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ABSTRACT OF THE DISSERTATION 

 

Nanosecond Laser Assisted Fabrication of 

Large Area Metallic Nanostructures 

and Their Potential Applications 

 

by 

 

Fan Xiao 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2015 

Professor Pei-Yu Chiou, Chair 

 

Techniques for processing nanoscale metallic and semiconductor structures with spatial 

order and tunable physical characteristics, such as size and shape, are important for realizing 

broad applications in areas such as magnetism, optics, electronics, biosensing, and drug delivery. 

Laser annealing is widely applied in modern semiconductor manufacturing processes for 

crystallizing amorphous structures into polycrystalline structures using thermal energy from laser 

illumination. This project aims to develop nanosecond laser assisted photothermal annealing 

technologies for high throughput nanofabrication of metal nanostructures on both planar and 

nonplanar surfaces using pulse laser induced rapid heating and nanomorphology evolution 

processes. This technology allows direct printing/transfer of functional devices on rigid 
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substrates such as glass, silicon, as well as on flexible, low melting temperature substrates such 

as plastic and polymer. By controlling optical patterns through means of using phase-shifting 

photomask or pre-patterning the metal film to take advantage of the structured substrate, as well 

as selecting desired laser illumination duration, light wavelength, pulse number and dosage 

energy, thermal energy can be selectively deposited at target locations to melt materials within 

that area followed by nanomorphology evolution driven by surface tension. Such a low cost, high 

throughput and high spatial resolution nanofabrication technology could provide numerous 

applications in various areas including photonic devices, nanoelectronics, bio/chemical sensors, 

and devices for improved energy capturing and conversion in large area. 

We further developed a novel gold nanoparticle embedded PDMS micropillar array to 

measure cell force in a large scale. The gold nanoparticles serve as point source like scattering 

hot spots in dark field images, where PDMS pillars and cells are almost invisible. By fitting the 

gold nanoparticle image with Gaussian point spread function, 30 nm pillar localization precision 

could be achieved even using a low N.A. 20x objective lens. This precision is comparable to 

prior reported fluorescent pillars imaged by a high magnification optical system with 60x or 

100x objective lenses. Our plasmonic pillar sensor allows for monitoring collective cell behavior 

in a much larger area without sacrificing the force resolution. The plasmonic pillar also has the 

potential for directly delivering molecules into live cells through transient holes on the cell 

membrane opened by rapidly expanding cavitation bubbles, which are photothermally generated 

by gold nanoparticles sitting on pillar tip under laser triggering pulses. 
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  Chapter 1

 

Introduction 

 

 

Techniques for processing nanoscale metallic and semiconductor structures with spatial 

order and tunable physical characteristics, such as size and shape, are important for realizing 

broad applications in areas such as magnetism, optics, electronic, biosensing, and drug delivery. 

Laser annealing is widely applied in modern semiconductor manufacturing processes for 

crystallizing amorphous structures into polycrystalline structures using thermal energy from laser 

illumination. This project aims to develop a nanosecond laser assisted photothermal annealing 

technology for high throughput nanofabrication of metal nanostructures on both planar and 

nonplanar surfaces using pulse laser induced rapid heating and nanomorphology evolution 

processes as illustrated in Fig. 1.1. This technology allows direct printing/transfer of functional 

devices on both rigid substrates such as glass, silicon and on flexible, low melting temperature 

substrates such as plastic and polymer. 

To achieve desired spatial arrangement of metallic nanostructures, two approaches are 

usually utilized, redistributed optical energy deposition on continuous metal film
1-3

 or flood 



2 

 

exposure on pre-patterned metal film
4-6

. In the former category, Nishioka
1
 et al. proposed to use 

a linearly polarized laser beam since periodic energy density distribution can be formed 

spontaneously on the metal surface due to interference between the incident beam and a scattered 

surface wave from the substrate. The redistributed optical energy will selectively melt the metal 

in highest density area. The molten metal will migrate to adjacent cold area where the optical 

density is not sufficient to melt the material. However, the contrast between the maximum and 

minimum energy density is low, hundred pulses are needed to gradually finish film cutting. In 

order to form a sharply redistributed optical energy, multiple beam interference lithography
2, 3

 is 

used. The laser is spilt into two or four beams and reconstructed on metal film to fabricate 

grating and mesh structures. This process takes only one to few pulses. However, these structures 

are usually limited to periodic structures, whose periodicity depends on laser wavelength and 

incident angle. Our near field photothermal printing technique falls in this regime. By controlling 

optical patterns by means of using phase-shifting photomask, as well as selecting desired laser 

illumination duration, light wavelength, pulse number and dosage energy, thermal energy can be 

selectively deposited in target locations to melt materials within that area followed by 

nanomorphology evolution driven by surface tension. With properly designed photomasks, both 

periodic and arbitrary metallic structures can be accomplished. 

Fabrication of gold nanoparticle array on structured substrates, such as PDMS micropillar 

array, can be achieved by laser induced transfer. During morphology change of molten metal, 

excess surface energy is converted to kinetic energy which results in strong upward motion of 

the material, during which gold nanodroplets depart one substrate and get transferred to another 

one. Gold nanoparticles transferred to PDMS substrate are found embedded in the pillar tip. Such 

plasmonic pillar array is used to measure cell force in a large scale. These gold nanoparticles 
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serve as point source like scattering hot spots under dark field imaging mode, where the 

scattering signals from the PDMS pillars and cells are almost invisible. By fitting the gold 

nanoparticles image with Gaussian point spread function, 30 nm localization precision could be 

achieved even by using a 20x objective lens. This precision is comparable to elsewhere reported 

fluorescent pillars when imaged by a highly magnified optical system with 60x or 100x objective 

lenses. Our plasmonic pillar sensor allows for monitoring collective cell behavior in a much 

larger area without sacrificing the force resolution. The plasmonic pillar also has potential for 

directly delivering molecules into live cells through transient holes on the cell membrane opened 

by rapidly expanding cavitation bubbles, which are photothermally generated by gold 

nanoparticles sitting on pillar tip under laser triggering pulses. 

 

 

Figure 1.1 Schematic of fabrication of large area metallic 

nanostructures on flat and structured substrates.  
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  Chapter 2

 

Photothermal Printing of Metallic Micro and Nano Structures 

 

 

2.1 Introduction to near field photothermal printing of metal 

 

Metallic micro and nanostructures have wide applications in solar cell harvesting
7
, 

plasmonic devices
8
, color filters

9
, biomedical fields such as metallic particle guided gene 

delivery
10

, photothermal therapy
11

, and biosensors
12

. Methods for fabricating metallic 

nanostructures are versatile, ranging from chemical synthesis
13

, electron beam or focused ion 

beam lithography
14

, nanoimprint lithography
15

, nanosphere lithography
16

, to template-assisted 

deposition
17

, and laser induced dewetting processes
1
. Among them, laser induced dewetting 

process is considered as an economical method for rapid and large area fabrication. Laser beam 

irritates on thin metal film which is normally deposited on dielectric substrates, and strongly gets 

absorbed by metal. Due to photothermal effect, optical energy converts into thermal energy, 

resulting in a variety of physical process in metal including melting and evaporation. 

Hydrodynamic self-redistribution of metal can be realized if there are distinctly adjacent molten 
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and un-molten zones determined by the incident laser fluence in the local area. Molten metal can 

migrate to un-molten zones driven by surface tension and re-texture the morphology of metal 

film. 

To guide laser induced dewetting and self-organization processes, two types of methods 

have been proposed, using pre-patterned metal films or spatially shaping the projected laser 

patterns. Multi-beam Interference Lithography (MIL) belongs to the latter type and allows low 

cost and rapid fabrication of two-dimensional nanostructures on a continuous thin metallic film 

as shown in Fig. 2.1. Using nanosecond laser pulses, MIL based photothermal annealing 

techniques are capable of direct laser printing of periodic metallic nanostructures from thin metal 

films coated on various types of substrates including glass, silicon, and polymer. However, MIL 

is limited to fabricating periodic structures with simple shapes. 

 

 

Figure 2.1 Optical micrographs of (a) one-dimensional and (b) two-

dimensional gratings created on a gold film of 18 nm thickness by MIL. 

Adapted from Ref. 2. 
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Here, we propose a rapid laser printing technology capable of fabricating both periodic 

and non-periodic metallic structures using near field photothermal annealing guided by a 

transparent phase-shifting mask as illustrated in Fig. 2.2. A laser pulse with uniform spatial light 

intensity passing through a PDMS phase-shifting mask redistributes its optical energy in space 

and forms a non-uniform light intensity profile at the interface of this PDMS mask and the 

underlying gold thin film.  The laser pulses shaped by the PDMS phase-shifting mask selectively 

heat up and melt the gold film in areas with high light intensity. Due to instability of a molten 

gold film on a glass substrate, the molten film, driven by surface tension, quickly migrates to 

cold areas. The shape evolution of the molten film is controlled by surface tension of molten 

gold, laser pulse energy, duration, and pulse number. Furthermore, since the local shape of a 

PDMS mold determines the near field light pattern, NPTP has the potential for fabricating 

arbitrary shape 2D metal nanostructures by designing the PDMS phase-shifting mask. 

Single step of photothermal annealing finishes within hundreds of nanosecond, as 

illustrated in Fig. 2.3. Noble metal has a large amount of free electrons. In nanoscale, these free 

electrons dominate the optical properties of metal through the phenomenon called surface 

plasmon, which is the collective oscillation of free electrons on the metal surface. When external 

electromagnetic wave comes in with a frequency close to these electrons oscillation frequencies, 

strong absorption occurs. These absorbed energy converts into lattice heat in few picoseconds 

and rapidly heats up the metal. Melting happens within few nanoseconds and lasts hundred 

nanoseconds in case of a nanosecond laser pulse. The material quickly redistributes during the 

melting state, and eventually cools down and solidifies. Since the formation of these gold 

nanostructures needs only one to few laser pulses, it has the potential for rapid, large-scale 

nanofabrication by scanning laser pulses across a large area. 
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Figure 2.2 Schematic of phase shifting mask guided printing of metal 

film under collimated laser pulse irradiation. 

 

 

 

Figure 2.3 Time scale of surface plasmon enhanced photothermal effect 

in metal. 
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2.2 Simulation and experiment 

 

Phase shifting mask, also called mold, plays a key role in photothermal printing by 

determining the redistributed spatial intensity of optical energy. Both periodic and non-periodic 

metallic structures can be obtained by properly designed masks. In experiment, we employ 

commercially available plane ruled reflection or diffraction grating to replicate periodic PDMS 

mold and home-design arbitrary PDMS mold. 

To quantitatively analyze the photothermal effect, a three-step approach is usually used. 

First, the optical energy redistributed across the whole scope, including mold, metal film and 

substrate, at the excitation laser wavelength is calculated. Secondly, optical absorption in the 

metal film, which gives rise to heating and melting of metal, is derived. The absorption is 

characterized by the imaginary part of the dielectric function of metal at that specific excitation 

wavelength. Finally, temperature distribution in metal film can be obtained by solving a heat 

transfer equation with a heat generation term that is assumed to be 100% converted from the 

absorbed optical energy. In this work, we focus on the phase shifting effect of the mold on 

redistributing laser optical energy, therefore only the first step is analyzed. 

In the experiment, a Q-switched, frequency doubled Nd:YAG pulse laser (Minilite I, 

Continuum) with a pulse width of 6 ns and wavelength of 532 nm is applied. Energy before 

entering the PDMS mold is tuned by a set of half-wavelength plate and polarization dependent 

beam-splitter. A 1 nm titanium/10 nm gold thin film is deposited by means of electron beam 

evaporation on a thin cover glass substrate. Titanium is necessary here to promote adhesion 

between gold film and glass substrate. The PDMS mold is gently put in contact with gold film 
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with no pressure applied. The annealing result is examined by optical microscope and scanning 

electron microscope (SEM). 

 

Periodic structure 

Periodic PDMS mold is simply fabricated by replicating the plane ruled reflection or 

diffraction grating (Newport Corp) with periodicity ranging from 1 to 10/3 µm, as shown in Fig. 

2.4. The grating is treated with silane to facilitate the later separation from PDMS mold. Uncured 

PDMS (Poly-dimethylsiloxance, Sylgard 184, Dow Corning) with a ratio of 10 base: 1 curing 

agent is vacuumed for half an hour in a vacuum chamber and then poured on a pre-cleaned thin 

glass slide. Grating is transferred onto PDMS and pressed down with figures to squeeze out 

bubbles trapped in PDMS. After PDMS is cured at 65°C for at least 4 hours, the grating is 

carefully lifted off from PDMS/glass side and redundant PDMS around replicated grating 

structure area is removed by a razor blade. 

 

 

Figure 2.4 Fabrication of PDMS mold from a transmission grating. (a) 

Before grating is separated from cured PDMS; (b) Finished look of 

PDMS mold. 
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Fig. 2.5 shows the simulated light intensity distribution near a periodic PDMS mold and a 

gold thin film using the finite difference time domain (FDTD) method (FullWAVE, RSoft 

Design Group). The incident light is TE polarized with a wavelength of 532 nm. Fig. 2.5(a) 

shows a PDMS grating mold with 5/3 µm periodicity and ideal cross section of isosceles right 

triangle shape positioned in contact with a 10 nm gold film on a glass substrate. Fig. 2.5(b) 

shows electric field redistribution during EM wave propagating through the grating structure. 

The total energy intensity distribution on the metal surface is plotted in Fig. 2.5(c), which reveals 

distinct high and low intensity areas. By adjusting the pulse energy, gold in strong light intensity 

regions is melted and migrates to the adjacent cold areas. 

With sufficient laser energy, the continuous film breaks right under the peak of the 

grating and molten gold flows into empty space between grating peaks where the gold remains 

solid, forming one-dimensional microwire array. By rotating the PDMS mold by 90° and 

followed by another few laser pulses, gold wires are cut into two-dimensional microsquare array. 

Fig. 2.6 shows gold microwire and microsquare array formed by laser pulses with a fluence of 80 

mJ/cm
2
 using a 10/3 μm periodic PDMS mold. 
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Figure 2.5 Numerical simulation of light intensity redistribution by 

PDMS mold. (a) Schematic of a phase-shifting PDMS mold and a gold 

thin film coated substrate used in simulation; (b) Diagram of electrical 

field distribution; (c) Energy intensity redistribution on gold surface. 
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Figure 2.6 Formation of one- and two-dimensional periodic gold 

structures. (a) Schematic of the process; (b) Formation of microwire 

array; (c) Formation of microsquare array. 

 

Arbitrary structure 

Since this photothermal annealing technique utilizes near field optical patterns to 

generate local heating to induce metal dewetting, the fabricated structures are not limited to 

periodic patterns. Any arbitrary shape of patterns can be fabricated by properly designing the 

phase shifting mask. Fig. 2.7 demonstrates photothermal annealing of few example patterns. The 

self-designed mold structures are first patterned in photoresist AZ-5214E (MicroChemicals) by 

photolithography, which serves as a master mold for fabricating the PDMS phase-shifting mask. 

All patterns are achieved by a single laser pulse with a fluence of 80 mJ/cm
2
.  With self-designed 

PDMS phase-shift mask, holes, rings, triangles, crosses, squares, meshes, and more complex 

shapes can be achieved. 
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Figure 2.7 Self-designed arbitrary PDMS phase shifting mask and 

photothermally annealed gold structure by using such PDMS mold. (a) 

Design of arbitrary shape; (b) Design of characters. Area in dashed red 

line is enlarged showing annealed line width of 1µm. The scale bar is 

5µm. 

 

2.3 Polarization dependent reshaping of metallic structures 

 

Flood exposure can further photothermally reshape the as-fabricated gold structures, 

which has been reported to anneal prismatic gold nanoparticles into nanospheres by femtosecond 

laser pulses
4
. This morphology evolution process is polarization dependent as illustrated by Fig. 

2.8. Laser pulses with uniform light intensity illuminate on these pre-patterned metallic 

structures on a glass or silicon substrate. Due to collective electron oscillations in these metallic 

structures, surface plasmon waves induce strong field enhancement on structure edges. The 

kinetic energy of these oscillating electrons quickly converts into lattice heat and initiates metal 

melting in high intensity regions. The molten gold migrates to the cold areas due to surface 
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tension before cools down. The field enhancement is not uniform along the edge. Edges 

perpendicular to the laser polarization direction are enhanced most. Shape fine-tuning of metallic 

nanostructures can be achieved by controlling the pulse energy, numbers, and polarization. 

 

 

Figure 2.8 Schematic of the working principle of polarization dependent 

photothermal annealing for fine-tuning the shape of metallic micro and 

nano structures. 

 

Simulation 

Light intensity distribution in a 100 nm thick, 2 µm wide, and 4 µm long rectangular gold 

structure is simulated using FDTD in Fig. 2.9. Normal incident plane waves with wavelength at 

532 nm and electrical field polarization along the short and long axes of the rectangular disks are 

applied in this simulation. The results indicate that, for both cases, the strong electric energy 

density occurs at the corners and on the edges perpendicular to the polarization of incident light, 

predicting stronger photothermal effect in such areas where the melting is initiated. 
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Figure 2.9 FDTD simulation showing the electric energy density 

distribution under light illumination with different E field polarization. 

 

Experiment 

In the experiment, a Q-switched Nd:YAG pulse laser with a pulse width of 6 ns and 

wavelength of 532 nm is used. 5 nm titanium/100 nm gold microstructures pre-patterned on Si 

substrate by standard photolithography and lift-off approach are first used. Silicon substrate other 

than glass is chosen here to better demonstrate the shape evolution for two reasons. First, silicon 

has larger thermal conductivity than glass, which helps prevent thin metal from evaporation or 

destructive dewetting due to excessive heat accumulation in intensity peak area of a non-ideal 

laser beam. Secondly, metal has better adhesion to silicon than glass, which assists reflow of 

molten gold in smoother motion. Fig. 2.10 demonstrates reshaping of simple microscale 

structures by flood exposure. 
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Figure 2.10 Reshaping of simple microscale structures by flood exposure. 

(a) Micron wires are shaped to sub-micro wires; (b) Circular disk 

evolves into elliptical shape with short axis along laser polarization 

direction. 

 

Final shape of metal structure strongly depends on electrical field polarization of incident 

laser, laser pulse energy and number of these laser pulses.  Fig. 2.11 gives more aspects of this 

characteristic. By flood exposing the patterns under light pulses with different polarization as 

indicated in Fig. 2.11(a), size reduction occurs in different parts of the initial patterns as 

predicted by the simulation, which is stronger photothermal effect occurring in edges 

perpendicular to the polarization of light. Enlarged letter “L” shows that the initial 2 µm wide 

gold wire evolves into a 400 nm nanowire after flood exposure, while the width of the wire 

parallel to the field polarization remains almost unchanged. In some cases, electrical field is 

evenly enhanced on all edges of a pattern, resulting in uniform size reduction across the whole 

structure. Example is given in Fig. 2.11(b), where the laser beam is polarized 45° with respect to 
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the axis of a cross. Fig. 2.11(c) evinces the number of pluses will affect the final shape. The 

reshaping effect gets amplified with reduced dimension, so with more pulses, the center part of 

the bowtie evolves faster than other areas away from the center. 

 

 

Figure 2.11 Reshaping of metallic structure depends on polarization of 

laser, pulse energy and pulse number. 
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Similarly, the shape of isolated 2D squares fabricated with periodic PDMS phase-shifting 

mold described in Section 2.2 can also be further shaped by flood exposure of few more laser 

pulses. If the periodicity of the mold is smaller than 2 µm, the laser cut 2D square usually has a 

dimension around 1 µm after melting and reflow. Although the electrical field is more enhanced 

in edges perpendicular to the light polarization and initiates heating in those area, due to large 

thermal diffusivity of gold, the heat quickly dissipates to other area and melts the whole micron-

sized square. Therefore, instead of involving into rods, molten isolated metal squares ball up due 

to surface tension and form nanospheres with smooth surface. Fig. 2.12 shows the optical and 

SEM images of periodic gold nanosphere arrays using a 5/3 μm mold. The periodicity of the 

nanospheres in two dimensions can also be different by using grating with different periodicities. 

The size of nanospheres can also be tuned by mold periodicity and gold film thickness. A 6mJ 

laser pulse utilized in this experiment is able to print an area of 1 mm
2
. Large printing area can 

be accomplished by scanning the light beams across the phase shift mask. 

 

 

Figure 2.12 PDMS phase-shifting mold guided laser photothermally 

printed microsquares are transformed to nanospheres by flood exposure. 

 

 

  



19 

 

2.4 Printing on substrate with low thermal budget 

 

Plastic and polymer are two common types of materials used as flexible substrates in 

electronic and photonic applications. The melting temperature of these materials is usually much 

lower than the melting temperature of metals and semiconductors. Pulse laser annealing is a 

commonly applied technology in electronic industry to obtain high quality polycrystalline film 

since it minimizes heating to the underlining substrates and is compatible with the low thermal 

budget of these low melting temperature substrates. In our near field photothermal printing 

technique, the pattern formation process takes place within 1 μs, so it permits direct metal 

printing on substrates that have low thermal budget. Shown in Fig. 2.13 is laser printing of a 100 

nm thick gold thin film coated on a flexible PDMS substrate. 

 

 

Figure 2.13 Laser printing of metallic structures on PDMS. 
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  Chapter 3

 

Photothermal Transfer of Metallic Nanostructures 

 

 

In previous chapter, there is noticeable imperfection in the ordering of nanosphere array, 

compared to microwire and microsquare array. During microwire and microsquare formation by 

PDMS phase shifting mold, there is always some area remaining cold and solid, anchoring on the 

substrate to maintain the periodicity of the array. However, in shape evolution of microsquare 

into nanosphere by flood exposure, whole area of microsquare becomes molten and balls up due 

to surface tension. The imperfection of ordering implies the possibility of molten gold jumping 

off the substrate, experiencing shape transition, landing on the substrate again and finally getting 

solidified. This phenomenon actually has been reported by A. Habenicht et al
18

. In their study, 

the flat gold nanostructure irradiated by a 10ns laser pulse became molten and contracted toward 

a sphere on a time scale of few nanoseconds. During this rapid shape change, the center of mass 

moved upward, leading to detachment of liquid droplets from substrate at an average velocity of 

20m/s. Such imperfection in our photothermal reshaping experiment can be avoided or 

minimized if the microsquare array is spin-coated by photoresist before flood exposure. 
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Photoresist restrains the upward motion of liquid gold and helps keep it in position. However, in 

this chapter, we would like to take advantage of this “jumping” phenomenon to transfer gold 

nanostructreus to substrates on which direct fabrication of perfectly ordered nanoparticle array is 

difficult. 

 

3.1 Introduction to laser induced transfer 

 

Laser induced transfer (LIT) has been recently reported to transfer a variety of materials 

from one substrate to another. In a typical LIT setup, continuous flat film of interested material is 

deposited on inert substrates like graphite or glass. Illuminated by a tightly focused ultrafast laser 

pulse, nanofilm in the focal spot quickly gets melt, separates from surrounding solid film, and 

moves upward in form of a liquid nanodroplet. If there is another substrate right above the film 

in proximity distance, the jumping nanodroplet is received by the substrate and cools down on it 

as shown in Fig. 3.1. The substrate with flat film is called donor substrate, while the one 

receiving nanoparticle is named receiver substrate. Laser can illuminate through either donor 

substrate or receiver substrate, if they are not absorptive at laser wavelength. This technique is 

very versatile and has been reported to transfer all kinds of materials, including metal of different 

kind
19-22

, silicon
23

, oxides
24

, and bio-materials
25

. Nanoparticles form different arrangement by 

precisely scanning independently positioned donor and receiver substrates
26

. Multiple layers of 

different materials can also be transferred with single laser pulse
27

. 

Femtosecond laser is most commonly used in laser induced transfer. First, the ultrafast 

pulse carries high light intensity to melt those low light absorbing or high melting temperature 

materials. Secondly, and more importantly if the material is metal, femtosecond laser provides 
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great spatial resolution due to a well confined heat-affected zone. Minimal heat is diffused into 

surrounding non-irradiated area due to the ultrashort pulse duration. 

 

 

Figure 3.1 Schematic of laser induced transfer with laser illuminated 

from receiver substrate or donor substrate. 

 

Laser energy fluence plays an important role in determining the size and morphology of 

the resulting deposited structure on receiver substrate
28, 29

. A general rule for most materials is 

that with laser energy fluence slightly above the melting threshold yet under transfer threshold, 

protrusion on continuous film will be formed, but no droplet is transferred. When the energy is 

increased above the transfer threshold to a moderate range of energy fluence, the transferred 

material keeps a sphere shape and the diameter increases with laser energy. Further increasing 

the energy will result in spread disk structure and finally multiple small droplets will spatter on 

the receive substrate due to explosion of overheated material. 

The spacing between donor and receiver substrates is usually not critical. Spacing up to 

hundred microns has been used
22

. If no relative motion is required for donor and receiver 

substrates, they can be positioned in contact. In such contact, two rigid substrates are still 
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separated by a thin (~µm) air layer, due to dust particles trapped in between
30

. This is preferable 

for good quality of nanoparticle transfer with uniform size and precise localization. 

To further improve the transfer throughput in case of application that requires large scale 

nanoparticle array, parallel transfer was proposed. Two types of strategies were used, given 

sufficient laser energy for both cases. First, a collimated laser beam can be split into thousands of 

laser hot spots by passing through a patterned photomask
31

. When illuminated on the continuous 

donor film, thousands of droplets can be transferred at the same time. Second, the continuous 

film is pre-patterned into numerous isolated micro or nano structures on the donor substrate
32 - 34

. 

Within an unfocused or defocused laser pulse irritated area, all islands will jump to the receiver 

substrate as shown in Fig. 3.2. In the latter approach, laser pulse duration is not critical any more 

for metal transfer, since the molten area of metal is self-limited by its pre-defined structure. Both 

femtosecond and nanosecond lasers can be used. 

 

 

Figure 3.2 Schematic representation of laser induced transfer of pre-

patterned donor substrate by nanosphere lithography for fabrication of 

nanoparticle array. Adapted from Ref. 34. 
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Our interest is to transfer large area gold nanoparticle array to PDMS substrate, flat and 

especially structured, since direct photothermal printing of gold nanoparticle array on PDMS is 

challenging due to poor interfacial properties between these two materials. 

 

3.2 Large area transfer of gold nanoparticle to flat PDMS 

 

We first test on large area laser induced transfer of good nanoparticle onto flat PDMS 

realized by collimated nanosecond laser pulse. On donor substrate, thin nanodisk array of good is 

patterned by either electron beam (E-beam) lithography or Stepper, which is a much more 

economical way, depending on the disk dimension we want. To our best knowledge, similar 

experiment has only been reported elsewhere using focused femtosecond laser beam 6µm x 6µm 

irradiated on nanosphere lithography patterned nanotriangle array on donor substrate
33

. They also 

showed SEM images of the transferred nanoparticle being partially (about 70%) embedded into 

the soft receiver substrate. 

 

Optical setup 

Fig. 3.3 illustrates the experimental setup. The laser source is a high power Nd:YAG 

laser (Surelite I, Continuum) with 6ns pulse duration and 532 nm wavelength. Laser energy 

arriving at the donor substrate is controlled by half wavelength plate and polarization dependent 

beam splitter. Although this high power laser is able to provide enough energy to cover its 

original beam size of 3 mm in diameter, we decide to use an iris diaphragm to select partial area 

of the beam due to the poor beam quality. The filtered beam has a Gaussian like energy 

distribution with 400µm full width at half maximum (FWHM). Sample is positioned on a 
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computer controllable motorized XY stage attached to a Zeiss Axio Scope microscope. Both 

bright field and dark field imaging mode are used to examine the transfer result. 

 

 

Figure 3.3 Schematic of the experiment setup for laser induced transfer 

of gold nanoparticle array. 

 

Donor substrate preparation 

Gold film is pre-patterned by means of E-beam lithography or Stepper on thin glass slide, 

followed by lift-off of later deposited metal. For nanodisk larger than 300 nm, Stepper is 

employed with advantage of high throughput and low cost. 10 nm gold is then deposited by e-

beam evaporation. 1 nm Titanium is deposited between gold and glass substrate for most 

samples. After lift-off of undesired gold in acetone, spacer is patterned on the device. AZ-5214E 

is used as spacer, with a thickness around 1.6 µm. 
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Receiver substrate preparation 

In order to get PDMS receiver substrate with flat surface, we pour uncured PDMS onto a 

pre-cleaned silicon wafer in a petri dish. For each experiment, a small piece of cured PDMS is 

cut out of the big PDMS slab, and quickly positioned with the clean surface (which is originally 

in contact with silicon) facing towards the donor substrate to avoid dust particle contamination. 

 

Experiment and results 

In our first run of this experiment, there is no spacer between donor and receiver 

substrates. Since PDMS is inherently soft, it collapses to donor substrate once they are brought 

into contact. It is different from “contact” situation reported by other groups where two rigid 

substrates are used. When two rigid substrates are in contact without external pressure, there is 

always an air gap due to dust particle or imperfect flatness of the substrate which prevents 

conformal and true contact. The pre-patterned nanodisk (300 nm in diameter, 10 nm in thickness) 

array appears red when observed in dark field mold. Upon laser exposure, nanoparticle within 

the laser irradiated area becomes golden and much brighter due to shape change, a sign of sphere 

formation. However, when PDMS is separated from donor substrate, no gold nanoparticle is 

found transferred to PDMS side. All nanoparticles stay on the donor substrate. This is possibly 

due to the kinetic energy of such a small volume being not big enough for gold nanodroplet to 

depart glass substrate and penetrate into PDMS, given that PDMS substrate tightly covered on 

top inhibits the gold nanodroplet to pick up speed and a thin titanium layer between gold and 

glass enhances the adhesion energy. 

In order to confirm that transfer of our pre-patterned gold nanodisk cannot take place in a 

true contact mold, we cover the donor substrate conformally by photoresist, which is easier for 
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the gold nanodroplets to penetrate into than PDMS if transfer does happen. Fig. 3.4 shows 

positive photoresist AZ-5214E spin-coated on donor substrate. The thickness is around 1.6 µm. 

After laser irritation, photoresist is dissolved in acetone. If gold nanoparticles are transferred into 

photoresist, they should be gone with photoresist in this step. However, we find 98% percent of 

gold nanoparticles stay on donor substrate as shown in Fig. 3.4(b). The arrangement of array 

follows the nanodisk array before laser treatment, which implies the shape change driven by 

surface tension of molten gold happens on site. In a true contact mode, the upward motion is not 

strong enough to detach itself from donor substrate. The transferred nanoparticles have a 

spherical shape under SEM examination. 

 

 

Figure 3.4 (a) Schematic of laser induced transfer when donor substrate 

is covered by unbaked photoresist; (b) When photoresist is removed in 

acetone, gold nanoparticles are found to remain on donor substrate, 

instead of transferring into photoresist. 
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Therefore, in all following experiments, we have spacer patterned within and around gold 

nanodisk area on donor substrate as shown in Fig. 3.5. The spacer is 1.6 µm thick positive 

photoresist AZ-5214E. When the soft PDMS receiver substrate is positioned on top of donor 

substrate, there is usually an air gap preventing the photoresist spacer to be in good contact with 

glass substrate. In this case, the spacer area is bright when observed under microscope as shown 

in Fig. 3.5(a). Area with gold nanodisk disk is left to the red dashed line. A gentle pressure is 

thus applied to force receiver substrate approaching spacer on donor substrate. When in contact, 

the spacer turns darker as shown in Fig. 3.5(b), and receiver and donor substrates are positioned 

~ 1.6 µm apart.  Within pre-patterned gold nanodisk area, the spacers are 125 µm apart. If the 

pressure is too large, soft PDMS will eventually collapse to the donor substrate. In Fig. 3.5(c), 

the gold area shows same color as spacer area, which implies that PDMS substrate is in true 

contact with glass substrate. In our experiments, first two situations allow gold nanoparticles to 

be transferred to PDMS side, while the last one does not. 

 

 

Figure 3.5 Spacing between donor and receiver substrates. (a) Spacing 

is larger than spacer height with no pressure applied; (b) Spacing is 

about spacer height with pressure applied to bring spacer and receiver 

substrate in contact; (c) PDMS receiver substrate collapses to donor 

substrate with too large pressure. 
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Laser energy is tuned to optimize the transfer result. Energy is measured before the iris 

diaphragm. An average of 6.5% energy is transmitted through the iris when it is rotated to have 

the smallest aperture. Fig. 3.6(a) shows the melting of pre-patterned gold nanodisk on donor 

substrate at different laser energy. For laser energy below 0.6mJ, no melting of gold nanodisk is 

observed. Above 0.6 mJ, melting area of gold nanodisk increases with higher incident laser 

energy. There is up to 10% energy fluctuation between pulses at the same setting, which is the 

reason that molten areas at 0.8 mJ and 0.9 mJ look similar. Energy between 0.8 - 1.0 mJ is 

empirically found to be a good energy window for reliable transfer. Example is shown in Fig. 

3.6(b). On donor substrate, gold nanodisk in area not covered by the laser pulse still shows red 

color. Within the laser spot, the nanoparticles are missing due to being transferred onto receiver 

substrate. Nanoparticles on PDMS maintain the periodicity of nanodisk array, demonstrating 

one-to-one transfer from donor to receiver substrate. 
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Figure 3.6 (a) Pre-patterned gold nanodisk array on donor substrate is 

pulsed at different laser energy. 0.8 ~ 1.0 mJ is found to be a good 

window for transfer. (b) Transfer result at 1.0 mJ. Un-irradiated gold 

nanodisk on donor substrate shows red color, and irradiated ones are 

gone on donor substrate. Nanoparticles transformed from those missed 

nanodisks are found on receiver substrate. 

 

Fig. 3.7(a) shows transfer result when energy is further tuned over 1.0 mJ. When the 

energy is increased to 1.2 mJ, the center of the laser covered spot where the local energy fluence 

is highest is found to have no or few particles transferred to PDMS side. The reason is yet to be 

investigated. In areas away from the center, nanoparticles are still transferred due to irradiation 

by preferable lower energy fluence. The fluctuation of laser energy (averaged at 1.2 mJ) helps to 

reveal the trend of transfer result, which is higher energy of the laser is applied, more lost 
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nanoparticles are seen, starting from the center of laser spot and gradually spreading over the 

whole spot. However, when the laser energy is even higher at 2.0 mJ, nanoparticle array appears 

again on receiver substrate. This nanoparticle array scatters more green color, implying a smaller 

size compared to nanoparticles transferred at 1.0 mJ, which emits gold color. At such high 

energy irradiation, the nanodisk array on donor substrate is believed to evaporate and condense 

on receiver substrate
35

. Transferred nanoparticles at 1.0 mJ and 2.0 mJ are further compared side 

to side in optical and SEM images in Fig. 3.7(b) and (c). Corresponding images are taken at same 

configuration, same objective lens and same exposure time of camera for optical images, same 

magnification and voltage for SEM images. Significant size difference is noticed. Transferred 

nanoparticle at high energy is believed to lose some volume during evaporation and 

condensation. 
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Figure 3.7 (a) Comparison of transfer result on PDMS at energy 1.0, 1.2 

and 2.0 mJ. Transferred nanoparticle looks golden at 1.0mJ and green at 

2.0mJ; (b) Direct comparison of transferred nanoparticles at optimal vs 

overdose energy of laser pulse by bright/dark field images and SEM 

images. 
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Time resolved image of cavitation bubble induced by transferred gold nanoparticle 

In grazing incidence SEM image
33

, gold nanoparticles transferred by femtosecond laser 

were seen partially embedded in soft PDMS receiver substrate, which provides stability and 

resistivity against cleaning and mechanical treatment of the sample. In order to check if the 

transferred nanoparticle by our nanosecond laser has similar result, instead of taking SEM image, 

we employed another approach which implies application values. 

When a metallic nanostructure is immersed in aqueous media and heated with a short 

laser pulse, the temperature rises rapidly in the nanostructure and surrounding thin liquid layer. 

Upon surpassing an energy threshold that superheats the liquid medium, explosive cavitation 

bubbles can be induced, generating localized and high speed fluid flows
36

. With controlled 

nanoparticle density and triggering laser energy, gold nanospheres have been demonstrated to be 

useful in delivering biomolecules into live cell by opening transient membrane pores with small 

cavitation bubbles
10

 or directly killing cancer cells by rupturing cell membrane with large 

cavitation bubbles
37

. 

Due to explosive expansion of cavitation bubble, the gold nanoparticle is usually 

propelled away if not mechanically anchored to a substrate. In laser induce transfer experiment, 

if transferred nanoparticles are partially embedded in PDMS, they are expected to stay in 

position, resistant to mechanical propelling force of rapid expanding cavitation bubbles. Fig. 3.8 

shows time resolved images of cavitation bubbles induced by transferred gold nanoparticles. 

PDMS receiver substrate is immersed in deionized water. Same nanosecond laser is used to 

trigger the bubbles. Bubble images are taken at a 60ns delay after the onset of laser pulse, 

realized by synchronizing illumination source flash lamp with laser. As a reference, we take a 

time resolved image of the substrate but with no laser pulse applied. In such a situation, no 
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cavitation bubble is seen. Ten laser pulses are then irradiated on the same area with time resolved 

image taken for each pulse. In all images, cavitation bubbles are seen to have an arrangement 

coinciding with that of transferred nanoparticle array and the arrangement doesn’t change over 

ten pulses. This proves that the transferred nanoparticle is embedded in PDMS substrate to some 

extent, anchoring itself against propulsion from cavitation bubble. The size of cavitation bubble 

in 10
th

 laser pulse looks smaller than that in 1
st
 pulse. This is probably caused by partial volume 

of gold nanoparticle being evaporated by laser pulse with too high energy. 

 

 

Figure 3.8 Time resolved images of cavitation bubbles induced by laser 

heated gold nanoparticle array that is transferred into PDMS substrate. 
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3.3 Large area transfer of gold nanoparticle to PDMS pillar array 

 

We further conduct a study on laser induced transfer of gold nanoparticle to structured 

PDMS receiver substrate, to be more specific, PDMS micropillar array. PDMS micropillar array 

has been intensively used as cell force sensor to monitor interaction between cell behavior and 

external environment, especially mechanical stimuli, to understand a variety of biological 

events
38, 39

. Top of the pillars are fluorescently labeled to obtain a high contrast between the tip 

of the pillars and background. Intensity profiles of the fluorescent pillar tips are modeled by a 

two-dimensional Gaussian fitting to get the pillar position and therefore the deflection with cells 

growing on top. Local traction force is then calculated by multiplying the deflection of pillar tip 

by the pillar stiffness. Objective lens with high magnification (larger than 60x)
40, 41

 are usually 

used to get good precision 30~50 nm of pillar position. However, for object larger than the 

diffraction limit of an optical system used, it’s not appropriate to use Gaussian fitting
 
since the 

profile of pixel intensities are not described by a Gaussian
42

. Besides, such highly magnified 

optical system limits the area that one image can cover and makes it incapable of monitoring 

large scale concurrent and instantaneous collective cell behavior. In order to address these 

challenges and maintain high precision at the same time, we propose to use gold nanoparticle 

embedded micropillar array. Gold nanoparticle provides point-source like strong plasmonic 

scattering signal when imaged by objective lens of low magnification (20x or less). Intensity 

profile of a point-like source, especially with high signal-to-noise ratio, can be perfectly fitted by 

Gaussian function with sub-pixel resolution. 

Fabrication of metal pattern on flat PDMS is usually realized by three methods: (1) Direct 

patterning on PDMS by either wet etching or lift-off
43-45

; (2) deposition of metal on PDMS 
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through a patterned shadow mask
46

; (3) transfer of pre-patterned metal on a solid substrate to 

PDMS
47, 48

. Among them, the last approach provides best reliability and durability of metal since 

the metal is embedded in the surface of PDMS (Fig. 3.9(a)). Gold nanoparticle array can also be 

embedded in a planar PDMS substrate by this pattern transfer method
49

 as shown in Fig. 3.9 (b). 

To fabricate metal nanostructure on a structured PDMS substrate is more challenging. 

Fabrication of arrayed gold nanoparticles in PDMS holes has been reported by removing metal 

film on top surface of PDMS substrate followed by laser pulsing gold micro/nano disks left at the 

bottom of hole
50 

as shown in Fig. 3.9(c). One nanoparticle sits in one hole.  

To date, fabrication of nanoparticle array sitting on the tip of arrayed PDMS micropillar 

with 1:1 mapping has never been reported. Here we propose to fabricate gold nanoparticle 

embedded PDMS micropillar array by laser induced transfer. 

 



37 

 

 

 

Figure 3.9 (a) Metallization of PDMS by pattern transfer; (b) 

Fabrication of gold nanoparticle array embedded PDMS; (c) Laser 

assisted formation of gold nanoparticle in PDMS hole array. Adapted 

from Ref.  48-50. 

 

We first come up with an idea of transfer pre-patterned gold nanodisk on glass substrate 

to pre-made PDMS pillar array as illustrated in Fig. 3.10(a). Gold nanodisk donor substrate is 

prepared in the same way as samples used in Chapter 3.2. Gold nanodisk and PDMS pillar are 

precisely aligned and brought towards each other till the spacing between two substrates is 

reduced to the spacer height. Laser pulses are irradiated on pillar area as well as surrounding flat 

PDMS area. Fig. 3.10(b) shows the result after PDMS is separated from glass substrate. Most 
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gold nanodisks under flat PDMS area are transferred to PDMS side, while only a small portion 

of gold nanoparticles are transferred to pillar side (top, sidewall as well as base of pillar) as 

indicated by white arrows. We examine the donor substrate and find that most nanoparticles 

transformed from nanodisk remain on this substrate. This direct comparison between transferring 

to PDMS pillar and to flat PDMS implies that topography of the receiver substrate has an impact 

on transfer result. Although how the impact takes place is unclear, we have a suspicion that the 

unflat top of PDMS pillar strongly backscatters the laser light that obstructs the jumping 

nanoparticles to reach the receiver substrate. 

 

 

Figure 3.10 Attempt of transferring pre-patterned gold nanodisk on glass 

substrate to pre-made PDMS pillar array. 

 

Fig. 3.11 illustrates the final process flow of fabrication of gold nanoparticle embedded 

PDMS micropillar array. Silicon wafers are piranha-cleaned and sent into oxidation furnace 
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configured for wet oxidation at 1150°C. An average of 500nm thick silicon oxide is grown after 

30 minutes. Positive photoresist AZ-5214E is spin-coated on the wafer and patterned by 

conventional photolithography. The pattern is transferred to SiO2 layer by etching the oxide in 

AOE (advanced oxide etch). Photoresist is stripped in acetone afterwards. SiO2 is then used as 

etching mask for silicon pillar array etching in DRIE (deep ion reactive etching). Silicon pillars 

with vertical and smooth sidewall can be fabricated with a recipe listed in Table 3.1. The 

selectivity between SiO2 and Si by this recipe is about 1: 25, with an average etching rate of 

4nm/loop and 100nm/loop respectively. Once desired height of pillar is achieved, SiO2 on both 

sides of wafer is removed in hydrofluoric acid. This silicon pillar array is the master mold for a 

following two-step replication process to fabricate PDMS pillar, so silicon pillar of different 

heights are obtained to allow optimization of the final PDMS pillar stiffness. 

Silicon master mold is treated with 10 µl silane in a vacuum chamber overnight. PDMS 

precursor (degased mixture of Sylgard 184 elastomer and curing agent, w/w = 10:1) is poured on 

silicon and cured at 80°C for over 24 hours. If the time is not long enough, we sometimes find 

uncured PDMS at edge of silicon mold. After complete curing, the PDMS negative mold can be 

easily peeled off from the silicon master and tailored using a razor blade. The PDMS negative 

mold is positioned in a petri dish alongside a glass slide with 7 µl silane dispensed on it. The 

petri dish is degased in a vacuum chamber for 1 hour and then left in vacuum for 18 hours. 

20/1/40 nm thick SiO2/Ti/Au multilayers are deposited on the PDMS mold in an e-beam 

evaporation system (CHA Mark 40, CHA Industries, Inc.) with a deposition rate of 1/0.2/1 Å/s. 

Gold on top surface of PDMS mold is peeled away by adhesive tape after one day of deposition, 

leaving only gold microdisk at the bottom of PDMS well. A similar step of silane surface 

treatment is carried out again to facilitate the final demolding of PDMS pillar from PDMS 
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negative mold. 3 µl silane is used instead. After treatment, small amount of degased uncured 

PDMS is dropped on PDMS mold and vacuumed in a reactive ion etch machine (Technics 

Micro-RIE Series 800, Technics Inc.) down to 20~30 mtorr for the microwells to be fully filled. 

An oxygen plasma treated thin glass slide is usually covered on top of uncured PDMS as a rigid 

substrate for PDMS pillar array after demolding. After PDMS is cured at 80°C for 24 hours, 

nanosecond laser pulses are applied to transform gold microdisks sandwiched between PDMS 

mold and PDMS pillar into nanoparticles, which meanwhile detach from bottom of PDMS well 

and penetrate into PDMS pillar tip during the rapid shape evolution. Gold nanoparticle 

embedded PDMS pillar array is slowly demolded from PDMS mold and examined under optical 

microscope and SEM. 

 

Table 3.1 Bosch recipe for etching silicon by DRIE. 
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Figure 3.11 Schematic process of fabrication of gold nanoparticle 

embedded PDMS micropillar array. 
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Several steps during the fabrication process need to be pointed out to ensure the 

reliability and repeatability of this process. First, the time between metal deposition by CHA and 

top surface metal removal by yellow tape has to be at least one day in all our experiments. 

Otherwise, insufficient lag time will result in a lot of residual gold patches left on PDMS mold as 

shown in Fig. 12(a). The gold residuals can also be transferred to base of PDMS pillar by laser 

pulses along with nanoparticles of interest transferred to the tip of pillar. In dark field imaging 

mold, these big gold particles at base will strongly scatter light, acting as undesired background 

noise for nanoparticle sitting in tip of pillar. Second, thin SiO2 layer between gold and PDMS is 

necessary. PDMS has a very low surface energy
51

, which not only makes metal hard to adhere, 

but also makes the spontaneous dewetting of metal easier. If there is no SiO2 underneath the gold 

microdisk, the microdisk will dewet into multiple tinier particles during molten state instead of 

evolving into single one as shown in Fig. 12(b). Third, amount of silane surface treatment in Fig. 

3.11(i) should be sufficient. The threshold is pillar height dependent. At the level when short 

pillars can be easily demolded, taller pillars may break at base and stay in PDMS well as shown 

in Fig. 12(c). However, overdose of surface treatment also should be avoided. Silane is deposited 

on PDMS surface in a layer-by-layer fashion timed by the hours PDMS stays in the vacuum 

chamber full of silane vapors. Too many layers will reduce the apparent diameter of PDMS well 

and even fully fill the microwell eventually. Forth, during the final demolding process, pillars 

may collapse due to high aspect ratio. Collapsed pillars are sonicated in methanol to make the 

micropillars stand upright and then supercritically dried in a critical point drier. 
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Figure 3.12 (a) Residual gold patches left on PDMS mold will be 

transferred to pillar base; (b) Gold microdisk dewets into one 

nanoparticle with SiO2 underneath, but into multiple tinier ones without 

SiO2; (c) Pillar breaks at base and stays in microwell when silane 

surface treatment is not sufficient. 
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Laser induced transfer is the most important step in whole fabrication process. Gold 

microdisks sandwiched between PDMS pillar and its mold are melted and evolve, driven by 

surface tension of molten gold, into nanoparticles as shown in Fig. 3.13(a). This can be achieved 

by single laser pulse. Insufficient laser energy will result in rod-shaped gold structure, probably 

due to insufficient melting time for the material to complete the migration towards the center. 

When PDMS micropillars are demolded from the PDMS mold, nanoparticles within the laser-

irradiated area are transferred into micropillars. This is confirmed by SEM images Fig. 3.13(b). 

In tilted SEM images, the gold nanoparticles seem to be embedded in PDMS. In order to get a 

clear view of this, half of the pillar is removed by focused ion beam (FIB) as shown in Fig. 

3.13(C). The cross section images show that gold nanoparticles are actually partially embedded 

in the tip of the pillars. 

Ideally, laser beam can be expanded as large as energy permits to transfer large area of 

gold nanoparticles in one pulse. In our experiment, the Gaussian like laser beam used in Chapter 

3.2 is expanded twice by a concave lens (f = -75 mm, LC4513, Thorlabs). Thus the laser arriving 

at PDMS sample has a beam width of 800 µm at FWHM. Laser energy within an energy window 

(Emin ~ Emax) can be used. If energy is larger than Emax, gold in the center of the pulse will 

evaporate and transferred nanoparticles will be visibly smaller than surrounding area. If energy is 

smaller than Emin, gold microdisk cannot fully evolve into a spherical nanoparticle. Optimal 

energy will be slightly under Emax to transfer gold nanoparticles with similar dimension in an 

area as large as possible. 1 mJ is finally selected to cover an area of around 450 µm in diameter. 

The average energy fluence irradiated at gold microdisk is around 400 mJ/cm
2
. At this 

experiment condition, 97.5% of gold nanoparticles within the field-of-view (FOV) of a 20× 

objective lens (EC Epiplan-Neofluar 20x/0.5 HD, Zeiss) imaged by our CCD camera (AxioCam 
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MRm, Zeiss), 450 µm x 340 µm, are successfully transferred to pillar tips as shown in Fig. 3.14. 

The 2.5% loss of gold nanoparticles could be attributed to three parts: demolding process, 

insufficient energy in the area away from laser spot center, and overtime sonication. The latter 

two can be solved by using laser pulse with flat-top beam shape and shorter sonication time. 

 

 

Figure 3.13 (a) Gold microdisks sandwiched between PDMS pillars and 

its mold are melted by laser pulses to form nanoparticle and; (b) SEM 

images confirm gold nanoparticles are transferred to pillar top; (c) FIB 

images show that each pillar has one gold nanoparticle anchored in the 

pillar top. 
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Figure 3.14 97.5% of nanoparticles within the FOV of a 20× objective 

lens are successfully transferred. 
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  Chapter 4

 

Large Area Sensitive Plasmonic Cell Force Sensor 

 

 

4.1 Introduction to micropillar array cell force sensor 

 

Microfabricated elastic pillar substrates of various geometries found widespread 

applications to address many fundamental questions in cell biology regarding the 

mechanotransduction of cell functions
52-59

. The tip of pillar is usually fluorescently labeled to 

obtain high contrast between the pillar and background in the image. Intensity profile of the 

fluorescent pillar tips is then modeled by a two-dimensional Gaussian fitting to get the pillar 

position and therefore deflection with cells growing on top. Local traction force is finally 

calculated by multiplying the deflection of pillar by pillar stiffness. Objective lenses with high 

magnification (larger than 60x)
58-60

 are usually used to get a good precision 30~50 nm of pillar 

position. However, the coated fluorescent proteins can be degraded and/or digested by the cells, 

and dissolved in the media especially during the media swapping. Therefore the quality of 

fluorescent image is degraded in a time dependent manner, which will affect the accuracy of the 
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dynamic cell force measurement
61

. Besides, for object larger than the diffraction limit of an 

optical system used, it’s not appropriate to use Gaussian fitting
 
since the profile of pixel 

intensities is not described by a Gaussian
42

. Such highly magnified optical system also limits the 

area that one image can cover and makes it incapable of monitoring large scale concurrent and 

instantaneous collective cell behavior. In order to address these challenges and maintain high 

precision at the same time, we propose to use gold nanoparticle embedded micropillar array. 

Gold nanoparticles provide point-source like strong plasmonic scattering signal when imaged by 

objective lens of low magnification (20x or less). Intensity profile of a point-like source, 

especially with high signal-to-noise ratio, can be perfectly fitted by Gaussian for sub-pixel 

resolution. 

 

4.2 Gold nanoparticles embedded PDMS micropillar array 

 

Generally a source of light can be considered a point source if the resolution of the 

imaging instrument is unable to resolve its apparent size. The resolution of an optical system is 

usually assessed by Rayleigh criterion
62

 which states as the first diffraction minimum of the 

image of one coincides with the maximum of another as shown in Fig. 4.1(a). This diffraction 

limited resolution r for a conventional optical microscope can be calculated as  𝑟 = 0.61𝜆/𝑁𝐴   

for a circular object, where λ is the wavelength of illumination light source, n is refractive index 

of the medium, and NA is numerical aperture of the objective lens used in the microscope. If the 

dimension of the object to be imaged is smaller than the resolution, this object cannot be 

resolved in the image. In our case, the diameter of gold nanoparticle embedded in the pillar tip is 

smaller than the diffraction limit when a 20x/0.5 objective lens is used in the microscope, thus 
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the nanoparticle which strongly scatters the illumination light in dark field imaging mold can be 

treated as a point source or point object for subsequent image analysis. 

Intensity profile of a point source in an optical system can be described by the point 

spread function (PSF). The Airy PSF is valid and commonly used for most optical systems but 

tedious for many practical calculations, so PSF of a circular point source is often approximated 

by a Gaussian function. This is the foundation for us to model the image of the gold nanoparticle 

by a two-dimensional Gaussian function. The pillar position with sub-pixel precision is 

determined by the least-square fit to this model. The fitting precision strongly depends on the 

number of pixels selected to fit and the signal-to-noise ratio. The area in an image where pixels 

are selected for Gaussian fitting is usually called an estimation mask. If the mask is much 

broader than the image of the object of interest, a lot of background noise will be taken into 

account which may skew the centroid estimate
63

. Otherwise if the mask is too small compared to 

the image, lack of effective information will also deteriorate the fitting result. In our image 

analysis, an estimation mask that is tightly large enough to cover an area of twofold standard 

deviation on each side of the Gaussian PSF is selected for fitting as shown in Fig. 4.1(b). For the 

signal-to-noise ratio, normally higher it is, more accurate the fitting is. Thompson et al. derived a 

more specific equation to quantify the fitting accuracy Δχ as
64

 

                               Δχ =  √
𝜎2+𝑎2/12

𝑁
 +  

8𝜋𝜎4𝑏2

𝑎2𝑁2
                                           (1) 

Where σ is standard deviation of the Gaussian PSF, a is the physical size of the pixel, b is 

background noise, and N is the object signal to be fitted. With moderate or better signal-to-noise 

ratio, it’s not difficult to obtain a precision better than 1/10 pixel
65

. 
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Figure 4.1 (a) Resolution of a diffraction limited optical system is 

assessed by Rayleigh criterion; (b) An area larger than twofold standard 

deviation is selected for Gaussian fitting. 

 

In our experiment, the plasmonic micropillar array is immersed in cell culture media, 

Dulbecco's Modified Eagle Medium (DMEM, Life Technologies) supplemented with 10% FBS 

(Hyclone) and 1% penicillin and streptomycin, in a petri dish. The sample is positioned under an 

upright microscope (Axio Scope A1, Zeiss) equipped with a 20x, N.A. 0.5 objective lens (EC 

Epiplan-Neofluar 20x/0.5 HD, Zeiss). The CCD camera (AxioCam MRm, Zeiss) used to take the 

image has a chip area of 8.9 mm x 6.7 mm with pixel size of 6.45 µm x 6.45 µm. All images are 

taken in dark field imaging mode. 

When PDMS pillar is immersed in cell culture media, the scattering from the pillar, a 

source for background noise in our analysis, is suppressed compared to that in air. This is due to 

a much smaller refractive index difference between PDMS and the media (mainly water), 

1.4:1.33, as contrast to PDMS and air, 1.4:1. However, we find the media thickness above our 

device has an impact on the signal-to-noise ratio. 4 ml culture media is first added into the petri 

dish, resulting in about 1 mm thick media coverage above the PDMS device. Right after the 
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plasmonic scattering signal of certain area in the PDMS device is captured, 2 ml media is 

aspirated by a pipette. Image on the same area of the plasmonic pillar array is taken again. 

Exposure time for each image is adjusted so that the pixel of highest intensity, which always 

comes from the gold nanoparticle, is right under-saturated. Much brighter background around 

gold nanoparticles can be seen in the image when pillar is covered with a thicker media layer as 

shown in Fig. 4.2. Therefore in all following experiments, culture media is controlled to be 2 ml 

or less during image capture.  

 

 

Figure 4.2 Signal-to-noise ratio is dependent on the media thickness 

above the plasmonic pillar. 

 

Fig. 4.3 gives an example of the image of a gold nanoparticle fitted by a Gaussian 

function. The fitted center of the Gaussian function represents the pillar position. Effective pixel 

size in the image is 322.5 nm, calculated by pixel size in the CCD chip divided by the 

magnification of objective lens. The standard deviation of the imaging system is estimated by  

σ ≈
0.21λ

NA
≈ 230 nm, where wavelength 550 nm is selected to represent the illumination from a 

halogen lamp. NA equals to 0.5. Number of pixels is selected by the criterion stated above when 
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the estimation mask fully covers an area of total four-fold standard deviation. In our analysis, we 

also take the real size of gold nanoparticle ~ 400 nm into account, so the number of pixel used 

for Gaussian fitting is 5 by 5 to cover an area of (400 + 230*4) nm in diameter. The average 

signal-to-noise ratio is 20 in the image, giving an average fitting accuracy Δχ of 40 nm according 

to equation (1).  However, our case is not identical to the one described in the literature, thus a 

fitting accuracy on the same order of tens nanometer is acceptable in our analysis. 

 

 

Figure 4.3 Gaussian fitting of a gold nanoparticle imaged by 20x 

objective lens. 

 

4.3 Precision of pillar localization by plasmonic PDMS pillar array 

 

The key point of our gold nanoparticle embedded PDMS micropillar in the application of 

cell force sensing is to enable precise force measurement when imaged by less magnified optical 

system in order to concurrently monitor a larger volume of cells. Pillar localization precision is 

usually a direct measure of the precision for cell force, since the cell force can be simply deduced 

by pillar deflection multiplied by pillar stiffness. Some of reported precisions are summarized in 
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Table 4.1. A CCD camera with 6.45 µm x 6.45 µm pixel size is used in most of the references. 

We can see there is huge precision difference in cases when 40x objective lens is used, so we 

don’t take these data into account. 

There are different criterions used when it comes to precision or resolution. Prof. Benoıˆt 

Ladoux’s group proposed to use systematic error, which is estimated from the measured 

deflection of pillars in an area absent of cells
59, 66

.  In the analysis, they selected partial area of 

the image where there is no cell growing on the pillar. These pillars are expected to have zero 

deflection in an ideal case. However, there is considerable deflection noticed from the fitting 

results of the image. Therefore the average deflection of these pillars at rest is regarded as 

systematic error, which is subtracted from the calculated deflection of all the pillars in the 

following analysis. Besides this system error that is not associated with any cells, Prof. James 

Hone’s group also took the displacement error caused by optical distortions upon cell-pillar 

contact (lensing effect) into consideration
67

. To do this, they plated cells on ultrastiff PDMS 

pillars assuming the cells would not be able to deflect them. The apparent displacements of these 

pillars were obtained and found to mainly originate from optical lensing effect. 

We chose to adopt the mythology used by Ladoux’s group and compare our resolution 

with theirs. In our experiment, all pillars are tracked before cells are plated to establish a 

reference (zero force) position. After cells spread over the pillars, pillar positions are measured 

again. Displacement of pillars is obtained by subtracting these two positons of corresponding 

(same) pillar. Average pillar displacement in an area away from any cell is the spatial pillar 

localization precision, and is subtracted from the displacement of pillar which is covered by cell 

for cell force. 
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Table 4.1 Precision of PDMS pillar array based cell force sensor 

Obj. Lens Imaging Method Precision Cell Reference 

 

Bright field (B) 

Fluorescent 

fibronectin (F) 

Quantum dots (Q) 

  

 

60x/0.8 air B or F ~50 nm MDCK 60 

40x/0.6 air B 5 nm MEF 68 

60x/0.9 water B or F 20~30 nm 

3T3 fibroblast & 

MDCK 

38 

40x F ~25 nm HUVEC 54 

 

B or F 25~30 nm MDCK 66 

60x/0.9 water F 20~30 nm REF52 fibroblast 69 

100x/1.4 F ~30 nm mouse fibroblast 70 

100x/1.4 F 30 nm 

3T3 fibroblast & 

MCF-7 

 

59 

60x F 200 nm 

NIH/3T3 mouse 

fibroblast & 

BPASMC 

 

 

71 

63x/1.4 F 30 nm 

NIH/3T3 mouse 

fibroblast 

 

41 

40× air Q 150 nm HASM & RASM 61 

100x/1.4 oil F 25 ± 9 nm MEF 67 
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Precision affected by the thickness of media over the pillar 

To investigate the pillar localization precision of our device, we first carry out a study on 

whether the thickness of media coverage on the pillar has an effect on precision. We see a 

difference in signal-to-contract ratio when the thickness varies. Similar to the method described 

in previous section, we first add 4 ml culture media and capture the reference image. For a quick 

test, we don't grow cells on the device. Instead, we manually rotate the device a little bit to 

introduce position disturbance, since in the real case with cells, the device can never be 

positioned in the exact same coordinates on the microscope stage as where it is before the cells 

are plated. We then take a second image as the “cell” image. We select the same area in both 

images and subtract fitted position of pillars in “cell” image from that of corresponding pillars in 

reference image after these two images are aligned. The result from subtraction is the apparent 

pillar displacement, and the mean of its histogram gives the position precision. Precision for 2 ml 

cell culture media coverage is obtained in the same way after 2 ml DMEM is aspirated from the 

petri dish. In Fig. 4.4, we could see better precision ~17 nm in case of 2 ml compared to ~25 nm 

in case of 4 ml, which is probably due to a higher signal-to-noise ratio. However, this difference 

is not significant because signal-to-noise ratio in both cases is high enough for an accurate fitting. 

We also want to point out that the precision calculated here is underestimated compared to the 

real case with cells since there might be extra position disturbance introduced to the pillars at rest 

during the handling of cells. 
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Figure 4.4 Precision of pillar localization affected by media thickness 

covered on top of pillars. Blue and red circles represent fitted pillar 

positions from reference and “cell” images. Mean value of the 

historiographic pillar displacement gives pillar position precision. 

 

Precision in the real case with cells 

For a more complete study of the precision, MDCK (Madin-Darby canine kidney, Sigma-

Aldrich) epithelial cells are to be plated at subconfluent densities on fibronectin coated pillars. 

Before that, we take images of plasmonic PDMS micropillars as reference and then contact print 

the pillars with fibronectin (Sigma-Aldrich) at tip to help seeding of cells on the PDMS device. 

Detailed steps are listed as follows. 
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1) Make sure all pillars stand upward by critical point dryer; 

2) Dispense 50 µg/ml fibronectin on flat stamping PDMS and let it absorb for 1hr; 

3) Rinse stamping PDMS with PBS once; 

4) Treat pillar with O2 plasma at low power for 60~90 sec to make the surface 

hydrophilic; 

5) Position stamping PDMS in contact with pillar device under light load for 20min; 

6) Carefully peel away stamping PDMS and immerse device in 0.2 µl/ml Pluronic-127 

for 15 min to avoid undesired attachment of cell to pillar sidewall; 

7) Rinse with PBS 1~2 times; 

8) Immerse device in a new petri dish filled with 5 ml DMEM culture media; 

9) Plate few droplets of MDCK cells right on top of pillar area; 

10) Cells are allowed to spread at least a day till well defined clusters of cells have grown; 

11) Cells are fixed with 4% paraformaldehyde in PBS for 15 min. 

Reference and cell images are both taken with 1 ml DMEM in petri dish for best signal-

to-noise ratio without drying the sample during image capture. In dark field mode, the cells are 

actually hard to be seen. In a very last step, we stain the cells in Wheat Germ Agglutinin (WGA) 

Alexa Fluor® 594 (Life Technologies) for 20 min and take fluorescence image of cells. Cell 

image and the fluorescent image are stacked to evidence the correlation between pillar deflection 

and cell traction force. An area without cells is selected to obtain pillar localization precision as 

shown in Fig. 4.5. Mean value of pillar displacements in this area, ~30 nm, gives the spatial 

precision of pillar position. 
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The study of precision proves that we’re able to monitor a larger area of cells in a less 

magnified optical system, 20x objective lens used here, without sacrificing the pillar localization 

precision. 

 

 

Figure 4.5 Pillar in the area enclosed by white dashed square is selected 

to calculate the precision. Blue dots and red arrows represent fitted 

pillar positions from cell image and the relative displacement of the 

pillars. Mean value of the historiographic pillar displacement gives 

pillar position precision. 
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4.4 Cell force measured by plasmonic PDMS pillar array 

 

Once the displacement of pillar is obtained, the cell force can be deduced by simply 

multiplying the displacement by the stiffness of the elastic pillar with the assumption that the 

small displacement is in the linear regime. This proportional relation for a cylindrical PDMS 

pillar is formulated as 

                                       𝐹 =
4

3
𝜋𝐸

𝑟4

𝐿3  ∆𝑥                                      (2) 

where F is the traction force exerted by cell on underlying pillar, E is Young’s modulus 

of PDMS, r and L is radius and height of the pillar, and Δx is the displacement bent by force F. 

The pillars are anchored on the elastic substrate of the same material. When pillar bends, 

the base of pillar will warp too. This deformation of substrate will spread to surrounding area, 

and have an impact on the deflection of adjacent pillar. Thus the apparent deflection of a pillar 

should be attributed not only to the force that cell exerts on it, but also to the deflection of 

adjacent pillars. Ingmar Schoen et al. investigated on this substrate-mediated interplay between 

elastic pillars and found this interaction diminishes with third power of center-to-center 

distance
72, 73

. For most commonly used micropillar arrays, this relative error in the force 

determination is smaller than 5% and therefore can be neglected. 

To obtain cell force, we have to align reference image and cell image first since they are 

not covering the exact same area of the pillar device when two images are taken. An iterative 

alignment is carried out until the accumulative pillar displacement in an area not covered by any 

cell reaches minimum. This criterion originates from the assumption that the positions of these 

unbent pillars from two images are supposed to be perfectly overlapping. The alignment includes 
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translational and rotational components. After reference and cell images are aligned, a direct 

subtraction of coordinates of corresponding pillar (cell deflected position minus original 

undeflected position) multiplied by the pillar stiffness is carried out to get the cell force exerted 

on each pillar. 

Too soft PDMS pillars need to be avoided since too large deflection of the posts would 

lead to contact between adjacent pillars and then to under-estimated traction forces. This usually 

happens on the edge of a single cell or the cell cluster where the cell exerts largest traction force 

on the pillar. 

 

Spatial distribution of forces applied by cell 

Cell forces are calculated by home-developed MATLAB codes (Appendix A) and are 

usually represented by vectors drawn on each pillar whose length is proportional to the force 

magnitude. Fig. 4.6 gives the force map of MDCK cells growing on top of the pillar array. The 

largest force appears on the edge of cell clusters, usually implying the migration direction of the 

cells. The area without cell shows minimal pillar displacement. 
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Figure 4.6 Cell force map imaged by a 20x objective lens. 
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4.5 Other potential functions of plasmonic PDMS pillar array 

 

Photothermal delivery of molecules into live cells 

Noble-metal nanostructures of different shape with unique photophysical properties have 

been used in photothermal treatment of cells of all kinds. In order to efficiently harvest the 

optical energy for sufficient thermal energy conversion, nanostructures with a typical size of tens 

nanometer to hundreds of nanometer are required. Depending on the size and density of 

cavitation bubbles induced by metal nanoparticles, photothermal treatments can be categorized 

into live cell delivery by opening small transient holes in membrane and cell therapy/ablation by 

fatally rupturing the membrane. Gold nanoparticles embedded in our PDMS micropillar array 

satisfy the size requirement and thus can be potentially used for photothermal treatment of cells 

growing on the pillar. 

We first test damage threshold of gold nanoparticles embedded in PDMS pillar. 

Nanosecond laser pulses are sent into the microscope through back port and slightly focused by 

the objective lens to right cover its FOV. Laser energy measured before it enters the microscope 

is increased gradually till visible damage on gold nanoparticles is observed. The damage could 

result from evaporation of gold nanoparticles under too large laser energy or detachment of gold 

nanoparticles from pillar tip caused by shockwave and high-speed flows generated by cavitation 

bubbles. Fig. 4.7 shows no visible damage on gold nanoparticles when the laser energy is below 

350 µJ. Severe damage can be noticed when laser energy is further increased to 500 µJ. 
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Figure 4.7 Damage threshold test on gold nanoparticles embedded in 

PDMS pillar immersed in culture media when triggered by nanosecond 

laser pulses. No visible damage shows up on gold nanoparticles when 

the laser energy is below 350 µJ. Severe damage can be noticed when 

laser energy is 500 µJ. 

 

With the knowledge of a safe laser energy widow without damaging the gold 

nanoparticles, we try to deliver Calcein (Sigma-Aldrich) into HeLa cells growing on plasmonic 

PDMS pillar. The preliminary results show that the efficiency of molecular delivery into live 

cells strongly depends on the laser energy. This can be rationalized by the size of holes formed 

on cell membrane generated by fast expanding cavitation bubbles. In general, the efficiency 

increases with laser energy due to larger pores induced by larger cavitation bubbles, until the 

pores are too large to recover which will fatally destroy the cell. Fig. 4.8 shows Calcein uptake 

by cell under varied laser energy and corresponding cell viability as illustrated by Propidium 

Iodide (PI, Sigma-Aldrich). A control experiment is carried out on flat PDMS besides the pillar 

area. Only few cells show Calcein delivery, which is likely due to cavitation bubbles generated 

by gold residuals left on flat PDMS area during the surface gold removal step. 
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Figure 4.8 Photothermal delivery of Calcein into live Hela cells on the 

platform of plasmonic pillar array.  
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  Chapter 5

 

Conclusion 

 

 

We have demonstrated a near field photothermal printing method for rapid laser printing 

of gold micro and nanostructures, such as nanowires, microsquares, and nanospheres and other 

arbitrary patterns. It utilizes laser induced dewetting and self-organization processes guided by 

spatially shaped light patterns between a transparent phase shifting mask and a gold thin film to 

be printed. The rapid laser pulsing, metal dewetting, and shape evolution processes promise it a 

high speed printing technology for fabricating metallic nanostructures. 

We also developed a novel large area plasmonic cell force sensor platform with superior 

force sensing accuracy. We have achieved 30 nm pillar position accuracy under a 20x objective 

lens with a FOV of 450 μm × 340 μm, an area more than 10 times larger than conventional 

micropillar array approaches. This high position accuracy comes from the strong plasmonic 

scattering signal of gold nanoparticles embedded in micropillars which provides strong signal-to-

noise ratio and point-source-like image pattern for sub-pixel resolution tracing even under a low 

magnification objective lens. Furthermore, due to unique photophysical property of the 
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embedded gold nanoparticles in pillar tip, this platform shows the potential to be useful for 

biomolecule delivery into live cells by laser triggered cavitation bubbles. 
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APPENDIX A: MATLAB Codes 

******************************************************************** 

function main 

clear all; 

close all; 

clc; 

% Read Images 

Iref = [];                   

Iref(:,:) = imread([num2str('7r') '.tif']); 

resizer = [497,797;588,888];        % choose an area not covered by cell to align 

[Ir] = Iref(resizer(1,1):resizer(1,2),resizer(2,1):resizer(2,2)); 

Icell = [];                  

Icell(:,:) = imread([num2str('7c') '.tif']); 

resizec = [485,785;600,900];        % choose an area not covered by cell to align 

[Ic] = Icell(resizec(1,1):resizec(1,2),resizec(2,1):resizec(2,2)); 

figure; 

imshow(Ir, []); 

figure; 

imshow(Ic, []); 

% Find peaks    

[peakref] = peakfind(Ir,35000,4);       % unfitted peak 

[peakcell] = peakfind(Ic,35000,4); 
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% restore coordinates in full image 

peakref(:,2) = peakref(:,2) + resizer(1,1)-1; 

peakref(:,3) = peakref(:,3) + resizer(2,1)-1; 

peakcell(:,2) = peakcell(:,2) + resizec(1,1)-1; 

peakcell(:,3) = peakcell(:,3) + resizec(2,1)-1; 

% Gaussian fitting 

[Maxref] = GaussFit(Iref,peakref,4,size(Iref));     %  fitted peak 

[Maxcell] = GaussFit(Icell,peakcell,4,size(Icell));   

Maxref(:,2) = Maxref(:,2) - (resizer(1,1)-1); 

Maxref(:,3) = Maxref(:,3) - (resizer(2,1)-1); 

Maxcell(:,2) = Maxcell(:,2) - (resizec(1,1)-1); 

Maxcell(:,3) = Maxcell(:,3) - (resizec(2,1)-1); 

figure; 

plot(Maxref(:,3),Maxref(:,2),'o','MarkerSize',3) 

hold on; 

plot(Maxcell(:,3),Maxcell(:,2),'ro','MarkerSize',3) 

set(gca,'YDir','reverse') 

axis([1 size(Ir,2) 1 size(Ir,1)]) 

% Alignment 

lr = length(Maxref(:,1)); 

origin = [0 0]; 

align0 = [-0.3, 0.3, -0.23, 0]; 

[align] = compsum(Maxcell, Maxref, align0, origin);    % find smallest displacement sum 



69 

 

[align] = compsumfine(Maxcell, Maxref, align, origin); 

Maxref_precision = ROT(Maxref,align,lr,origin);        

% plot displacement histogram for precision 

Maxref = round(Maxref_precision*100)/100; 

Maxcell = round(Maxcell*100)/100; 

[DisHist] = Histogram(Maxcell, Maxref_precision);      % Displacement histogram 

DisHist = DisHist * 6450 / 20;                   %  real displacement in [nm] 

figure; 

hist(DisHist,50); 

set(gca,'fontsize',15); 

            % rotate whole image for cell force 

 [peakref] = peakfind(Iref,35000,4);           % Find peaks 

[peakcell] = peakfind(Icell,25000,4); 

 [Maxref] = GaussFit(Iref,peakref,4,size(Iref));    % Gaussian fitting 

[Maxcell] = GaussFit(Icell,peakcell,4,size(Icell));   

lr = length(Maxref(:,1)); 

origin = [(resizer(1,1)-1) (resizer(2,1)-1)]; 

Maxref_align = ROT(Maxref,align,lr,origin);    

Maxref_align(:,2) = Maxref_align(:,2) - 12;       % resizer(1,1) – resizec(1,1)         

Maxref_align(:,3) = Maxref_align(:,3) + 12;      % resizer(2,1) – resizec(2,1)         

Maxref = round(Maxref_align*100)/100; 

Maxcell = round(Maxcell*100)/100; 

% calculate cell force and plot 
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N = size(Maxref,1); 

M = size(Maxcell,1); 

Def = zeros(N,4);         % Deflection 

for a = 1:M 

    for b = 1:N 

        r = sqrt((Maxcell(a,2)-Maxref_align(b,2))^2+(Maxcell(a,3)-Maxref_align(b,3))^2); 

        if r<5    

            Def(a,1) = Maxcell(a,2); 

            Def(a,2) = Maxcell(a,3); % x-coordinate 

            Def(a,3) = Maxcell(a,2) - Maxref_align(b,2); % y-deflection 

            Def(a,4) = Maxcell(a,3) - Maxref_align(b,3); % x-deflection 

        end 

    end 

end 

figure; 

imshow(Icell, []); 

hold on; 

quiver(Def(:,2),Def(:,1),Def(:,4),Def(:,3),0.5,'r'); 

set(gca,'YDir','reverse') 

axis([1 size(Iref,2) 1 size(Iref,1)]) 

set(gca,'fontsize',15); 

******************************************************************** 

function out = peakfind(I,th,bd) 
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% Find peaks 

[outresize] = pkfnd(I,th,bd);      * pkfnd is cited from ref 75. 

Nr = size(outresize(:,1),1); 

ptsr = zeros(Nr,3); 

for a = 1:Nr 

        c = outresize(a,1); 

        r = outresize(a,2); 

        ptsr(a,1) = I(r,c); 

        ptsr(a,2) = r;    % row coordinates (y) 

        ptsr(a,3) = c;    % column coordinates (x) 

end 

[out] = ptsr; 

******************************************************************** 

function Fitpts = GaussFit(I,pts,fs,sz) 

% Gaussian Fit 

N=size(pts,1); 

Fitpts = zeros(N,3); 

for a = 1:N 

    v = pts(a,1); 

    r = pts(a,2); 

    c = pts(a,3); 

    FitdataSize = min([fs/2,r-1,c-1,sz(1,1)-r,sz(1,2)-c])*2;    

    [C,R] = meshgrid(-FitdataSize/2:FitdataSize/2); 
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    xdata = zeros(size(R,1),size(C,2),2); 

    xdata(:,:,1) = R + r;  % row coordinates 

    xdata(:,:,2) = C + c;  % column coordinates 

    ydata = zeros(size(R,1),size(C,2)); 

    ydata = I((r-FitdataSize/2):(r+FitdataSize/2),(c-FitdataSize/2):(c+FitdataSize/2)); 

    x0 = [v,r,1,c,1];        % [Amplitude, r0, sigmar, c0, sigmac] 

    [x,resnorm,residual,exitflag] = lsqcurvefit(@GaussFun,x0,xdata,ydata); 

    % exitflag 3 :  Change in RESNORM too small. 

    Fitpts(a,1) = x(1); 

    Fitpts(a,2) = x(2);      % row (y) 

    Fitpts(a,3) = x(4);      % column (x) 

end 

******************************************************************** 

function F = GaussFunFit(x,xdata) 

 F = x(1)*exp(-((xdata(:,:,1)-x(2)).^2/(2*x(3)^2) + (xdata(:,:,2)-x(4)).^2/(2*x(5)^2))); 

******************************************************************** 

function [ref] = compsum(Maxcell, Maxref, align0, origin) 

lr = length(Maxref(:,1)); 

lc = length(Maxcell(:,1)); 

ref = [0, 0, 0, 1000];                              % inital sum 1000                                 

for a = 1:20                                        % 0.75~1.25 align0(1) 

    y = align0(1) - 0.5 + a * 0.05; 

    for b = 1:20 
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        x = align0(2) - 0.5 + a * 0.05; 

        for c = 1:20 

            r = align0(3) - 0.05 + c * 0.005; 

            align = [y,x,r,0]; 

            Maxref_rot = ROT(Maxref,align,lr,origin); 

            for d = 1:lc 

                min = 5; 

                for e = 1:lr 

                    dd = sqrt((Maxref_rot(e,2)-Maxcell(d,2))^2+(Maxref_rot(e,3)-

Maxcell(d,3))^2); 

                    if dd<min 

                        min = dd; 

                    end 

                end 

                if min == 5 

                    min = 0;                          % error 

                end 

                align(4) = align(4) + min;            % sum of displacement 

            end 

            if align(4)<ref(4) 

                ref = align;                

            end 

        end 
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    end 

end 

******************************************************************** 

function out = ROT(I,align,lg,origin) 

for i = 1:lg 

    alpha = atan((I(i,2)- origin(1,1))/(I(i,3)-origin(1,2))); 

    out(i,2) = (I(i,2)-origin(1,1)) / sin(alpha) * sin(alpha + align(1,3)*pi/180) + origin(1,1); 

    out(i,3) = (I(i,3)-origin(1,2)) / cos(alpha) * cos(alpha + align(1,3)*pi/180) + origin(1,2); 

end 

out(:,2) = out(:,2) + align(1,1); 

out(:,3) = out(:,3) + align(1,2); 

out(:,1) = I(:,1); 

******************************************************************** 

function out = Histogram(Maxcell, Maxref) 

lc = length(Maxcell(:,1)); 

lr = length(Maxref(:,1)); 

out = zeros(lr,1); 

for a = 1:lr 

    min = 5; 

    for b = 1:lc 

        r = sqrt((Maxcell(b,2)-Maxref(a,2))^2+(Maxcell(b,3)-Maxref(a,3))^2); 

        if r<min 

            min = r; 
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        end 

    end 

    if min == 5 

        min = 0; 

    end 

    out(a) = min;     

end 
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