has a pe-
riodicity of P = 400 nm, is shown as an inset of Figure S1 in the
Supporting Information. The electromagnetic response of the
nano-rods was simulated using computer simulation technology
(CST).

3. Fabrication

The fabrication process is illustrated in Figure 3a—f. A silicon car-
rier was spin-coated with a 100 nm thick sacrificial layer (Omni-
coat, Microchem), followed by a 6 pm thick SU8 polymer (Mi-
crochem) which acted as a flexible substrate. The polymer was
then flood-exposed with UV light and cross-linked with a hard
bake step at 170 °C for 30 min. A layer of 150 nm gold with
10 nm of NiCr as an adhesion layer was deposited via an electron
beam evaporator to act as a back reflector. A 160 nm thick spacer
layer of Ma-N 2403 (Micro Resist Technology) was spin-coated
on the gold layer. The meta-atoms of the HMSs were defined by
electron beam lithography (EBL) at a dose of 250 uC cm™2. The
sample was developed in Ma-D (Micro Resist Technology) and a
40 nm thick top gold cap was deposited by electron beam evapo-
ration. At last, the flexible SU8 membrane was released from the
carrier by immersing the sample in MF319 (Microposit). To fa-
cilitate the lift-off and transfer process of the sensor, we applied
dicing tape to the four edges of the sample before immersing
it in MF319. This prevented the released membrane from curl-
ing or folding after detachment from the silicon substrate. The
released membrane was then transferred to the target substrate
(e.g., a plastic film), with the help of a few drops of water, to fa-
cilitate the positioning of the sensor. The tape was finally peeled
off from the membrane and the water was allowed to evaporate.
In most cases, this guaranteed a strong adhesion between the
membrane and the substrate. If required, an intermediate adhe-
sive layer could be placed on the membrane. Figure 3g shows the
membrane transferred on a plastic film, where the position of
two distinct patterned areas is highlighted with two red dashed
circles. Figure 3h is the scanning electron microscope (SEM) im-
age of the fabricated sample. The lift-off process does not affect
the quality of the HMSs, which can be confirmed by comparing
the SEM images of the fabricated sample before and after lift-off,
as shown in Figure S2 in the Supporting Information.

4. Characterization

To calibrate and characterize the rotation angle of the HMS and
the corresponding position of the indicator on the 2D scale we
used the set-up illustrated in Figure 4a. A linearly polarized laser
beam with wavelength A = 650 nm was expanded, collimated, and
focused with lenses F1, F2, and F3 with focal lengths of 50 mm,
400 mm, and 1000 mm, respectively. The beam was divided into
two arms, using two beam splitters (BSs), to illuminate both ar-
eas in the HMS. To achieve circular polarization, a 1/4 waveplate
was positioned right before the sample. Due to the size differ-
ences between the 2D scale and the indicator, a 4/2 waveplate
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Figure 2. Schematic image of the geometric parameters of the projected image of the HMSs. The point P indicates the position of the upper patterned
area, which produces the dot image. For the un-deformed configuration, the dot is projected on the O point of the scale image. The point R marks the
coordinates of the dot when deformation is applied, with M and N representing the coordinates of R along the X-axis and Y axis, respectwely 0 and v

are the rotation angles of the upper region of the HMS along the X-axis and Y-axis, corresponding to the angles between PM and PO and between PN

and PO, respectively.

was placed before the first (polarized) BS to adjust the intensity
of light incident on the two patterned areas for better contrast.

The sample was mounted on a stage composed of two parts.
The upper part included a gimbal mount equipped with two mo-
torized actuators (referred to as A and B) to rotate the top part of
the HMS (for the indicator) with respect to its bottom part (for the
scale). The sensor was mounted to have the patterned area for the
indicator at the center of the actuated gimbal mount, to minimize
the displacement upon rotation. The inset image in Figure 4a il-
lustrates the mounting configuration of the sample on a plastic
film with two laser beams incident on both patterned areas.

The holographic images were projected onto a diffusing
semi-transparent board positioned at the designed distance.
Figure 4b—d displays the holographic images of the 2D scale, the
indicator, and both the 2D scale and the centered indicator, re-
spectively.

5. Results and Discussion

In the following, we refer to the linear actuators controlling the
rotation angles ¢ and 6 of the HMS as A (Y-axis) and B (X-axis).
To achieve different rotation angles, the travel distances AL, and
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AL, were varied in the range of + 3 mm relative to the center posi-
tion, with steps of 0.5 mm. This produced rotation angles ¢ and 6
in the range of + 12° with a resolution of 2°. The holographic im-
ages projected on the diffusing board were recorded by a charge-
coupled device (CCD) camera. The images are slightly distorted,
due to the setup constraints that require placing the CCD camera
at a slight angle with respect to the board. We therefore corrected
the distortion with image processing software, using the 2D scale
as a guide, and extracted the coordinates of the indicator from the
corrected images.

The rotation angles § and ¢ were calculated by the following
equations:

cos @ PO & (1)
| PO || PM |

COS(p=PO~% (2)
| PO || PN |

where P is the center of the upper HMS and O is the center of
2D scale (see Figure 2).
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Figure 3. Sensor fabrication process. a) Spin-coating of Omnicoat, the SU8 layer, and evaporating NiCr and gold films on the silicon wafer. b) Spin-
coating of Ma-N 2403 resist. c) EBL writing to define nano-rods. d) Evaporating a gold cap on top. e) Lift-off process by etching the Omnicoat layer. f)
Transferring the flexible sample to a target substrate. g) Image of the HMSs transferred to a plastic film. The red dashed circles indicate the regions with
the patterned areas. h) SEM image of the HMSs.

(a)

Figure 4. a) Schematic of the set-up with an image of a sample mounted on the rotation stage as an inset in the upper right. The experimental holographic
images of b) 2D scale, c) indicator, and d) a combination of 2D scale with the indicator in the center.
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Figure 5. Plot of {}y5jogram Versus {miror- The insets a—d) show the holo-
graphicimages at the selected points. Inset (e) shows a zoomed-in view of
the plot, highlighting the correspondence between the two methods (dots
in blue), the associated uncertainty (error bars in orange), and the linear
fit (continuous line in black).

In this example, the labels of the 2D scale indicate the displace-
ment of the dot indicator in centimeters, with respect to the flat
configuration. From simple geometrical consideration (see also
Figure S3 in the Supporting Information) the rotation angle 8
around the Y axis can be obtained with the expression

x

tan @ = (3)
dtan’6, + xtan 6, + d

where d is the distance between the HMS and the image plane,
x is the displacement of the dot indicator and 6, is the off-axis
angle. Therefore, for this specific configuration, a displacement
of 1 cm along the X-axis corresponds to a rotation 6 = 4.6°. The
same considerations can be made for rotations around the X-axis.

To validate the accuracy of the sensor, we performed an inde-
pendent calibration of the curvature of the object by collecting the
angle of the beam reflected from an un-patterned area. The cal-
ibrated rotation angles fit is shown in Figure S4a,b (Supporting
Information) for the HMS and ¢, d for the reflective mirror.

For both characterization methods, the coordinates were
recorded three times to estimate the uncertainty of the measure-
ments.

To compare the two methods, we mapped the 13 x 13 grid of
sampled angles onto a one-dimensional (1D) linear variable ¢ (n)
= (0,+12) + 13 X (p,+12), where n counts from 1 to 169. This
choice allows us to directly compare the accuracy of two char-
acterization methods. Figure 5 shows the plot of £} 050 Ver-
sus ¢ o With the associated experimental uncertainty, where
Chologram a0 i, are the 1D mapping variables for the holo-
gram and the mirror methods, respectively. To construct these
variables, we used the angles 6, and ¢, obtained independently
for each case. For a correctly functioning sensor, the two vari-
ables must assume the same value, and plotting one against the
other must give a straight line (shown in black in Figure 5), as
is the case here. The measured accuracies were 0.3° and 0.6° for
the HMS and mirror cases, respectively. In both cases, the esti-
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mation of the accuracy is limited by the ability to impose a spe-
cific angle using the actuators and by the alignment of the laser
with the pivot of the rotation. In other words, the accuracy of the
sensor is superior to that of the validation method. The insets
of Figure 5 show the images relative to the points (a-d). The inset
relative to point (e) shows a zoomed-in view of the plot, where the
black line is the linear fit, going through the origin of the graph,
and the data are shown in blue dots with error bars in orange.
The resolution and the measurable range of angles of the sensor
depend on the size of the projected image . Larger images, pro-
jected at longer distances from the sensor increase its resolution.
This however tends to reduce the range of angle, since it becomes
more challenging to capture larger and larger images.

Since the images of the 2D scale and indicator overlap correctly
only on the imaging plane, we explored the dependency of the
measurement accuracy on the relative position of the detection
screen.

To simplify, we tested this dependency in the flat sensor case.
As expected, the size of both images is magnified as the distance
of the observation plane increases, while the position of the indi-
cator walks across the 2D scale, passing through the central po-
sition at the designed distance. Tilting the diffusive board with
respect to the ideal imaging plane produces distorted images,
with a less pronounced effect on the position of the indicator on
the scale. Figure S5 and Table S1 (Supporting Information) show
these results quantitatively. It should be noted that the specific
tolerances with respect to misalignments of the imaging plane
are strongly correlated to the ratio between the distance of the
screen from the HMS and the separation between the patterned
areas relative to the indicator and to the scale on the HMS. For
larger ratios, the parallax is reduced and so are the effects of pos-
sible misalignments. On the other hand, the notion that the in-
dicator and the scale are aligned by design in the flat case can
be used to establish the accurate positioning of the observation
screen before the measurement of deformations.

[tis important to highlight that both the scale and the indicator
design can be tailored to a variety of different configurations. In
this case, we placed the patterned areas in the HMS related to
the scale and to the indicator at a distance that would facilitate
the validation of the sensor.

On the side of the HMSs, for example, it would be straightfor-
ward to increase the number and density of the patterned areas,
to map the local distortion and curvature across the whole sur-
face, rather than that of one point with respect to another one, as
we did here. Likewise, on the imaging side, different strategies
can be adopted, e.g., creating local scales and indication points to
relay the local distortions directly to the observer, including using
a scale with angles labeled in the image itself. Additionally, the il-
lumination of the sensor could be done with a single, uniform
source, instead of using two smaller laser beams. These choices
determine key aspects of the sensor, including its resolution, the
range of measured angles, and the tolerance to misalignments
between the HMSs and the imaging surface.

In this case, we assumed that the minimum radius of curva-
ture of the membrane is larger than the patterned areas, which
are therefore assumed to be undistorted. Typically, for a radius of
curvature 30% greater than the length of the patterned area, the
normalized correlation of the holographic image with the image
of the undistorted case is better than 3 dB.I*®! For our sensor, this
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means that a readable image can be formed down to a radius of
curvature of 0.5 mm, at the cost of an increasingly compromised
accuracy. However, this is not an intrinsic limitation of the plat-
form and can be easily removed. If desired, the curvature of the
patterned areas can be used directly to extract information on the
topology of the deformation at small scales, thus providing the
sensor with additional degrees of freedom.[3>3¢]

As typical of out-of-plane optical curvature sensors (e.g., based
on diffraction gratings), the resolution of our approach is not lim-
ited by the ability to resolve narrow spectral features, as for optical
fiber-based sensors. On the other hand, since our sensor mea-
sures the relative rotation of two points on a surface it is less ca-
pable of producing large-scale and spatially resolved images of
complex deformations than interferometric methods. However,
within the limit of a local detection, our sensor offers compara-
ble resolution, without requiring optical sources with long coher-
ence lengths. This versatility, coupled with the ability to relay the
readout without pre-calibration and further analysis, marks the
main difference between our sensor and alternative solutions.
Additionally, contrarily to embedded sensors, our device can be
applied to existing devices or materials, independently from their
manufacturing and operational requirements.

6. Conclusion

In this paper, we demonstrated the design, fabrication, and char-
acterization of a self-calibrated flexible holographic metasurface
curvature sensor. The sensor was designed to work in the visi-
ble range, where the curvature is directly revealed by the position
of an indicator with respect to an intrinsically aligned scale. The
demonstration of the self-calibrated flexible holographic curva-
ture sensor is of particular interest for applications where it can
be applied after the fabrication of the target substrate, without
impacting its motion, and where an immediate readout of the
curvature is required. A meaningful example is that of soft robots
and wearable sensing applications, where machine-human inter-
actions require direct and simplified feedback on the status of the
Sensor.
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the author.
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