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Abstract

Buildings, bridges, and aircrafts are frequently exposed to fluctuation loads which could start 

with a fine crack that instantly lead to unpredictable structure failures. The stationary strain 

sensors can be utilized, but they are costly and only detect limited deformations forms and 

sizes. Here, we fabricated photonic strain sensors on adhesive tapes which can provide real-

time monitoring of irregular surfaces. Holographic interference patterning was used to produce 

non-linear curved nanostructures of 1D of (900 nm × 880 nm) and 2D from black dye film on 

a robust uniform adhesive layer and heat resistance tape. The patterned structure of the black 

dye was stable in broad pH environments. Diffracted light from the curved nanostructure 

detected the signal during structural damage, shift or material tear of 5 µɛ at less than 1.3 N 

cm-2.  Additionally, the 2D nanostructure detected a surface change from x or y axis. Tilting 

the 1D structure within the range of 0.3° to 14.2° provided visible wavelength changes under 

broadband light to reveal early deflection signs. The curved nonpatterns could be also used for 
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transferable holographic symbol design. Photonic nanopatterns on an adhesive tape could be 

used as a rapid response, conformable, lightweight, and low-cost dynamic strain sensor. 

   

KEYWORDS: Holography; laser ablation; diffraction gratings; surface wettability; strain 

sensing

Introduction

Buildings can be damaged during their operational lifetime due to unforeseen foundation 

settlement, design error, or seismic events. Metals, concrete, and composite materials are the 

main supporting structures for buildings, bridges, and aircrafts1-3. High cost associated with 

wireless strain sensors limits continuous observation of the large constructions and 

unconventional geometries. There are many complex systems, with  large and non-planar 

surfaces that require vigorous alert systems to prevent any catastrophic damage1, 4. Complex 

and wrinkled surfaces may affect the fabrication of micro- and nano-scale devices. Non-planar 

displacement and the shear traction behavior up to 10 cm often leads to lengthy change but not 

considered a deformation for many devices5. For example, stalactite straws growing beneath 

concrete may destabilize a building’s structure. Humidity, low air circulation, CO2 

concentration, variation in pH can accelerate the growth of stalactite straws, which degrade the 

concrete texture 6. For example, in the United States there are more than 600,000 bridges which 

limits continuous inspections due to the growing costs. One in four bridges are considered 

structurally inadequate for use, which raise a public safety concern. A bridge deck should be 

examined if strain value increases from 60 to 80 µɛ, where the structure would develop a fatigue 

when the strain reaches 150 µɛ.3 Tension indicators are highly desirable for monitoring and 

recording health conditions in civil engineering, aerospace, and human interface applications.
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MicroStrain miniature sensors use nodes in a bridge structure for wireless discrete 

placement to measure structure problems such as vibration, load, strain, corrosion, 

displacement, and tilt. They can measure bending strains of ±400 µm. Similarly, non-

destructive testing (NDT), which use a robot to inspect bridge cables, requires a high-voltage 

X-ray tube and gamma rays for detecting wire cable damage at every 30 cm 3, 7. Some aircraft 

structures are made of carbon fibre as a light material, but unpredictable discrete events can 

cause structural delamination. In addition, most modern aircrafts are made of a composite 

material structure which can have complex failures, such as resin cracking, fibre breakout, and 

disjointing. These failure mechanisms are hard to detect and require frequent manual 

inspections (imaging), significantly increasing operating costs of airlines 8, 9. Fibre Bragg 

gratings (FBG) have been used in airplanes and other engineering applications to measure 

tension load by monitoring light wavelength shifts as a reliable technique. Attaching FBG 

under the composite skin and stiffener allows monitoring the structural stability of large 

aircrafts. However, this measurement technique could interoperate a failure occurrence close 

to the localized area and the minimum length of FBG to produce accurate measurements is at 

least 6 mm10. It can respond to stretch/failure which is restricted to the glued zone of FBG 

wear. It also has weak deformation capability (25 kN), a narrow and uniform strain failure 

measurement range (< 2%), and 1 mm m-1 resolution 10-12. Some transducer strain sensors are 

only able to measure deformation (mm scales) and subject to inconsistency on unconventional 

surfaces 7, 13, 14 . Piezoresistive strain sensing is flexible, require low power consumption, and 

is lightweight strain sensors; nevertheless they require complex installation and wiring at point-

of-testing sites 4, 15, 16. It is highly desirable to develop low-cost, rapid, and wireless sensors for 

structure strain monitoring.

Feasible and highly-responsive strain sensors can be fabricated from optical nanostructures 

because they enable the control of the light direction 17, 18. A non-linear nanostructure could 
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provide a strong non-linear response especially in unconventional surfaces18-20. An embedded 

nanostructure on a commercial adhesive tape would produce a low cost and flexible strain 

sensor conformable to any surface. Nevertheless, integrating nanoscale features over 

commercial tape represents an essential challenge. Convential nanofabrication methods are 

able to form optical structures; however, they are costly and time consuming 21-23. Methods 

such as contact stamping, micro molding, E-beam processing, and ultrashort laser pulse 

lithography can be used to fabricate nanostructures on a tape 24-26. Nevertheless, these 

fabrication methods require complex setups, high-energy supplies, multiple steps, high-cost 

equipment, and long fabrication times 22, 27, 28. In addition, there are many laser interference 

systems that are able to produce nanostructures 29; however, they may damage the thin plastic 

substrates due to their highly-intense pulse beam energy 30.

Here, optical nanostructures were rapidly produced at low cost by a holographic laser 

ablation. Black dye deposited on a commercial adhesive tape was patterned by ablative 

interference fringes using direct laser interference patterning (DLIP). Holographic DLIP in 

Denisyuk reflection mode generated a Fresnel zone plate (FZP) and curved grating  (CG) 

1D/2D on the  tape without damaging the substrate 31, 32. Additional samples were fabricated 

by changing the samples’ tilt angle range between 5° and 35° at different incident positions on 

a concave mirror to study the light diffraction effects with monochromatic light. The wettability 

of 1D and 2D nanostructures were characterized. The nanostructures on the tape were 

examined for dynamic sensing applications. 

Results

Holographic fabrication of FZP and curved grating nanostructures 
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5

Glass slides were coated with black dye which acted as a recording medium to obtain accurate 

and reliable measurements. This dye was selected because it can absorb the interference pattern 

from a laser beam to obtain a well-defined nanostructure 33. The black dye had a long-term 

durability up to five years. The thickness of the black dye on the substrate was measured to be 

915 nm (Supporting Information Figure S1) 34, 35. Figure 1a illustrates the setup diagram of the 

Denisyuk ablation mode to fabricate holographic structures on the recording medium. Initially, 

the laser beam was directed by a dielectric mirror to eliminate harmonic components from the 

laser beam, then it was guided to a plane mirror toward two sets of mirrors. The laser beam was 

directed to the first set by the plane mirrors toward the black dye to pass the recording medium 

and was reflected from the centre of a concave mirror. The reflected beams from the centre 

point of the concave mirror formed a focal point ( ) at 5.0 cm (Eq. 1). The incident and 𝑓𝑐

returning laser beams interfered in the black dye to ablate the localized regions on the medium 

before reaching the focal point (Figure 1b). Due to the concave mirror having a surface at 3.1 

mm gradually decreased to the deepest point with a difference of 100 µm, the reflected beam 

was modulated into a quadruple amplitude wave which ablated different circular periodicities 

at the exposed region on the dye. A quadruple amplitude wave are considered as non-linear 

waves, which interfer with the incoming waves36. As a result, the ablation produced a FZP 

structure (Figure 1c)37. In the second laser beam exposure process, the laser beam was directed 

to the edge of the concave mirror, so part of the incident laser beam was reflected from one 

edge of the concave surface. The quadruple reflected laser profile ablates part of the localized 

region on the black dye medium to form a CG as a set of semi-circles (Figure 1d).
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Figure 1. Fabrication of Fresnel lens and distorted patterns of nanosecond DLIP in holographic 

Denisyuk reflection mode. (a) Nd:YAG laser beam (1064 nm, 3.5 ns) was guided by a dielectric 

mirror and passed to a set of mirrors through black dye on a glass slide reflected back from (b) 

laser interference pattern. The centre of the concave mirror (centre pulse (CP); (c) optical image 

of the fabricated Fresnel lens plate. The second set of mirrors: exposure from the side of the 

concave mirror (side pulse (SP)); (d) optical radial structure. The insets in (c,d) show SEM 

images. (Scale bars=100 µm)

Both structures were gratings resulting from the laser interference produced from various 

regions of the concave mirrors which produced non-linear structures 36, 38-40.   

= (Eq. 1)𝑓𝑐
1
2𝑟𝑐 
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where  is the radius of curvature. Both structures of the concave mirror. The interference of 𝑟𝑐

the laser ablation process resulted from two beams. The interference developed from the 

maximum energy of the incident electric laser wave  and reflected electric laser wave  is: EI  ER

= + +2                                 (Eq. 2)𝐸2 𝐸𝐼
2 𝐸𝑅

2 𝐸𝐼𝐸𝑅cos (𝛼𝑅 ― 𝛼𝐼)

where  , x, ω, and t represent the laser wavelength, axis plane, angular frequency and time, λ

respectively. k is the magnitude of the grating vector or the propagation number and can be 

calculated by k = 2π/ . The separation of space and phase is defined by  (x ) = - (kx+ ).  𝜆  𝛼  , 𝜀  𝜀

The phase difference is represented by δ= 41.(𝛼𝑅 ― 𝛼𝐼) = 2𝜋/𝜆(𝑥1 ― 𝑥2 ) 

The holographic DLIP has produced the FZP and radial structures by arranging the 

samples’ angle at 0° from the incident during the interference. The differences in the phase  

grating results in different spacings of the photonic structures. Optical microscopy was used to 

measure the average large structure (R1) and the average smallest periodicity structure (R2) in 

samples (spacing in central and side regions labelled in Figure 1c-d). The centre pulse (CP) 

produced the symmetric FZP structures and it had no structure at the midpoint which was 

considered as R2 with zero periodicity. Figure 2a shows the structure spacing of R1= 12.1µm. 

On the other hand, the side pulse (SP) structure at 0°  showed the spacing of R1= 9 µm centrally, 

changing to the smallest spacing of R2= 5.6 µm in the outer regions (Figure 2b). Changing the 

samples’ exposure angle (Ɵ) on the holographic DLIP allowed decreasing of the structure 

spacing (Ʌ) as varying tilt angles (5°-35°) 42.  The geometry of the FZP changed after changing 

the sample tilt angle to 5°, distorting the full circle as the SP structure. Increasing the sample, 

tilt angle also decreased the periodicities of the structure (Figure 2c). While the same exposure 

angle of the SP decreased the curve structure and the spacing (Figure 2d). In addition, the 

resulting difference of the structural spacing of (R1 and R2) for both laser pulses (CP and SP) 

became close at ~25° (Figure 2e-f). The microscopy images of the CP and SP patterning 

structures are provided in (Supporting Information Figure S2-3). Eq. 3 was used to estimate 
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8

the theoretical mean values of the structural spacing with the exception of 0° tilt angle 

exposure. The CP structures’ mean values were closer to the theoretical values than the SP 

structures’ because the concave mirror surface changed gradually from the centre to the edge. 

While the SP nanostructures started from a side region of the uneven surface to produce smaller 

spacing than the CP structure. Both laser reflection positions of CP and SP periodicity were 

compared with the theoretical spacing (Figure 2g). The experimental and theoretical structures’ 

spacings are provided in (Table 1). Light transmission measurements were conducted on the 

structures to study the space-light interactions (Figure 2h-i).

Ʌ =          (Eq. 3)
𝜆

2𝑠𝑖𝑛 (Ɵ)

Table 1.Periodicity measurement black dyes based on the changing exposure angle; C: pulse 

on the centre; S: side pulse; R1: smallest regen grating; R2: largest regen grating; Theo: 

theoretical spacing.

On-axis exposure using the curved mirror produced circular interference patterns. The 

holographic properties of the nanofabrication pattern resembled those of a FZP, forming an on-

axis diffraction focus beyond the sample with a focal length determined by the radial scale of 

the pattern. The off-axis exposure produces curved interference patterns and hence curved 

gratings. Measured transmission intensities decreased as the structure periodicity became 

smaller. The produced patterns were non-linear structures.
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Figure 2. Optical microscopy images showing surface grating nanostructures fabricated by 

holographic DLIP reflection from the centre and the side of a concave mirror. The effect of 

changing the laser amplitude due to the reflection and samples’ tilt angle on the structures’ 

spacing (the smallest region R1 - the largest region R2 periodicities): (a) 0° (0 µm-12.1 µm); 

(b) 0°(9 µm-5.6  µm); (c)5° (7.1 µm-4.9 µm); (d) 5° (3.44 µm-3.39 µm); (e) 25° (1.23 µm-1.16 

µm); (f) 25° (1.17 µm-1.12 µm). Tilt angle effect on structures’ spacing of (g) centre, side pulse 

structures and theoretical values; (h) transmission on CP structures ;(i) transmission on SP 

structures. Scale bars = 5 μm.

Optical characterization of the structures
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 Laser illuminations from three monochromatic light sources blue, green and red wavelengths 

(450 nm, 532 nm and 635 nm) were used to characterize the patterned structures. The red laser 

beam illumination (635 nm) on the nanopatterns was used as the main diffraction analysis 

because it has a long wavelength to generate the largest diffraction angles 17, 40, 43. The spacing 

produced at various tilt exposure angles 5° to 35° influenced the diffraction angles to increase 

for both CP and SP pattern structures 17, 18, 34. The diffraction was asymmetric with one side 

diffraction intensity being higher in the first order than the other one in all the structures (Figure 

3a-b). The positive orders were less intense because the diffraction was affected by the 

direction of the curved structures, producing highly intense focal points ( ) on one side and ƒ𝑜

defocused low intensity spots on the other side 19. 

Geometrical theory for diffraction (GTD) was used to simulate 635 nm illumination beam 

from 5° to 35° tilt angle patterned structure (Figure 3c). In addition, the light intensity reduced 

as the diffraction angle increased because the structure spacing reduced 19, 38, 39 . The intensity 

of the CP structures was higher than the SP structures, especially in the larger spacings. 

Moreover, there were more diffraction points at the CP structure than that of the SP structure. 

On the other hand, the diffraction angle of the SP structure was higher than that of the CP 

structure. The difference in the intensity and the diffraction angle also originated from the size 

of the periodic spacing (Table 1). The experimental diffraction graphs of the CP and SP 

patterning structures are provided in (Supporting Information Figure S4-5). The diffraction 

angle of the first order (focal point) can also be estimated based on the periodicity size (Eq. 4-

5) and the theoretical and experimental diffraction point is presented in (Supporting 

Information Table 2).

   Ʌ =                                                                                                             (Eq. 4)
𝜆𝑚

𝑠𝑖𝑛 (𝛼)

   =                                                                                                                        (Eq. 5)ƒ𝑜
𝑟2

2𝑚𝑊
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11

where the m, ,  r and W are the order number, diffraction angle, focal point, radii of the  𝛼 ƒ𝑜,

grating aperture and defocused power 19, 38, 44. In addition, the diffractions of the CP and SP at 

0° had different behaviors. The CP structures of FZP resulted in one diffraction point  based (ƒ𝑧)

on a full symmetric circle structure (Figure 3d) (Eq. 6)45, 46. Similarly, the SP structures focused 

on the centre axis (Figure 3e). Although, it has many diffraction points, none of them can be 

as focused as the one on the centre. The extra diffraction points could also be approximated by 

Eq. 4. When the exposure angle was changed to 5°, both the patterned structures focused light 

in the first order (Figure 3f-g). Although the zero order seemed to have higher intensity than 

the first order, the highest intensity would shift. Further analysis is considered for 25° CP and 

SP structures by the three laser wavelengths.

=                                                                                                                           (Eq. 6)ƒ𝑧
𝑟2

𝑚𝜆

The diffraction angle of the shorter wavelength was less than for the longer wavelength 42. 

However, the short wavelength illumination (450 nm) resulted in higher intensity than the 532 

nm and 635 nm for both patterned structures (Figure 3h-i). The spacing and the shape of the 

CP and SP structures influenced the diffraction angles and intensity to make one side focus and 

the other defocus; although the diffraction intensity of the CP structures was higher than that 

of the SP structures. In addition, if the exposure angle was at 0°, the highest intensity point was 

always in the centre while the wavelength of the illumination affected the diffraction angle and 

intensity.

Focusing Analyses of Photonic Structures

The 25° tilted samples of the CP and SP structures were selected with close agreement between 

the diffraction and the structures’ spacing. Using a white screen arranged at the first distance 

of 18 cm from both the samples and maintaining an image distance at 20 cm, the screen’s 
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12

distance was decreased by 3.0 cm in six steps. The last step’s distance was 1.0 cm as the closest 

possible point to the sample. Although the images of the first order diffraction spots moved 

closer to 0 order, all spots moved along one diffraction angle, which was 31° for the CP and 

32° for the SP structure (Figure 4a-b). The spot size of the diffraction points decreased as they 

moved closer to the illumination source. The light intensities of the spots were the lowest at 18 

cm in the both samples and increased as they moved closer to the laser illumination source. 

However, the CP and SP structures provided the highest intensity at 3.0 cm distance at the 

focused point, then decreased at 2.0 cm from the samples. The SP structure’s intensity was 

higher than the CP structure between 2.0 cm and 3.0 cm because of the subtle difference in the 

spacing (Figure 4c).
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Figure 3. Experimental diffraction analyses of nanostructures with varying periodicities 

produced at tilt angle of 5°-35° via central pulse (a); and side pulse (b). (c) Simulated diffraction 

of the patterned structure.  Diffraction from 0° samples with (d) symmetric FZP circles and (e) 

asymmetric curve structures. Red laser illumination on a 5° (f) centre structure; (g) side 

structure. Diffraction results for 450 nm, 532 nm, and 635 nm wavelengths with 25°  tilt angle  

sample (h) centre pulse; (i) side pulse; scale bar = 5 cm.

Another structure was used to add analyses of focused diffraction intensity (non-linear 

structure) to show the maximum intensity shifting from zero order to first order 18, 19, 40. The 5° 

tilt exposed structure of the CP has been used as one with the highest diffraction points as 

compared to the other structures. The diffraction images were projected on a screen and 

analyzed. The intensity of 0 order was low at 18 cm screen distance. The first order (-1) reached 

the maximum intensity at 12 cm distance; however, the intensity decreased as the screen was 

brought closer to the structure (Figure 4d-e). Usually in light diffraction, the zero order is the 

highest intensity but the curve structure able to increase the highest intensity on the first order. 

Increase and decrease light intensity represents the focus point. A comparison between the 

negative and positive diffraction intensity points was added to show the total change of 

diffraction intensity at every point at different distances (Figure 4f-g).

The CP and SP structures at 25° showed equal and low diffraction intensities in the first 

order at 18 cm distance, then reached maximum diffraction intensity around 2-3 cm at the 

focused points. In the standard diffraction gratings, there were diffraction orders at angles 

determined by the average grating spacing. The curved nature of the grating added focal power, 

positive focussing to the negative orders and negative defocussing to the positive order. The 

amount of focal power scaled with the order number, hence the +2 order focussed more 

intensely than the +1 order. In addition, the carved nanostructure was influenced by the size of 
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the structure to create the maximum intensity at the focus point; which can be used as a highly-

intense signal to detect any change of movement or surface shift. 

Figure 4. Changing distance of the measured diffraction patterns from 25° tilt angle samples 

showing the focussing effects of the curved structure focusing to the left and defocusing to the 

right. Intensity at varying screen distance from the diffraction structure. (a-b) central pulse 

structure and side pulse structure. (c) Two pulse structure comparison. Changing screen 

distance of center pulse of 5° to sample tilt angle. (d) Image of diffraction at different distances. 
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Red laser illumination for 5° tilt angle sample. (e) Graph for changing distance and resultant 

diffraction intensity ;(f) Left side of diffraction points; and (g) right side diffraction points. 

Scale bar = 5 cm.

Diffraction Spectra Measurements

A goniometer setup was used to measure the angle-resolved diffraction efficiency. The setup 

was able to measure the rainbow diffraction wavelengths from the photonic structures, as it 

moved on the motorized rotated stage (Figure 5a). The diffraction rainbow covered the 

wavelengths range of 400-800 nm. The samples were placed about 17 cm from the 

spectrometer detector. The length measurements were based on placing a screen at 35 cm away 

from the diffraction samples. The broadband white light showed different responses when 

transmitted through both the CP and SP photonic structures. The FZP structure allowed all the 

wavelengths to emerge together towards one focus point; because the structure had a 

composition of several sized full circles and acted as a lens 18. However, the CG showed 

diffracted wavelengths (visible colors) because the structure has multiple semi-circle structures 

and acted as a grating. The CP structures diffracted different orders in both sides between 5° 

to 15°; then diffraction became one order on both sides between 20° to 35° (Figure 5b). The 

rainbow diffraction was measured for all structures from 0° to 35° tilts of SP patterning (Figure 

5c). 

Page 15 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

Figure 5. Angle-resolved measurements of structure by fabricated by holographic DLIP. (a) 

The spectroscopy setup to analyze a broadband white light beam through a sample on a 

motorized goniometer stage to measure the diffracted rainbow pattern. The rainbow diffraction 

pattern for (b) CP samples produced at tilt angles of 0° to 35°. (c) SP samples at tilt angles of 

0° to 35°. Left and right rainbow diffraction of 25° structure (d) CP pattern, and (e) SP pattern. 

Scale bar = 1 cm.
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The curved photonic structures have more visible wavelength intensity on the left side than 

the right side due to the curve direction focusing on one side (defocussing on the opposite side). 

The goniometer set-up was used to analyze the 25° sample produced via CP and SP. The 

wavelength diffraction profiles were the same on both sides (Figure 5d). The right-side rainbow 

length was 7.4 cm and the left side was 13.4 cm. On the other hand, the length of the left and 

right sides of the SP were 5 cm and 10 cm, respectively (Figure 5e). This showed a good focus 

of the wavelength on one side (right); although the intensity of the SP was less than the CP 

patterning. This is because the focus point of the SP pattern was shorter than that of the CP 

pattern due to structural size difference. The FZP, CG, CP and SP structures diffracted all 

wavelengths. The distribution of the rainbow patterns increased as the structures’ size 

decreased. The CP and SP structures have high wavelength intensity at the right-hand sides due 

to focussing. The CP structure has a high wavelength intensity because the focus point was at 

a longer distance than that of the SP pattern.

Applications: curved nanopatterned structure

A low-cost commercial adhesive tape (thickness=100 µm) was used to pattern the photonic 

structure. Commercial ultra-adhesive tape had several advantages including high strength, 

flexibility, being waterproof, high transparency, stretchability and resistance to environmental 

heat 4, 15, 16. The black dye was deposited on the tape to form a thin film and holographic DLIP 

was used to generate 1D nanopatterns at a 35° exposure tilt angle (900 nm × 880 nm) (Figure 

6a). The 2D structure was designed by a sample rotation of 90° to make the same spacing in 

the x and y axis (900nm × 880 nm; 900nm × 880 nm) (Figure 6b)42, 43. Transmission mode was 

used to measure the material surface thickness on the tape before and after the nanopatterning 

process. The broadband halogen light beam was used for transmission analysis with reference 
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to a plain adhesive tape. The plain adhesive tape showed high light transmission (98%); 

however, the transmission decreased to 18% after the deposition of the black dye coating.

The transmission increased on the 1D and 2D photonic structures after holographic DLIP 

patterning. The 2D curved structure showed a higher light transmission than the 1D structure 

due to more material removal and increased structure gaps (Figure 6c). Hydrophobicity 

measurement was conducted to measure the change in the tape’s surface properties (contact 

angle) and effects of 1D and 2D nanostructures, respectively (Figure 6d-f). In addition, the 

three illumination wavelengths were used to display the diffraction from the 2D structure. In 

addition, the three illumination wavelengths were used to show the wavelength interaction with 

the 2D structure. They showed an increase in diffraction angle on both axes as the wavelength 

increased (Figure 6g-i). Moreover, 2D patterns generated two rainbow diffraction spots on both 

axes (Figure 6j). The RGB room light measurement on a 1D 35° tilt angle structure showed a 

visible wavelength change from blue to red as the structure was exposed to the light source 

normally. When the tilt angle of the curved nanostructures was altered from 0.3° to 14.2° at the 

normal, they displayed visible color changes (Figure 6k). This can add another signal of 

allowable and critical deformation. Furthermore, the black dye deposited structure was tested 

in DI water at different pH concentrations to show stability with pH variation (Supporting 

Information Figure S6). 1D and 2D structures on the clear tape showed changes in transmission 

and contact angles. Moreover, the 2D structure showed the diffraction angle and rainbow 

patterns with an extra spot at the y-axis. The 2D structure could help to detect the elongational 

changes from the two axes. The visible wavelength of the 1D structure based on the changing 

sample tilt was able to add more information as deflection occurrences. The black dye structure 

was stable with pH changes to report any of the growth of stalactite straws on a building 

structure.
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Figure 6. Fabrication of 1D and 2D carved photonic patterns using holographic DLIP. The 

larger and smaller structure periodicity were(a) 1D (88 nm-900 nm); (b) 2D (900 nm-880 nm 

× 880 nm × 900 nm); optical microscopy and SEM image scale bar=5 µm, 2 µm ;(c) 

transmission analysis. Contact angle measurements of (d) plain tape; (e) 1D structure; (f) 2D 

structure; scale bar = 1 mm; laser illumination of (g) 450 nm; (h) 532 nm; (i) 635 nm. Rainbow 

diffraction of (j) 2D pattern sample; visible colour analysis of (k) a 1D pattern sample using 

room (a broadband white) light source. Scale bar = 1 cm.

Page 19 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

The 1D SP structure (900 nm × 880 nm) on adhesive tape was used on a tension 

measurement setup (Figure 7a). The illumination was started with a diffracting angle of 44°. 

The tape was stretched to analyze the intensity and the diffraction angle variation. The main 

testing probe measured the diffraction angle on the focused point side. The strain test was 

conducted on the tape of 4 cm length and 1.5 cm width to measure the Young’s modulus of the 

tape. The tape has ductile behavior (Figure 7b) with an elastic limit of 1.3 N cm-2 and Young’s 

modulus of 36.7 N cm-2. Then the tape started to yield in the plastic zone at the Young’s 

modulus of 13.3 N cm-2 and 4.6 cm (Figure 7c). The elongation was conducted by stretching 

the tape with 300 increments of 5 µɛ per stretch, a total of 0.6 cm extension. Seven points were 

selected to expose the diffraction change positions (Figure 7d). The intensity of diffraction 

increased as the stretching increased (nonlinear response) because the gap spacing increased to 

allow more light to focus at a longer distance (Figure 2h-i). The change of diffraction position 

could measure the change in the elongation. In addition, it allowed the control of the focal 

length based on tape extension.

Imaging and holographic logo

The CP structure with a 5° tilt angle were used for imaging as the largest structures. The 

structures would modify efficiently the focal length of the lens (Eq. 7) to create multiple images 

based on the structure size (Eq. 8) 38, 47. 

  = ](                                                                                     (Eq.7)ƒ𝑙𝑒𝑛𝑠 [1 ― 𝑛
1
𝑟𝑖

―
1
𝑟𝑜

)
(1 ― 𝑛)𝑑

𝑟𝑖𝑟𝑜𝑛 )

  =                                                                                                       (Eq. 8)ƒ𝑖𝑚𝑔
ƒ𝑙𝑒𝑛𝑠 𝑟2

𝑟2 + 2ƒ𝑙𝑒𝑛𝑠 𝑚𝑊

where n, ,  represent the lens refractive index, inner radius, outer radius, and lens  𝑟𝑖 𝑟𝑜, 𝑑

thickness, respectively. The FZP and CG have shown single images on the zero order (Figure 

7e-f). While the 5° of the CP structure showed more than one image. Although, it was supposed 

to show the focus point on the left of the first order (-1), it showed the main image at zero order 
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and the first order. This is because the screen was at 15 cm which is out of focus for the first 

order. The screen was kept in one position to expose the same parameters for all images. In 

addition, the 5° of the CP structure was exposed to three illumination lasers (Figure 7h-j). 

Moreover, holographic DLIP with continuous pulses at a sample tilt angle of 35° as used to 

produce a nanostructured BHAM pattern on the tape. Holographic logo was visualized with 

room broadband white light and was used as a flexible holographic structure. It can be 

transferred to other surfaces and it can also be employed for security uses (Figure 7k-m). 

Additional 2D holographic carved nanostructures were produced with different sizes on the x 

and y axes. The carved nanostructures have a large structure side for imaging and a small 

spacing side for sensing (Supporting Information Figure S7).

Radial photonic structures generated by holographic DLIP on an adhesive tape can be used 

as a conformable strain sensor which can be attached to different surfaces. The intensity of the 

light diffracted from the curved structure increases as the substrate is stretched to emphasize a 

strong alert signal during structural damage. The size of the spacing of the curved nanostructure 

and the length of the tape are the main parameters to increase or decrease the response of the 

elongation change. The FZP, CG, and 5° of the CP structure were able to provide imaging for 

the target surface. In addition, the light wavelength could affect the focus distance of the 

diffraction point for the target object. Moreover, the curved nanostructures could provide a 

visible sensor under halogen white light. The holographic BHAM curved nanostructure not 

only displayed a transferable visible commercial logo, but also provided an encrypted light 

key. 
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Figure 7. Holographic structure on a tape for elongation measurement and applications. (a) 

Stretching setup for mechanical measurements of tape. (b) Elastic and plastic deformation. (c) 

Young’s modulus of curved nanopatterns on tape. (d) Stretching diffraction measurement; 

imaging of the photonic structure by a broadband white light source. (e) Fresnel lens, (f) grating 

displacement, (g) centre pulse at 5° imaging with monochromatic light through 5° centre pulse 

structure: (h) 450 nm, (i) 532 nm, (j) 635 nm); holographic curved surface nanograting of (k-

m) BHAM logo; scale bar = 1 cm.
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Conclusion

Depositing a synthetic black dye on a stretchable tape allowed the formation of nanogratings 

by a pulsed Nd:YAG laser. The holographic DLIP produced FZP and CG structures and it was 

able to create different curved structure spacings to behave as a flat lens by changing the sample 

exposure angle. The spacing and curvature of the structures control the focal length distance. 

Controlling the curved structure spacing could help to determine the intensity, diffraction, and 

visual image formation. In addition, adding a lens behind the FZP or large curved structure 

could help to deliver live images of the targeted structure. The 35° SP nanostructure on the tape 

was used for measuring the elongation change for strain sensing. The 2D curved structures 

allowed measuring the surface changes in two axes. A visible color change of the curved 

structure could add more information and was used to detect structural changes. This pattern 

could be in the form of a holographic symbol. The black dye nanostructure on the tape was 

stable in different pH concentrations. The curved structure was able to shape the light intensity 

as the stretching increased to indicate any significant change (nonlinear response) in geometry. 

The structures’ spacing and the length of the tape are the main parameters that increase or 

reduce the light signal from any material damage and shifting. The demonstrated curved 

structures on commercial adhesive tape enabled the sensing of dynamic elongation displayed 

by holographic images.
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Supporting Information

Diffraction analyses of gratings having different thicknesses in transmission and reflection 

modes, optical microscopy images of surface grating nanostructures, experimental diffraction 

analyses of gratings fabricated using a concave mirror, diffraction angle measurement of 

gratings, holographic 1D nanopatterned structure in response to pH, analyses of 2D patterns 

produced by holographic DLIP mode

Materials and Methods

Preparation of the recording media of sensing tape:

In the first stage, a black dye (Staedtler Lumocolor) was deposited on a slide glass. Diluted ink 

solutions (1:8, v/v in ethanol) were spin coated on 1 mm thick glass slides at 200 rpm for 35 s. 

The dyes used were permanent and had a long-term durability based on manufacturer and from 

pervious experiments. In the final stage, back dye was deposited on a stronger adhesive tape 

(Gorilla- crystal clear) on a slide glass. The thickness of the dye on the glass and the tape has 

been considered based on established work through the transmission mode optical spectra of 

different spin-coated thicknesses on glass substrates 34. 

Fabrication of diffraction gratings on glass and tape

Holographic direct laser interference patterning was used in a Denisyuk reflection mode. A 

nanosecond pulsed laser (λ = 1064 nm, 180 mJ, 3.5 ns) was used to ablate the black dye 

deposited on the glass surface and the same on the stretchable tape. The interference between 

the incident and reflected laser beams ablated localized regions on the dye medium. The 

exposure angle of all dye films was 0°-35° from the surface of the concave mirror, which was 

used to produce the object beam in the holography set-up. The concave mirror had a 12.7-mm 
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diameter; the thickness of the mirror was 3.1 mm at the edge and 3 mm at the deepest point in 

the centre.

Spectroscopic measurements of the ink gratings

The diffraction of light from 1D and 2D gratings was analyzed by normally illuminating the 

periodic samples with blue (λ = 450 nm), green (λ = 532 nm), and red (λ = 635 nm) laser beams 

and recording the transmitted light on a flat screen placed perpendicularly 17 cm away from 

the sample. The testing was performed on black patterned nanogratings

Angle-resolved measurements of the gratings

A halogen light source (HL-2000, Ocean Optics) with a goniometer set-up was used to achieve 

angle-resolved measurements of diffraction efficiency on the ink nanogratings. Analysis of the 

diffracted wavelengths was carried out by placing the sample 17 cm away from the optical 

probe. A motorized rotating stage was used for the broadband spectroscopic analysis of the 

rainbow diffraction, which was produced by the nanostructure gratings. The rotation stage had 

a precision of 0.5° step from the left side 0° to -90° and the right side 0° to +90°.
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