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Resumen 

Los sensores nanomecánicos han sido reportados históricamente como 

una herramienta atractiva para la biodetección debido a su alta sensibilidad, 

alto rendimiento y alta integración. La mayoría de los sensores nanomecánicos 

se han fabricado con tecnología basada en silicio, pudiendo integrar miles de 

sensores en un solo chip. Sin embargo, el desarrollo de este tipo de sistemas 

implica no solo la fabricación de matrices de transductores mecánicos, que 

actualmente es un proceso muy establecido y de bajo costo, sino también la 

implementación de un sistema de lectura para leer independientemente la 

respuesta de cada transductor. 

 

Esta tesis doctoral se centró en el desarrollo de un nuevo enfoque para la 

detección de la respuesta mecánica de una matriz de sensores mecánicos 

mediante el uso de instrumentación sencilla. Este enfoque consiste en el 

desarrollo de sensores mecánicos (microcantilevers y micromembranas) con 

respuesta mecanocrómica, es decir, sensores mecánicos que cambian su color 

intrínsecamente ante estimulación mecánica. 

 

El desarrollo de sensores basados en MEMS con respuesta mecanocrómica 

es el resultado de una combinación efectiva de la coloración estructural 

producida por redes de difracción o cristales fotónicos, con el rendimiento de los 

transductores mecánicos. Los sensores mecánicos con una nanoestructura 

periódica dispuesta en una cara del sensor, son fabricados y caracterizados. El 

color mostrado por los sensores cambia intrínsecamente por la acción de un 

estímulo mecánico externo (carga de presión o tensión superficial) cuando el 

transductor se deforma, siendo el cambio de color recogido por el uso de un 

LED y una cámara RGB de bajo costo. 

 

Para llevar a cabo este desarrollo, se realiza un estudio teórico de la física 

de coloración estructural y de modelos matemáticos que describen el principio 

de funcionamiento del dispositivo mecanocrómico. Con estos elementos básicos, 

los materiales mecanocrómicos basados en dos tipos de estructuras fotónicas, 

redes de difracción 1D y ensamblajes coloidales, son fabricados y caracterizados 

por espectrometría UV-Visible, identificando los principales contribuyentes del 

cambio de color (variaciones en el período de la nanoestructura y cambios en el 
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ángulo de iluminación de punto de vista). Estos materiales a continuación son 

integrados a matrices de sensores mecánicos colorimétricos para ser 

caracterizados por medio de tensión biaxial. Se fabrica, caracteriza y evalúa una 

matriz de sensores de presión colorimétricos basados en membranas flexibles 

nanoestructuradas y suspendidas, libres de marcajes y de alimentación de 

energía orientado a las aplicaciones optofluídicas multiplexadas. La plataforma 

muestra una sensibilidad de 0.17	���	
 en la detección de presiones neumáticas 

bajas o de fluidos (en un rango entre −1 y 1	���) y se demuestra la idoneidad 

del método de detección colorimétrico midiendo el cambio de color de las 

membranas que muestran una sensibilidad de 117	�	/	���. Finalmente, se 

realiza un estudio teórico de un sensor nanomecánico colorimétrico de tensión 

superficial basado en cantilevers y se demuestra su desempeño en la detección 

de cambios conformacionales moleculares fotoinducidos. De esta manera, el 

método de detección es capaz de detectar cambios de 1	° en la escala de tono 

(HSV), o 0.75	� de longitud de onda en el rango visible (400	� a 650	�). 

 

El desarrollo de sensores basados en MEMS con respuesta mecanocrómica 

se presenta como una herramienta útil que cumple con los requisitos para el 

desarrollo de un dispositivo de punto de atención, tales como: alta sensibilidad, 

bajo costo, alto rendimiento, libre de marcajes, de montaje externo, desechable, 

multidetección, y también que no requiere un sistema de detección sofisticado. 
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Abstract 

Nanomechanical sensors have been historically reported as an attractive 

tool for biodetecction due to its high sensitivity, high throughput, and high 

integration. Most of nanomechanical sensors have been fabricated using silicon 

based technology being able to integrate thousands of sensors in a single chip. 

However, the development of this kind of systems involves not only the 

fabrication of arrays of mechanical transducers, which is currently a well-

established and low-cost process, but also the implementation of a read-out 

system to independently read each transducer response.  

 

This Doctoral Thesis focused on the development of a new approach for 

the detection of the mechanical response of an array of mechanical sensors by 

using simple instrumentation. This approach consists in the development of 

mechanical sensors (microcantilevers and micromembranes) with 

mechanochromic response, i.e. mechanical sensors with an intrinsic tunable 

colour under mechanical stimulation.  

 

The development of sensors based in MEMS with mechanochromic 

response is a result of an effective combination of the structural coloration 

produce by diffraction gratings or photonic crystals, with the performance of 

mechanical transducers. Mechanical sensors with a periodical nanostructuration 

disposed on one face of the sensor, are fabricated and characterized. The 

colour displayed by the sensors change intrinsically by the action of an external 

mechanical stimulus (pressure load or surface stress) when the transducer 

deflects, being the colour change collected by the use of a LED and a low cost 

RGB camera. 

 

In order to carry out this development, a theoretical study of the physics 

of structural coloration and the mathematical models that describe the working 

principle of the mechanochromic device is performed. With these basics, the 

mechanochromic materials based on two types of photonic structures, linear 1D 

gratings and colloidal assemblies, are fabricated and characterized by UV-Visible 

spectrometry, finding the main contributors of colour change (variations in the 

nanostructure period and changes in the illumination and point of view angle). 



 

Development of sensors based in MEMS with mechanochromic response ix

These materials are then integrated into arrays of coloured mechanical sensors 

and characterised under bi-axial strain. A label-free and power-free array of 

colour tunable pressure sensors based on flexible nanostructured suspended 

membranes is fabricated, characterized and evaluated for multiplexed 

optofluidics applications. The platform shows a sensitivity of 0.17	���	
 for the 

detection of low pneumatic or fluid pressures (in a range between −1 and 

1	���) and the suitability of colorimetric detection method is demonstrated by 

measuring the membrane colour change with a sensitivity of 117	�/���. 

Finally, a theoretical study of a surface stress colorimetric nanomechanical 

sensor based in cantilevers is performed and demonstrated its performance for 

the detection of photo-induced molecular conformational changes. In this case, 

the detection method is able to detect changes of 1� in the hue scale (HSV) or 

0.75	� for the visible band in wavelengths (400	� to 650	�). 

 

The development of sensors based in MEMS with mechanochromic 

response is presented as a useful tool that fulfils the requirements for the 

development of a point-of-care device, such as:  high sensitivity, low-cost, high 

throughput, label-free, out of the shelf, disposable, multidetection, and also 

that does not require a sophisticated detection system. 
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Motivation and objectives 

Currently, there is a huge demand of rapid, accessible, and affordable 

tools for the decentralized analysis of samples in many different areas, including 

environmental, food analysis or healthcare. This has resulted in a further 

development of point-of-care (POC) devices, especially in the healthcare area 

for the diagnosis and prevention of diseases. The early detection of harmful 

agents and especially the early diagnosis of diseases, would significantly improve 

the prognosis and survival rate, reducing the duration and cost of treatments. 

The early diagnosis of many diseases or even the quality monitoring of our 

environment is only possible by the simultaneous detection of several analytes 

or compounds in a single sample. Currently, the number of POC devices found 

in the market is very large; however, most of them can only detect a single 

agent. More research effort must be directed to the development of new 

sensing techniques with a high multidetection capability, high sensitivity, and 

low energy consumption.  

 

Nanomechanical sensors has demonstrated to be a powerful and promising 

tool for sensing and biosensing due to their small size, fast response, high 

sensitivity and their compatible integration into POC devices. Different works 

demonstrated the simultaneous detection of several transducers, up to sixteen, 

by using different detection systems. However the multiplexed capability for 

monitoring several surface stress transducers (each one associated with the 

detection of a specific compound) still presents important limitations related 

mainly with the integration of the read-out system when working with arrays of 

transducers (integration, alignment, power,…). 

 

The Thesis constitutes the development of a novel sensing method that 

aims to solve the difficulties experienced by nanomechanical devices when 

carrying out the detection of multiple analytes. The developed approach born 

from the combination of the latest advances in nanostructured intelligent 

materials and the demonstrated high sensitivity of micro-electro-mechanical 

systems (MEMS) based on the change of surface stress. The development of 

this type of sensors and biosensors would allow the simultaneous detection of 

different analytes or compounds in a quantitative and rapid way, by means of 

colorimetric detection without the need of labelling, and by using a LED and a 
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low cost RGB camera. The colour change experienced by the mechanical 

sensors of an array during the detection processes is further quantified by using 

colour analysis software. 

 

The proposed system is based on the development of arrays of polymeric 

suspended mechanical sensors (microcantilevers and membranes) with 

structural coloration derived from the diffraction of white light into the 

periodical nanostructures (linear gratings or two dimensional photonic crystals) 

fabricated in one of their surfaces. Polymeric nanostructured materials, in 

addition to being economical and easily manufactured in mass, have 

demonstrated a mechanochromic behaviour producing a change of colour of the 

material when subjecting them to deformation processes, mainly due to changes 

on the angle of interaction of the light and the distance between 

nanostructures. 

 

The final aim of this Thesis is the development of a POC device that 

consist on an array of mechanical sensors, where each sensor of the array would 

respond in a unique and selective way to a certain analyte, parameter or factor, 

that produces a change in the surface stress induced bending, resulting in a 

variation of the colour diffracted by each sensor (mechanochromic response).  

 

The achievement of this PhD Thesis represents a great advance in the 

development of multi-sensor systems for the detection and monitoring of 

different parameters, with a wide range of applications ranging from the 

monitoring of environmental parameters or water quality control, to the control 

and monitoring of diseases in an individualized way (personalized medicine).  

 

With this scope, the specific objectives outlined in this work are listed as 

follow:  

 

- To perform a theoretical study of the physics involved in the mechanical 

transduction for membranes and cantilevers including an optical analysis 

of structural coloration and its common structures; photonic crystals and 

diffraction gratings. 
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- To establish a robust fabrication method for the development of 

mechanochromic sensors based in elastomers such as PDMS and 

polymers such as polyimide, or SU-8.  

 

- To establish a robust sensor integration method easily compatible with 

standard microfabrication processes.  

 

- To develop an image acquisition method including the images processing 

to monitor the sensors colour change. 

 

- To demonstrate the suitability of structural coloration (white light 

interference) as detection mechanism of mechanical sensors based in 

cantilevers or membranes. 

 

- To demonstrate the potential application of structural colour mechanical 

sensors to the development of POC biosensors based in surface stress 

changes. 
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Thesis Outline 

This thesis is organized in seven chapters as follow: 

 

First chapter. – Introduction. This chapter provides an introduction to 

current technology and applications where the development of high sensitivity 

and multiplexed sensors based in MEMS are needed. It provides a general 

description of the state-of-the-art of point-of-care (POC) devices including a 

detailed description of current developments of mechanical (bio)sensors and its 

main detection methods. It also describes the developments of colorimetric 

detection. The last part of this chapter describes the main proposed approach 

idea of the development of an array of structural colored mechanical sensor. 

 

Second chapter. – Physics of mechanical transducers and structural 

coloration. This chapter introduces the physics and mathematical models that 

describe the working principle of our device. It includes a description of the 

general mechanical behaviour of microcantilevers and micromembranes when 

surface stress or pressure changes are applied on these transducers. In the last 

part of the chapter, it includes an analysis of the optical and morphological 

properties of diffraction gratings and photonic crystals. 

 

Third chapter. –  Development of mechanochromic materials. This 

chapter describes in detail the development of mechanochromic materials based 

on two types of photonic structures: linear gratings and colloidal assemblies. It 

includes a description of 1D linear polymeric grating preparation by master 

moulding and the optimisation of the methods to self-assembly polystyrene 

nanoparticles on substrates, maintaining the periodicity of the assembly and a 

close-packed configuration. This chapter also contains an in-depth study of the 

morphology of the assemblies, performed by scanning electron microscopy 

(SEM), with the aim to analyse their contribution in the material colouration 

(measured by UV-Visible spectrometry), looking to minimise the imperfections 

and ensuring uniformity in colouration. Finally, this chapter includes a brief 

description of the fabrication of coloured mechanical sensors (membranes and 

cantilevers) and a proof-of-concept of a wafer-scale fabrication of mechanical 
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sensors with mechanochromic response by using standard microtechnology 

processes. 

 

Four chapter. – Opto-mechanical analysis of structural colour 

materials. In this chapter a deep study of the opto-mechanical response of the 

fabricated structured colour materials is performed, both under linear and bi-

axial strain. Both UV-visible spectrometry and image analysis are used to that 

end. It also includes a general description of the fabrication of arrays of 

mechanochromic suspended membranes, necessary to carry out the bi-axial out-

of-plane deformations. 

 

Fifth chapter. – Colorimetric array of nanostructured membranes as a 

pressure sensor for optofluidics applications. This chapter describes the 

development of 2D nanostructured flexible array of membranes that tune their 

reflective colour depending on the pneumatic or fluidic pressure inside a 

microfluidic channel (pressure sensor). It describes the fabrication of 

elastomeric nanostructured membranes based in inverse 2D colloidal photonic 

crystals (colloidal diffraction grating). It also includes the study of morphology, 

mechanical properties and colour tuning of the fabricated membranes when 

exposed to bi-axial strains by applying pneumatic pressures. Finally, it includes a 

demonstration of the suitability of white light interrogation to measure the fluid 

pressure.  

 

Sixth chapter. – Surface-stress colorimetric sensors based in 

cantilevers. This chapter contain a theoretical study of a surface stress 

colorimetric mechanical sensor based in microcantilevers and a demonstration 

of its performance for the detection of photo-induced molecular conformational 

changes. It describes the sensor, based in a diffraction grating designed into one 

microcantilever surface, with capabilities to produce a change in coloration 

under deformation. It describes also an analysis of the colorimetric method 

(capabilities and limitations) when the cantilever deflects by surface stress. In 

the same way, it includes the search of the optimum transducers parameters to 

maximize both the mechanical response and the colour change associated. In 

the final part of this chapter, the cantilever colour changes due to the surface 

stress produced by a thin layer of photosensitive molecules (azobenzene) 

disposed on the cantilever flat surface is demonstrated. 
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Seventh chapter. – Conclusions.  This chapter summarize the results 

and conclusions of this PhD Thesis along with the perspectives and future 

related work. 
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Chapter 1: Introduction: MEMS – (Bio)Sensors 

From the origins of life, the human being has needed to compare objects 

animals, food, or natural events such as seasons and temperature. To compare 

is a process inherent in the nature of human beings especially in the exploration 

and knowledge of the physical world. The result of this comparison was to be 

able to distinguish the differences between the properties of objects or events. 

Through the history, multiple ways of measuring were developed and with this, 

different definitions about what are to be measured. The fact of measuring the 

nature of objects and events has opened a broad range of possibilities for the 

development of new technologies. Measures as important as the determination 

of the speed of light in vacuum, or the heat transference in materials, among 

others, contributed to the determination of new magnitudes of measurement in 

multiple areas of science, engineering and health care.  

 

Technologically, the need of measure led to the development of new 

devices called sensors allowing the transduction of a form of energy into 

another giving a new magnitude of measurement. Progress in technology 

development not only allowed the miniaturization of sensor devices, but also the 

improvement in sensitivity, performance, rapid response, less energy 

consumption, high specificity and low-cost manufacture.   

  

This technology evolution began in 1947, with the development of the 

first computer and first transistor and has evolved to the nowadays mainboard 

of a smartphone, full of what we know today as microelectromechanical 

systems (MEMS). From the year 2000, due to the progress and integration 

experienced by the MEMS systems and the polymer technology for the 

manufacture of microfluidics, there was an explosion of the development of 

MEMS systems applied to medicine and health (BIOMEMS). The evolution of 

sensors devices applied to medicine and health resulted in higher 

miniaturization, an increase of biocompatibility and functionality, increase in 

accuracy and reduction of measurement and analysis time, finding numerous 

applications in this field. The technological developments in the health area 

have been focused on achieving automated analysis and diagnosis systems (lab-
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on-a-chip systems, LOC, and point-of-care systems, POC) for the control and 

patient monitoring. 

 

Healthcare is precisely one of the areas that have experienced a major 

impact from the development of sensors, leading to an evolution and 

transformation towards a decentralized medicine, which prioritizes the 

prevention of diseases by promoting an active and healthy life, an early 

detection to reduce the cost of treatments and management of chronic 

diseases. The development of new tools for early diagnosis and the study of the 

pathophysiology of diseases are key to continue to transform health care and 

reduce the costs associated with it. 

 

The combination of BIOMEMS with what is known as the Internet of 

Things (IoT) allows carrying out a continuous monitoring of health, and a 

massive sending of continuously updated data to the cloud, where a processing 

and fusion of these data is carried out in order to perform an early and 

personalized evaluation, minimizing the risk to suffer certain diseases. 

 

 

 

Figure 1.1 Internet of Things and BIOMEMS application areas. 

 

 

The increase of the population, the increase of the life time, and the 

increase in the number of people affected by different types of diseases, such as 
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diabetes or cancer, make necessary the development of new technologies 

applied to the field of health in order to prevent and treat diseases, improve the 

quality of patient life, and reduce health costs. In this scope, it is necessary to 

decentralize the analysis and be able to carry out an early diagnosis at the point 

of care or even by the patient in any time and develop a precision medicine that 

reduces the use of ineffective treatments. Therefore, it is necessary to develop 

new tools based on POC technology that can be used at the medical 

consultancy and outside hospital environments [1], [2].  

 

The POC devices have their origin in the microfluidic devices or systems 

originally called lab-on-a-chip (LOC) [3], [4]. These LOC devices arise thanks to 

advances in micro and nanotechnologies and allow carrying out within a single 

chip of small dimensions, conventional clinical, cellular and omics performed in 

large laboratories. These devices provide the aforementioned advantages of 

miniaturization and automation, increased accuracy and reduced measurement 

and analysis times, and have produced a revolution in the field of clinical 

diagnostics with the integration of sensing devices that allow detection in real 

time and at the point of care (POC)(Figure 1.2). POC devices include both the 

detection of vital signs, such as pulse, heart rate or oxygen saturation, and the 

biochemical detection of elements such as biomarkers, glucose, hormones, 

among others [2]–[5]. 

 

The variety of POC systems is very high, depending on the type of 

application. Thus, there are large systems that can be transportable, or 

portable systems, disposable, and more. In all of them, in addition to the sensor 

device (transducer) to perform the detection, it is necessary an electronic 

system that allows reading the signal emitted by the transducer and whose 

complexity will also depend on the type of application, and especially on the 

multidetection capacity [4], [6]. New generations of POC devices propose the 

use of technologies developed for smartphones to read transducers, thus 

avoiding the specific development of their own electronics [7]–[9]. More 

recently, POC devices have evolved into massive development of "wearables" 

devices, for monitoring vital signs, such as pulse, respiration or stress, or body 

markers that may be indicative of diseases, especially the final products of 

reactions such as glucose or lactate in easily accessible media such as sweat 

and tear (Figure 1.2, diagnostic) [10]–[14]. The main concept behind these 

platforms is the continuous monitoring of health, and the massive sending of 
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continuously updated data to the cloud, where processing and merging of the 

data is carried out in order to be able to perform an early and personalized 

assessment of the risk to suffer certain diseases (smart health) (Figure 1.1). 

 

 

Figure 1.2 Technology for analysis and diagnostic. (Analysis) LOC, self-validating 

determination of biological analytes that undergo enzyme-catalyzed-reactions [15]. 

(Diagnostic) (Up) Schematic of a POC device, where the biosensors is the main 

component, and the connectivity with the laboratory information system. (Down) 

Label-based POC [16]. Label-free POC [17]. Wearable (wireless) POC [12], [14] 

 

 

1.1 (Bio)Sensors 

 

As previously mentioned, a device able to transform a form of energy into 

a measurable magnitude is called sensor. When this sensor is able to transform 

a biochemical interaction into a readable signal, it is known as biosensor. A 
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biosensor is therefore an analytical device, which integrates a transducer in 

direct contact with a biological layer specific to the analyte to be detected 

(antibodies, enzymes, aptamers, DNA, among others) (Figure 1.3), capable of 

transforming the biochemical interaction into a measurable response. In 

comparison with the current techniques of diagnosis and monitoring, done at 

central laboratories outside the hospitals, these integrated systems represent an 

ideal tool for the diagnosis of diseases, given their characteristics of rapid 

response, high sensitivity, analyte quantification capabilities, range of 

applications, low cost and easy use, without the need for large or expensive 

instrumentation.  

 

Different types of sensors and biosensors have been developed, 

depending on the mechanism of transduction, having proven its viability in a 

wide range of applications (Figure 1.3). Lateral flow biosensors based on 

colorimetric markers, and electrochemical transducers, especially amperometric, 

are the most extended and commercialized devices, precisely due to their easy 

miniaturization and integration into POC devices. Another type of biosensors, 

are those based on optical transducers without markers, such as surface 

plasmon resonance (SPR), integrated optics or colloidal crystals, which have 

shown great sensitivity in very different fields. The commercialization of these 

systems has been achieved only at the research laboratories level, without 

reaching hospitals or patients, due to scalability drawbacks. Also, the 

piezoelectric and mechanical sensors have been broadly reported, being the last 

one the transducers that will be developed in this thesis. There are currently 

large companies involved in the development and commercialization of 

diagnostic devices in the clinical field (F. Hoffmann-La Roche Ltd., LifeScan 

Inc., Bayer Healthcare AG, Abbott Point of Care Inc., Medtronic or Siemens 

Healthcare, among others), being the blood glucose control sensors the most 

commercialized devices, covering the 85% of the total biosensor market, 

followed by of pregnancy tests (hCG) [18]. However, there are still many 

limitations to be resolved in order to achieve functional POC devices that can 

reach the market and solve social needs. 
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Figure 1.3 (Up) Schematic of a biosensor working principle, (Down, left to right) 

examples of biosensors generally classified by the transduction system, optical (Surface 

plasmon resonance (SPR) [19], (CM) colorimetric [20]), (ECH) electrochemical [21], 

[22], (TH) thermal [23], mechanical ((PZ) piezoelectric [24], and (NM) 

micro/nanomechanical [25]).  

 

 

1.2 Micro/nanomechanical (bio)sensors 

 

The advances in nanofabrication technologies have enabled the fabrication 

of increasingly smaller nanomechanical transducers capable of detecting the 

forces, motion, and mechanical properties that emerge in biomolecular 

interactions and fundamental biological processes.   

 

Mechanical transducer can operate in static and dynamic mode. In 

dynamic mode its mechanical properties are determined mainly by their spring 

constant and resonance frequency (both parameters depend on the transducer 

material and geometry). In the static mode, the deflection arises as a 

consequence of a surface stress change induced by any process that takes 

places on only one of the transducer surfaces. Cantilevers are the most used 

structure, and can be fabricated in different shapes and thicknesses according 

to the detection propose or application (Figure 1.4). Cantilevers are mainly 

fabricated by silicon technology and only few applications have been reported 

using cantilevers based in polymeric materials, such as SU-8 or polyimide, and 

elastomers such as PDMS [26]–[29].  
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Many different applications have been developed based in the used of 

mechanical sensors in the static mode (surface stress). Detection of 

temperature changes, thin layer deposition, materials swelling, conformational 

changes or chemical and biochemical detection have been demonstrated with a 

very high sensitivity [30]–[32], in the range from ~100	�� to nanomolar. In a 

surface stress sensor, the magnitude or process to be detected occurs only in 

one surface of the sensor, inducing a mechanical deflection of the sensor as 

consequence of the difference on the surface stress generated in opposite 

surfaces. During the detection of the interaction of molecules or analytes 

(absorption or bio-recognition), small changes in surface tension are produced 

owed to many different forces: electrostatic repulsion, attraction, steric 

interactions, hydration, and entropy. Microcantilevers surface stress sensors 

have been used for detection and monitoring a wide variety of biomolecules, 

such as: tumor cells [33], [34], proteins [35], toxins [36], cholesterol [37], 

cancer cells [38], drug concentration [39], and conformational changes of 

enzymes [31]. 

 

 

Figure 1.4 a) Microcantilevers working modes: static mode (deflection by surface 

stress) and dynamic mode (resonance). b) Microcantilevers common geometries 

(rectangular, V-shaped). 

 

In a similar way than cantilevers, suspended membranes have been used 

for sensing and biosensing. A wide variety of sensors based in membranes has 

been reported for optofluidics applications commonly working by load deflection 

method [40]–[42]. For biosensing, static mode (surface stress) and dynamic 

mode are common working modes reported for detection and monitoring 
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biomolecules [43]–[46] (Figure 1.5a). In theory, membranes are less sensitive to 

surface stress variations than cantilevers under the same boundary conditions 

because they are peripherally supported [47]. Membranes have been fabricated 

using different ceramic materials (silicon, silicon nitride, or silicon oxide) [43], 

[48]–[50], polymeric materials such as SU-8, Poly(methyl 

methacrylate)(PMMA)), or  Polydimethylsiloxane (PDMS). PMDS has been 

used to achieve higher sensitivity due to its low Young’s modulus and for its 

high performance in terms of biocompatibility, and chemical inertness [51]–[53]. 

 

An advantage of the sensors based in membranes is the configuration of 

the sensing and detection layer, which can be in separated mediums as shown in 

Figure 1.5. With this configuration, the sensor improves the signal-to-noise 

ratio, and it’s an ideal configuration for developing surface stress-based 

capacitive biosensors [44], [48].  Another way to improve the performance of 

the sensor has been reported using different membrane geometries (mostly 

circular and rectangular) [51], [54] (Figure 1.5c). Biosensor based in membranes 

have been used to measure the surface stress produced by DNA hybridization 

[48], [52], changes in deflections produced by thermal response of chemical 

reactions [44], and bacteria detection such as E. coli [53].  

 

 

Figure 1.5 Membranes working modes: static mode (deflection by surface stress), and 

deflection by load, b) membranes common geometries (circular, and square).  

 

 

1.2.1 Detection Methods 
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The small deflections produced by cantilevers and membranes are in the 

order of few nanometers for transducers based in silicon materials. Mechanical 

sensors with the transducers coated with different materials (metals and 

polymers) have been reported. Depending on the transducer material and 

dimensions, the coatings could increase the transducer Young’s modulus 

reducing consequently the transducer displacements [53], [55]. In order to 

measure such small changes, different detection methods have been reported 

for membranes and cantilevers. 

 

For microcantilevers based sensors the detection methods are designed 

according to different factors such as cantilevers operation mode, and 

integration with the sensor system. Most of applications based on 

nanomechanical microcantilevers report the use of an optical detection system. 

This method is highly sensitive and simple to implement (Figure 1.6, optics). 

Movements of the cantilevers free end are detected by measuring the reflected 

laser beam displacement into a position-sensitive photodetector (PSD) [56]. 

Other metrology techniques are based on diffraction and interference. 

Interferometry based in Michelson configuration (Figure 1.6, Interferometric) 

can achieve even higher sensitivities [57]. Interferometry techniques have been 

as well implemented using gratings or interdigital structures –fabricated into the 

microcantilever- and calculating the interference centroid position [58], [59]. 

More recently, Hermans et al. explored the use of laser diffraction effects for 

measuring the bending of nanomechanical sensors [60]. Many optical systems 

configurations have been proposed to measure more than a single cantilever at 

the same time (multiplexing light sources, scanning laser source, or using CCD 

camera) [61], [62]. However, most of the reported systems are based in the use 

of a single or few cantilevers, using a complex instrumentation or alignment 

systems, and are quite far of being portable [63]–[65].  

 

Capacitive detection method has been as well demonstrated for the 

detection of gases and bio-interactions [66]. This method uses the cantilever as 

a conductor plate, separated by a dielectric from a second conductor plate. In 

this way, the capacitance between these two conductors varies with the 

deflections of one of them (cantilever) (Figure 1.6, Capacitive). The challenge 

of this method is the dielectric characteristics of the media (sample solution), 

conditioning the type of media in study [67], [62], [68], [69].  
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A detection system based in piezoresistive materials has been used in 

microcantilevers based sensors with high sensitivity. Most of these systems are 

fabricated in the same cantilever platform, enhancing the integration with 

microcantilevers systems (Figure 1.6, Piezoresistive). This method includes the 

detection by the measure of electric conductivity variations in piezoresistive 

materials produced when the cantilever is under bending. The major challenges 

of this method are the isolation of the piezoresistive materials from the media 

of study, and control of possible heat induction in cantilevers from piezoresistive 

materials. Small changes in the thermal conductivity led to parasitic cantilever 

deflections and piezoresistance changes [70]–[72], [62].  

Piezoelectric materials have been used to fabricate microcantilevers or 

part of them allowing integrate the transducer and the read-out in the same 

system (Figure 1.6, Piezoelectric). The detection is performed by measures of 

the electric charge accumulated in piezoelectric material when it is under 

deflection. This system is commonly used in microcantilevers working in 

dynamic mode. There are some similitudes with the piezoresistive detection 

system due to high integration with arrays of cantilevers and challenges [73]–

[75], [62].  

Two-dimensional microcantilever arrays with geometrically configured 

metal-oxide semiconductor field-effect transistors (MOSFETs) have been used 

as an alternative detection method (Figure 1.6, MOSFET). The detection 

system is integrated into the base of the cantilever allowing the read-out in 

arrays of cantilevers. When the cantilever is under bending, the transistor drain 

current decreases. This high sensitive method presents low noise for a direct 

readout, being capable to detect cantilever deflections as small as 5	�. In this 

method, the detection system is isolated from the media of study avoiding the 

direct contact [76]–[78]. 

 

The main problem associated with the used detection methods is the poor 

scalability of the optical components and the electronics required to work in an 

array configuration.  A challenge still remains in the detection of several 

transducers simultaneously with a simple, portable and sensitive 

instrumentation. The development of new detection mechanism that fulfills 

these requirements will have a strong impact on the evolution of surface stress-

based biosensors. 

 



 

Chapter 1: Introduction: MEMS – (Bio)Sensors 11 

  
 

Figure 1.6 Common detection methods for microcantilevers based sensors. 

Optical [56]. Interferometric [57]. Capacitive [66]. Piezoresistive [62]. Piezoelectric 

[79]. MOSFETs [76], [80]. 

 

For mechanical sensors based on membranes working under load 

deflection, optical detection methods are commonly used [41], [81], [82]. 

Optical techniques based on the use of confocal microscopy or interferometry 

has been reported to measure the small changes of membranes when these are 

working in load deflection and static mode (surface stress) [83], [84]. The 

simplest method reported is the use of a camera laterally placed to measure 

the membrane profile while it is under deformation [85]. Other approaches are 

based on the deformation of embedded optical microstructures (e.g. diffraction 

gratings) [86], [87] and the optical detection of the diffraction pattern change 

after deformation [88], [89]. In a similar way than cantilevers, piezoresistive 

[45] and piezoelectric [24], [46], [90] systems have been used to measure the 

small deflection of membranes produced by surface stress changes (Figure 1.8). 

Other sensors use the small variations in capacitance produced when the 

membrane deflects by surface stress [44], [48], [51].   
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Figure 1.7 Common detection methods for mechanical sensors based on 

membranes. Piezoresistive [45]. Piezoelectric [46]. Capacitive [51]. 

 

 

1.3 Visual sensors: colorimetric detection  

 

The colorimetric detection represents a simple and powerful detection 

mechanism, especially suitable for the development of low-cost and simple to 

use sensors and POC devices with a multisensing capability. Colorimetric 

sensors provide visual or optically detectable readout signals, arising from the 

distinct colour changes of the materials which serve as the key active element 

of the sensors [91], [92]. The optical readout can be easily read by a camera 

and even naked eyes and further analyzed for quantitatively evaluation of the 

signal, providing user-friendly monitoring of health and environment. 

Based on the sensing materials and mechanisms of colour generation, 

colorimetric sensors can be generally classified into chromophore- and dye-

based, plasmonic nanoparticle-based, and structural colour-based sensors [91], 

[93]. Structural coloration originates from the interaction of the light with 

micro and nano-structures via interference, diffraction or scattering. In contrast 

to chromophore and dyes, structural coloration does not have additional energy 

consumption, and is more cost-effective than plasmonic nanoparticles.  

Structural coloration is a widespread phenomenon in natural creatures, 

which has served as inspiration for the development of new label-free colour 

sensors and smart stimuli-responsive materials [94]–[98]. In general, these 

sensors combine the creation of photonic structures and the employment of 

responsive materials which change their volume upon exposure to analytes [92] 

or external stimulus (temperature, humidity, mechanical) [99], [100], changing 

their photonic structure. The colour response is especially sensitive to changes 

in the material structure, which makes them very interesting materials able to 
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convert external mechanical stimulus into observable changes of the material 

colour (mechanochromic) [101]–[104].  

 

Different type of structures has been used to produce changes in colour 

such as photonic crystals, diffraction gratings or high-contrast meta-structures 

(HCMs) (Figure 1.8). Different techniques have been proposed for the 

fabrication of flexible mechanochromic photonic materials for monitoring 

mechanical deformations [105]. One of the simplest and most extended 

methods to achieve periodically structured polymeric materials is by using 2D 

and 3D colloidal assemblies (bottom-up approach), known as colloidal photonic 

crystals (CPhC, Figure 1.8a). These materials are particularly interesting for 

the development of visual deformation sensors, including materials swelling or 

strain [106]–[108]. Elastomeric materials, such as silicone rubber, have been 

used by several groups to detect mechanical stimulus [107], [108]. Other 

approaches are based on top-down processes for the fabrication of the flexible 

structural colored systems, including diffraction gratings (Figure 1.8b, D-

gratings) or photonic crystal slab supporting guided modes resonance (GMR). 

High refractive index materials are usually required to enhance the diffracted 

colour or support the propagation of resonance modes, which present serious 

limitations when using metal or semiconductor layers due to the cracking of this 

layer during the deformation [109], [110]. As an alternative, Karrock et al. [111] 

reported the fabrication of flexible photonic membranes with quasi-guided 

modes resonances formed by a refractive index layer of TiO2 nanoparticles on a 

periodically nanostructured surface. With this approach, an estimated limit of 

detection of 160	�� was reported by colour imaging of the membrane. HCMs 

made of one single-layer (high-refractive-index material fully surrounded by low-

index material) and periodicity of nearly one wavelength have been as well used 

for the detection of strain. By using flexible HCM with enhanced -1st 

diffraction order, Zhu et al.  reported a large colour change with small 

deformation [112] (Figure 1.8c, HCM). 
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Figure 1.8 Colour materials based on colloidal photonic crystals [105], diffraction 

gratings [105], HCMs [112].  

 

 

1.4 Array of structural coloured mechanical sensors: mechanochromic 

response 

 

As a novelty and alternative to the complex detection systems normally 

used to measure the mechanical response, a new approach based on opto-

mechanical sensors with colorimetric reading of deflection is proposed in this 

Thesis. The developed sensors arise from the combination of suspended 

mechanical structures and structural coloration based on diffraction gratings 

and photonic crystals. The developed colorimetric detection (without labels), 

represents a simple and powerful detection mechanism, especially suitable for 

the development of low-cost sensors and POC devices, since it does not require 

extra energy consumption or complex instrumentation beyond an LED and a 

RGB camera, being possible to make a reading with the naked eye or with an 

smartphone. 

 

The structural coloration of the mechanical sensors is achieved using 

diffraction gratings and colloidal photonic crystals manufactured in the sensors 

surface. The diffraction of the white light upon striking these surfaces gives the 

systems a specific colour depending on the surface corrugation periodicity and 

the light interaction angle. When the deflection of the sensor occurs, during the 

sensing processes, a variation in the spacing between corrugations and a change 

in the light interaction angle occur, giving rise to a colour gradient along the 

transducer (mechanochromic response). The photonic crystals are obtained 

from a bottom-up process, through the self-assembly of polymeric nanoparticles 

with adequate size to work in the visible range. The optical responses of the 

mechanical devices (membranes and cantilevers) manufactured with these 
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materials are analysed by UV-Visible spectroscopy and by mean of a camera 

and colour analysis from images. 

 

The opto-mechanical devices therefore consist of a suspended polymer 

structure, where one of its surfaces will contain the photonic nanostructures 

providing the system a variable coloration depending on the deformation, while 

the other surface is functionalized with a specific sensing layer for the specific 

application under development, which can be biological, polymeric or plasmonic 

metamaterials. The use of metamaterials and polymers capable of selectively 

absorbing the radiation and producing a change in the structure of the material 

are also possible action mechanisms of devices. 

 

 
 

Figure 1.9 Schematic of the proposed POC device based in an array of structural 

coloured mechanical sensors.  
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Chapter 2: Physics of mechanical transducers 

and structural coloration 

2.1 Introduction 

 

Mechanical sensors sensitivity depends on shape, size, and material 

properties. Therefore, a deep study of the physics involved in the deflection of 

transducers is required for an optimum design. Mathematical models used to 

simulate the deflection of a cantilever are based in a beam exposed to a 

uniform or local free-end forces [113]–[115]. This approach has been used in 

the design of many sensors and biosensors based on cantilevers [116], [117]. In 

membrane-based sensors, the maximum deflection of the system has been 

approximated to the shape of a half-parabola considering a uniform deformation 

when it is fixed to its contour. In these both types of transducers, the sensitivity 

is characterized by the detection of small changes in surface stress or 

mechanical loads. 

 

In other hand, structural coloration refers to the colour exhibited by a 

material caused by the interaction of white light with micro- and nano-

structures [118]. Structural coloration can be produced by film interference, 

diffraction gratings, scattering and photonic crystals [118]–[121]. By tailoring 

the structures at the nanoscale, photonic materials could be constructed with 

specific optical properties and functions. The applications of structural colour 

materials range from decoration, painting, displays, light wave guiding units for 

photonic communication and in optoelectronic devices, or sensors in anti-

counterfeiting and chemical/biomedical analysis. Optical readings based in 

colour or intensity variations are especially interesting to provide an intuitive 

and quantitative method for non-invasive multiplexed and wireless detection, by 

using a simple instrumentation. 

 

The effective combination of mechanical sensors and materials with 

structural coloration offers new possibilities and challenges for the development 

of mechanical sensors with colorimetric response. In this sense, the intention of 

this chapter is to introduce the physics and mathematical models that describe 
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the working principle of our device. The general mechanical behaviour of 

microcantilevers and micromembranes is initially described when surface stress 

or pressure changes are applied on these transducers. In the last part of this 

chapter, the optical and morphological properties of diffraction gratings and 

photonic crystals are analysed. 

 

 

2.2 Mechanics of microcantilevers in static-mode 

 

Sensors based in mechanical microcantilevers that operate in static mode 

take advantage of the bending moment in response to local stress. In general, 

local surface stress is a result of materials thermal expansion after a 

temperature or phase change, changes in the volume of the coating (swelling), 

or intermolecular interactions on the sensor surface.  The local surface stress 

generated on one of its surfaces results in the bending of the sensor (Figure 

2.1), being possible to detect conformational changes or biorecognition events 

with extremely high sensitivity by monitoring the sensor displacement. Many 

different coatings have been used to produce surface stress induced bending’s, 

such as: thin films of metallic and polymeric materials, self-assembled 

monolayers (SAM) of organic molecules, or biological agents between others. 

Surface stress origin is due to the covalent bonding of surface atoms and the 

added coating atoms or linker molecules, intermolecular forces between 

absorbed molecules (van der Waals, steric hindrance, hydrogen bonding or 

electrostatic), configurational entropy or change of electronic charge density, 

etc. (Figure 2.1). 
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Figure 2.1 Schematic of a microcantilever sensor working under static mode (surface 

stress change).  

 

 

2.2.1 Surface stress and surface tension 

 

Surface stress is defined as the reversible work per unit area needed to 

stretch a solid elastically, causing an increase in its surface (first defined by 

Gibbs [122]). This implies the variation of the distance between the atoms of 

the surface. In this case, only the distance between them is modified, remaining 

constant the number of atoms on the surface [123]. The surface tension can 

be represented as the summation of atoms forces on a surface of a solid over 

the volume of it. Surface tension is the mechanical work per area of formation 

of the surface in a reversible process and at a constant number density n of 

atoms at the surface. This action of transferring atoms from one area to 

another occurs in plastic deformations or in the deformation of fluids, where 

atoms have greater freedom of movement [124].  

 

The most extended definition was proposed by Shuttleworth [125], 

relating the surface stress, �, with the total surface free energy of Helmholtz � 

per unit of area �. 

  

 
γ = F + A

!"

∂A
 (2.1) 

 

where " = �/�, for a one component liquid, where surface free energy and 

tension are equal.  

 

In plastic deformations, the molecules move to adapt to the new 

situation, changing the number of molecules on the surface and keeping the 

area per molecule. For solids is necessary to include the energy associated with 

the elastic deformations, where the surface is created by stretching of an 

existing surface remaining constant the number of molecules in this surface. 

Due to the difference in the physical nature of the plastic and elastic 

deformation, two different concepts are also defined in the thermodynamics of 

surfaces: Gibbs free energy, �, and surface tension. According to Shuttleworth, 
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the tension tensor, $%&, for an infinitesimal deformation is expressed as [122], 

[125]: 

 

 
$%& =

1

A
	
!'��(
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!�

!)%&
 (2.2) 

 

where � is surface area, � the Gibbs free energy per unit area of deformed 

surface, *%& the Kronecker’s delta, and )%& the deformation tensor. In the case 

of solids, the second term of the equation (2.2) responds to the change of 

energy by deforming the surface in certain directions, positive (tensile) or 

negative (compressive), in consequence, the surface tension of a solid can be 

both positive and negative. The sign of the surface tension means that there is 

a decrease or an increase in the area of the modified surface. In the case of 

solids where the length and width are much greater than their thickness, the 

increase or decrease of the area of one of their surfaces produces a deformation 

in the solid with a constant radius of curvature +. In this way, the surface 

stress induced in a cantilever can be calculated with high precision by 

experimentally measuring the cantilever displacements. 

 

 

2.2.2 Stoney equation 

 

In microcantilevers working in static mode, the deflection produced by 

molecular recognition in one face of the cantilever is equivalent to the 

deflection produced by a thin film deposited in this face. Measurements of the 

curvature radius of the cantilever allow obtaining information about the surface 

stress change produced by the thin film. Experimentally G. G. Stoney [126] 

demonstrated the relationship of the curvature radius of a plate with the 

external tension applied by a thin metallic film deposited in one face of the 

plate. The Stoney expression (equation (2.3)) is [126].    

 

 
Pt =

./0

6R
 (2.3) 

 

where � is the tensile force per unit cross section of deposited film (normal 

tension), 2, the thickness of the thin film, / the thickness of the plate, and + 

the curvature radius of the plate. The equation (2.3) is redefined to include the 
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biaxial state of the stress, where for cantilevers with / ≫ 2 the apparent 

Young’s modulus is Ê = ./'1 − 50(, where 5 is the Poisson coefficient [127].  

 

The change of surface stress applied is equivalent to load the cantilever 

free end with a moment � = 6/∆$/2, where ∆$ is the difference of stress 

between the surfaces (Figure 2.1a), ∆$ = $
 − $0, and 6 the cantilever width. 

Combining the equation (2.3) with the Euler-Bernoulli equation [128], the 

commonly used Stoney’s equation is obtained (equation (2.4)). This equation 

relates the curvature radius with the external surface stress applied to the 

cantilever.  

        

 1

+
=
6'1 − 5(

E/0
∆$ (2.4) 

 

The Stoney’s equation is broadly used for mechanical sensors analysis 

considering some assumptions [122].   

 

- Both the film thickness 2 and substrate thickness / are uniform, and the 

film and substrate have the same radius +, and 2 ≪ / ≪ +. 

- Both the film and substrate are homogeneous, isotropic, and linearly 

elastic. 

- The film stress states are in-plane isotropic or equal on both axes while 

the out-of-plane direct stress and all shear stresses vanish. 

- The system’s curvature components are equal on both axes while the 

twist curvature vanishes in all directions. 

- All the stress and curvature components are spatially constant over the 

plate system’s surface; and the strains and rotations of the plate system 

are infinitesimal. 

 

One of the restrictions of the Stoney’s equation is the application only in 

the “thin-film approximation”, that is, for coatings films much thinner than the 

substrate * = 2// ≤ 0,1, being needed a correction factor '1 + �*=(/'1 + *(, 

where � is the quotient of biaxial module [129]. 

 

On the other hand, the Stoney’s equation is obtained for free plates, while 

the sensors based in cantilevers are fixed in one end. The fixation effect in the 

cantilever deflection increase as the relation >/6 decrease. The Stoney’s 
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equation is valid for >/6 > 1. For >/6 → ∞, the fixation effect is negligible. 

Many authors have studied the effect of the cantilever fixation in conditions 

where >/6 >> 1 for V shape cantilevers [113] and rectangular cantilevers [130]. 

  

 

2.2.3 Relationship between deflection and surface stress 

 

Focusing on the use of cantilevers that deflects by the action of surface 

stress, an expression that relates the surface stress and deflection is needed.  

 

From the geometrical parameters showed in the Figure 2.2a,b, for a small 

cantilever deflection and circular deformation, the relation between the 

curvature radio + and the curvature angle BC is expressed by the equation (2.5): 

 

 
BC =

>

+
 (2.5) 

 

where the suffix D is the extreme point of the cantilever free end (normal to +) 

(Figure 2.2b). Replacing + in the equation (2.4), the Stoney’s equation in 

function of the curvature angle can be written as: 

 

 
Δ$ =

./0

6>'1 − 5(
BC (2.6) 

 

In order to determine the relationship between the deflection angle and 

the vertical displacement of the cantilever free end (∆F), the slope for each 

point G along the cantilever is calculated by the expression (2.7) considering a 

circular deformation (Figure 2.2b): 

   

 
tan B =

JKL'G(

JG
≈ −

G

√+0 − G0
 (2.7) 

 

For a curvature radio + larger than microcantilever length, + ≫ >, and 

integrating the equation (2.7) for G = >, the curvature radius is expressed as 

+ = >0/2∆F. Replacing this new + expression in the equation (2.5), the relation 

between the cantilever displacement and its angle is expressed as: 
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θC =

2∆F

>
 (2.8) 

 

Thus, replacing the equation (2.8) in the Stoney’s equation (2.6), the 

relation between the cantilever deflection and the surface stress that produces 

it is expressed as follow: 

   

 
Δ$ ≈

./0

3>0'1 − 5(
∆F (2.9) 

 

 

 

 

Figure 2.2 a) Geometrical parameters for a microcantilever. b) Microcantilever under 

deflection with curvature radius R and L<<R. 

 

 

2.3 Mechanics of membranes 

 

After microcantilevers based sensors, membranes systems are another 

configuration of sensitive mechanical transducers used for detecting small 

changes by surface stress and under load deformation. A circular membrane 

system is constituted for a film that is fixed or clamped at circular rim. The 

mechanical analysis of a membrane system under load deformation (bulge test) 

provides an essential tool to improve the sensitivity of sensors. 
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2.3.1 Bulge test 

 

This technique is carried out to investigate the behaviour of a material 

film subjected to tensile stresses in biaxial directions [131]–[133]. The test is 

performed by clamping or fixed a membrane around its rim and subjecting it to 

a pressure on one side, hence producing a deflection of the system (Figure 2.3). 

While the membrane is under deformation, the maximum deflection can be 

measured in the central region of the membrane. Bulge test is widely used 

because of its simple design and fast implementation [85], [134]–[138]. This 

test provides valuable mechanical information about the material of study. 

 

 

Figure 2.3 Bulge testing configuration for a membrane with its parameters: radius, �, 

deformation, QR, and uniform load, �.  

 

 

The bulge test is commonly used to determine the residual stress, $R, and 

the biaxial Young’s modulus S = ./'1	 − 	5( on square or circular membranes 

[139]. Different analytical technics have been reported to convert pressure 

displacement values into stress-strain results [132]. The relation of the 

uniformly applied load, �, and the maximum deflection at the centre of the 

membrane, QR, produced on a circular film can be represented by the equation 

(2.10) [140]: 

 

� =
162=.

3'1 − T0(�U
QR + 4

2$R

�0
QR + 2.43

.2

'1 − T0(�U
QR
= (2.10) 

 

where 2 is the thickness of the sample, T is the Poisson’s ratio, . is the 

Young’s modules and � is the radio of the membrane. The three terms in 
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equation (2.10) describe the contribution of the bending moments, residual 

stress, σR, and stress due to straining of the neutral fibre, respectively. Bending 

moments and residual stress show a linear interrelationship between pressure 

change and membrane deflection, while the stress due to straining contributes 

with its third power. This membrane behaviour suggests that for detecting low 

pressure changes, in a low pressure range, the governing parameter is given for 

the change in the curvature of the membrane, discarding the effect of the 

neutral fibre strain (no change in the thickness of the membrane).  

 

For multilayer membrane, the biaxial modulus and residual stress of the 

structure can be calculated as the summation of the thicknesses and modulus 

for each layer of the structure as shown in equation (2.11) [133], [139]: 

 

 �VWXY%XZ[\] = ^
2


2Y�YZX
_�
 +

20

2Y�YZX
�0 +⋯+ ^

2a

2Y�YZX
_�a (2.11) 

 

where �VWXY%XZ[\] is either biaxial modulus or residual stress of the structure, 

2
,0,=….a are the thicknesses of each layer, and �
,0,=…a are the biaxial modulus 

or residual stress for each layer. 

 

 

2.3.2 Bulge test models and strains 

 

The models commonly used to analyse the mechanical properties of 

membranes are derived from the shape of the membrane. Some models for 

spherical cap geometry have been developed to calculate stress and strain in 

bulged films. 

 

 

2.3.2.1 Solution for an initially flat and unstressed film 

 

For a spherical cap geometry membrane (Figure 2.4), the stress in the 

film is derived from the condition of force equilibrium and represented by the 

equation (2.12).   

 

 
σ =

�+

22
 (2.12) 
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where 2 is the thickness of the film, � the applied pressure, $ represents the 

film in stress, and + the curvature radius, which is the same in both the radial 

and circumferential directions [133] .  

 

 
Figure 2.4 Spherical cap geometry. 

 

From equation (2.12), the stress σ and strain ε are expressed in terms of 

the deformation height QR, when it is much less than the film radius � 

(equation (2.13) and (2.14)). The strain is defined as the change in arc length 

divided by the unstressed film length [133]. 

 

 
σ =

��0

4QR2
 (2.13) 

 

 
ε =

2QR
0

3�0
 (2.14) 

 

Combining the equations (2.13) and (2.14), the pressure-displacement 

relation predicted for an elastic material is expressed by equation (2.15) 

 

 
P =

8S2

3�0
QR

= (2.15) 

 

The total strain can be written as the sum of the strain due to the 

residual tension stress in the film, $R, and the strain due to the applied pressure 

ε = εeWXf\ + εR, resulting the equation (2.16). 
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ε =

2QR
0

3�0
+
$R

S
 (2.16) 

 

 

2.3.2.2 Energy minimization method 

 

For the shape of the membrane (Figure 2.5), the energy minimization 

method is a common approach to approximate the deformation behaviour of a 

thin film in a bulge test. The most commonly used method is that given by 

Timoshenko [131]. In this method, the shape of the deformed body is assumed 

and the load-deflection behaviour is calculated by minimizing the strain energy 

of the system with respect to constants in the shape function. The method is 

given for large displacements of rectangular plates under uniform normal loads. 

From this method, two solutions are derived for the applicability for circular 

films [128], [131]. 

 

The first solution is derived by assuming that the shape of the 

deformed film could be approximated as that of a clamped circular plate under 

normal loading (Figure 2.5a). A plate is defined by small centre deflection QR at 

g = 0 (bulge height), compared with its thickness 2. For a constant load, the 

deflection is in function of the distance g from the centre. This approximation 

is represented by the equation (2.17) [131], [132]. 

 

 
w'r( = QR j1 − k

g

�
l
0

m

0

 (2.17) 

 

where � is the radius of the film. Applying the energy minimization method for 

a plate shape film, the relation pressure-displacement result as follow:  

 

 
P =

16S2=

3�U'1 + 5(
QR n1 + 0,488

QR
0

20
o (2.18) 

 

In the second solution, the shape was defined as a circular arc using the 

approximation that the bulge height is much less than the film radius (also 

called thin membrane) [131], [132] (Figure 2.5b). In this solution the bending 

moments are small, and the deflection is a function of the intrinsic stress and 

the elastic straining of the film. 
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w'r( = QR j1 − k

g

�
l
0

m (2.19) 

 

Applying the energy minimization method for a circular arc shape (thin 

membrane), the relation pressure-displacement result as follow: 

 

 
P =

S'7 − 5(2

3�U
QR

= (2.20) 

 

For both solutions, the radial displacement is represented by equation 

(2.21),  where p
 and p0 are arbitrary constants. 

 

 u = r'a − r('p
 + p0g( (2.21) 

 

 

 

 

Figure 2.5 a) Thick diagram, b) Thin membrane. 

 

 

2.3.2.3 Stress and strain distribution 

 

For plates (Figure 2.5a and equation (2.17)), the major forces acting 

against this deflection are the bending moments of the plate. In this way, when 

the plate is deflected by a pressure difference �, the areas with tensile and 

compressive strain respectively develop on its surface in the radial direction. 

The sign of strain is opposite on opposite sides of the plate as shown in Figure 

2.5a. The distribution of the stress on the surface of the plate in radial, $], and 

tangential, $Y, direction is represented by the equations (2.22)and (2.23) [131], 

[140], [141]. 
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$] =

3

8

�

20
'�0'1 + 5( − g0'3 + 5( (2.22) 

 

 
$Y =

3

8

�

20
'�0'1 + 5( − g0'1 + 35( (2.23) 

 

From the stress distribution equations (2.22) and (2.23), the strain in 

radial, )], and tangential, )Y, direction on the surface of the plate are calculated 

as follow: 

 

 )] =
$]

.
− 5

$Y

.
 (2.24) 

 

 )Y =
$Y

.
− 5

$]

.
 (2.25) 

 

where . and 5 are the Young’s modulus and Poisson’s ratio of the plate 

respectively. Combining the stress equations (2.22) and (2.23) with the strain 

equations (2.24) and (2.25), the strain distribution on the surface of a plate 

can be calculated as follow.  

 

 
)] =

3

8

�

.20
'�0'1 − 5( − 3g0'1 + 50(( (2.26) 

 

 
)Y =

3

8

�

.20
'1 − 50('�0 − g0( (2.27) 

 

For thin membranes, the bending moments are negligible, the stress on 

both sides of the membrane and tensile strain on the entire membrane are 

nearly the same. The stress is approximated to be constant over the entire 

membrane. In the centre of the membrane, the radial and tangential stress and 

strain are the same. However, there is no tangential strain at the rim, where 

the membrane is fixed. For a constant radial strain, )], over the entire 

membrane, the tangential strain can be estimated from the difference between 

the length of the diameter 2� of an undeflected membrane and the segment of 

the circular arc with a centre deflection of QR	[131], [140], [141]. 

 

 
)] =

2

3

QR
0

�0
 (2.28) 
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)Y = )] n1 −

g0

�0
o =

2

3

QR
0

�0
n1 −

g0

�0
o (2.29) 

 

The tangential strain, )Y, is assumed to drop quadratically from the 

centre of the membrane to its rim, as shown in Figure 2.5b. 

 

 

2.4 Structural coloration 

 

Structural colour originates from the physical interaction of micro- and 

nano-structures with light. By defining sophisticated nanoscale architectures, 

the propagation of light could be well controlled.  Light within a certain range 

of wavelengths shows high reflectivity and is perceived by the human eye due to 

selective spectral sensitivities of photoreceptors in the retina. The coloration is 

given by the interaction of light with various types of spatial inhomogeneity. 

Thus, fundamental optical processes such as reflection, refraction, interference, 

diffraction and scattering can become sources of structural colour. In this way, 

the mechanisms of structural colour can be categorized into different optical 

phenomena such as thin-film interference, multilayer interference, diffraction 

grating and photonic crystals. Most of structural colours present in nature use 

mechanisms to enhance the coloration by combining the structural colour and 

iridescence (also known as goniochromism) [95], [97]. The iridescence appears 

in a restricted sense when the colour apparently changes with the angle of view 

or when the angle of illumination changes. Thin-film interference, diffraction 

gratings and photonic crystals are basic mechanism of iridescence [142]. The 

range of colours of natural iridescent objects can be narrow, for example 

shifting between two or three colours as the viewing angle changes, or cover a 

wide range of colours [94], [95], [143]. 

 

In this section, the optical and morphological properties of two 

mechanisms of structural coloration are analysed: diffraction gratings and 

photonic crystals. 
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2.4.1 Optical properties of diffraction gratings 

 

Diffraction gratings are optical structures with high importance in the 

spectral analysis of light. These components consist of periodical corrugations 

along the surface (grating). The diffraction is produced when light is incident 

on the grating surface and it is diffracted from the grooves (Figure 2.6a). The 

light diffracted by each groove combines to form a set of diffracted wavefronts 

(Figure 2.6c). The usefulness of a grating depends on the fact that there exists 

a unique set of discrete angles along which, for a given spacing J between 

grooves (also called pitch), the diffracted light from each angle is in phase with 

the light diffracted from any other angle, leading to constructive interference 

[144]. For all other angles there will be destructive interference between the 

wavelets originated at successive grooves. Thereby each groove becomes a 

small source of reflected/transmitted light (Figure 2.6ab). 
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Figure 2.6 a) Reflection. b) Transmission. c) Geometry of diffraction for planar 

wavefronts. 

 

 

The geometrical path difference between light from adjacent grooves is 

expressed by Jrst�'B( + st�'u(v, where Jst�'u( is negative for u w 0. In this 

way, the main property of gratings to diffract incident light is expressed by the 

grating equation (2.30).  

 

 x = Jrst�'B( + st�'u(v (2.30) 

 

where B is the incident angle, u is the diffracted angle, J is the grating period, 

 is the diffraction order ( = 0,y1,y2, y3,…	), and x is the wavelength 

(Figure 2.6). All values of  for which |x/J| w 2 correspond to diffraction 

orders. In the case where  = 0, leads to the law of reflection u = −B 

(specular reflection). 

 

 

2.4.1.1 Diffraction orders 

 

Diffraction orders represent the integer values of  that satisfy the 

grating equation. For a period J, wavelength x, and incident angle B, the 

grating equation satisfy more than one diffraction angle u. The order number 

represents the number of wavelengths between light reflected from successive 

grooves; assuming a monochromatic and ideally collimated incident light. For 

x/J ≪ 1, exist large number of diffracted orders. The distinction between 
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positive and negative orders is identified for, u > −B positive orders ( > 0(, 

with u w −B negative orders ( w 0(, and for the specular reflection when u =

−B, in consequence ( = 0( [144], [145]. The sign convention is represented in 

Figure 2.7ab. 

 

For non-collimated and non-monochromatic light, the linear diffraction 

can be represented as a superposition diffraction of all its plane-wave 

components, as shown in Figure 2.7d, where the wavelength diffracted in the 

first order overlap the next order wavelengths. The superposition of 

wavelengths would lead ambiguous diffraction data, thus adding troubles to 

distinguish between light of different wavelengths incident on it. 

  

 
 

Figure 2.7 Diffraction orders representation by sign, for positive and negative 

order  for a) reflection and b) transmission. c) Free spectral range, no overlapping 

between diffraction orders occur. d) Superposition of diffraction orders, a small part of 

0 order is overlapping the first order 
, and 0 with = for an incident angle B. 

Similar case for negative orders.   
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When superposition of diffraction orders does not occur as shown in 

Figure 2.7c, the range of wavelengths is called free spectral range (FSR). Here, 

the range of wavelengths ∆x = 'x0,V{
 − x
,V( for which the Y| of the 

wavelength x0 coincides with the ' + 1(}Y order of wavelength x
 [144]. In 

this case, the grating equation satisfies each wavelength for each diffraction 

order m.  

 

2.4.1.2 Resolution 

 

The grating resolution + is defined as the ability to separate adjacent 

spectral lines of average wavelength x. It is represented by the dimensionless 

expression, + = x/Δx, where Δx is limit of resolution (the minimum difference 

between two wavelengths that can be resolved unambiguously). Using the 

Rayleigh criterion, the separation + between the primary maximum from 

neighbouring minimum is represented by + = ||�, where  is the diffraction 

order, and � is the number of the illuminated groves. A meaningful 

representation of + is derived from the main diffraction equation (2.30) as 

[144]: 

    

 
+ =

�

x
rst�'B( + st�'u(v (2.31) 

 

The maximum resolution of a grating is represented by + = 2�/x, where 

2 is the maximum value of the angular part (Littrow configuration). 

   

 

2.4.1.3 Littrow configuration 

 

Littrow configuration is called to specific reflection configuration where 

incident angle B and the diffracted angle u have the same sign respect to the 

normal. This configuration refers to a specific geometry for blazed gratings at 

which the grating efficiency is maximum. Since B = u = B~, for  > 0, the 

expression derived from the main diffraction equation (2.30) is given by: 

 

 x = 2Jst�'B~( (2.32) 
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where B~ (Littrow configuration angle) is dependent of the first order 
, the 

wavelength x, and the pitch J of the grating. For triangular gratings, the B~ is 

the same of � grating angle B~ = � (Figure 2.8). 

 

 

 

Figure 2.8 Littrow configuration for a triangular grating a) B~ = �, and J dependence 

b) First order dependence. 

 

 

In this configuration, the wavelength is dependent of the angular 

separation, where it increases as the diffracted order increases for light of 

normal incidence (for B~ = 0, BV increase as  increases). Using this 

configuration, the efficiency decreases at higher orders decreasing the FSR 

(defined as Δx��� = x/).  

 

 

2.4.1.4 Types of diffraction gratings 

 

There is a wide variety of diffraction gratings commercially available, 

classified by the grating shape, groove shape, working mode (transmission, 

reflection), coating material, and more. The general classification for classical 

linear diffraction gratings (1D periodicity) is based in two main groups: 

holographic and ruled diffraction gratings. The ruled gratings generally have a 

triangular shape. The main characteristic of these gratings is the high efficiency 

produced in Littrow configuration (Figure 2.8) due to the triangular shape of 

grooves. This kind of gratings operate at a specific wavelength given by the 
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grating angle � (Figure 2.9a). The holographic gratings are mainly identified 

by their sinusoidal shape of grooves (Figure 2.9b). The principal characteristic 

of these gratings is the minimum capacity for scatter light, giving it good 

performance in sensitive measurements. These gratings are designed specially to 

reduce or eliminate periodic errors, such as ghosting. The main drawback of 

these gratings is the reduced efficiency compared to ruled gratings. 

 

 

 

Figure 2.9 a) Ruled grating. b) Holographic grating. c) Two dimensional grating (bi-

axial). 

 

 

In another classification of diffraction gratings are the gratings that are 

nanostructured in two dimensional conformations (2D periodicity). The main 

characteristic of these gratings is the biaxial diffraction for a given incident 

angle B (Figure 2.9c) and distance J. 

 

Linear gratings have the same sensitivity than 2D ones, but these present 

a dependence on the azimuthal angle being more critical the alignment of the 

light and the grating surface [146]. In the case of 2D, the diffraction depends 

only of the polar angle due to the grating biaxial orientation.  

 

 

2.4.2 Photonic crystals 

 

Photonic crystals (PhC’s) are defined as graded-index periodic optical 

structures, which can be defined as any non-absorbing medium which is 

invariant under the translations of a crystal lattice [96]. Photonic crystals 

possess a photonic bandgap (PBG) which does not allow the propagation of 

light with certain wavelengths in certain directions (a band of frequencies in 

which light propagation in the photonic crystal is forbidden).  The origin of the 
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photonic bandgap is this periodic variation of refractive indexes. The position of 

the bandgap is determined by the lattice constant and the spectra PBG width 

by the effective refractive index contrast and filling factor. If materials of 

sufficiently high refractive index contrast are used in conjunction with materials 

with low absorption in the desired spectral range, then light with energies 

located inside the PBG will be reflected from the PhC without absorption [147]. 

When the PBG is located into visible light range, the PhC can exhibit bright 

and vivid colours, known as structural colours. PhC’s may be regarded as a 

special case of composite, built from two materials with refractive indices �
 

and �0. The structural coloration of PhC’s can be produced by periodic 

structures in one dimension (1D), two dimensions (2D), and three dimensions 

(3D). 

 

One-dimension photonic crystals (1D-PhC’s) are structured for a pair 

of layers with different refractive indices '�) placed in periodical order such a 

film stack (Figure 2.10a). This stack is also called Bragg mirror. For 1D-PhC’s 

considering two layers with �
 and �0, and thickness J
 and J0, for �
 > �0, 

constructive interference occurs when. 

 

 2'�
J
 cos B
 + �0J0 cos B0( = x (2.33) 

 

where  is a positive number. 

 

In two-dimensional photonic crystals (2D-PhC’s) (Figure 2.10b), the 

incident light diffracted can be calculated from the planar grating equation. 

There are several discrete angles, α, for a given groove spacing, J, where 

constructive interference occurs between diffracted light, 

 

 x = J'st�'�( + st�'u(( (2.34) 

 

where � is the sphere diameter, � is the angle of incidence, u the angle of 

diffraction, and J, in the case of a monolayer of colloids, corresponds to J =

√3�/2 for a hexagonal close-packaging. 

 

For three dimensional photonic crystals (3D-PhC’s), the colour also 

depends on the refractive index, tilting angle and distance between the cubic 

close packing (ccp) (111) planes. The reflected wavelength is expressed by a 
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combination of the Bragg’s law (optical diffraction) with Snell’s law (refraction 

of light between media of dissimilar refractive index)[148]. 

 

 
x = 2J


��\��

0 − sin0 B (2.35) 

 

where	x is the free space wavelength of the incident light,  is a positive 

integer, J


 is the distance between the ccp(111) planes, �\�� is the average 

refractive index and B is the angle of incidence (Figure 2.10c). The colour of 

the 3D-PhC can be changed by controlling these three parameters (J


, �\�� 

and B). 

 

For 3D-PhC’s based in colloidal structure, the material coloration is 

produced by the constructive interference of the beam reflected from the 

different layers. The equation (2.35) expresses the modification of Bragg-

Snell’s law. Where the effective refractive index of the media, �\��, depends on 

the relative refractive indices of the spheres and surrounding medium. For this 

case �\�� is calculated by. 

 

 η��� = �η0�f� + η0
�
'1 − ��( (2.36) 

 

Where �V and �� are the refractive index of the medium and colloids, 

respectively, and �� is the volume fraction of colloids, which for a close packed 

system is �� = 0.74. 

 

 
 

Figure 2.10 Photonic crystals structures: a)1D, b) 2D, c) 3D 
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Chapter 3: Development of mechanochromic 

materials: structural coloration 

3.1 Introduction 

 

From the early studies in structural colouration of nature, a wide 

compendium of studies has contributed to the development of materials that 

mimic the natural colouration [93], [95], [96], [149], [150]. Advances in 

nanofabrication have promoted the development of structured coloured 

materials with specific nanostructure size, and shape, with the aim of producing 

colours on a wide spectral range. Structural colour materials have been 

fabricated by using top-down processing techniques, such as lithography, and 

bottom-up methods including controlled self-assembly. Diffraction gratings used 

currently are usually fabricated with solid materials based on silicon or similar. 

Other varieties even use polymeric materials with high stiffness, such as 

thermoplastics [144], [145].  

 

Crystalline colloidal assemblies in two- and three-dimensions (3D) have 

demonstrated to be a powerful tool for many technological applications such as 

functional coatings, photonics, plasmonics, solar cells, and strain sensors. These 

techniques are also attractive due to the low-cost of the materials, simple 

processing, and excellent control to self-assemble large areas of colloidal 

nanoparticles, demonstrating the potentiality of fabrication in numerous 

hierarchical and periodic nanostructure array patterns [151], [152]. Colloidal 

micro- and nanoparticles of polystyrene (�s) and silica (���0( have been widely 

used to fabricate two-dimensional 2� assembled monolayers or 3� stacks, due 

to their uniform morphology and good dispersion stability [51]– [55]. These 

properties have been extensively used in different fabrication methods, including 

air- and oil-liquid interfaces, drop casting, dispersion, rolling, and other related 

techniques to create a periodic multilayer or layer-by-layer assemblies [151], 

[152], [158]. 

 

In this chapter, I describe step-by-step the fabrication processes followed 

for the development of polymeric mechanochromic materials based on two 
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types of photonic structures: linear gratings and colloidal assemblies. Three 

essential variables are manipulated to exploit the white light interference and 

colour tuning: changes in grating period, changes in nanoparticle size, and 

changes in the angle of interaction of the light. 1D linear polymeric grating was 

easily prepared by master moulding, by using commercially available gratings. In 

the case of 2D colloidal structures, I performed an optimisation of the methods 

to self-assembly polystyrene nanoparticles on substrates, maintaining the 

periodicity of the assembly and a close-packed configuration. An in-depth study 

of the morphology of the assemblies was done to analyse their contribution in 

the material colouration, looking to minimise the imperfections and ensuring 

uniformity in colouration. The optical responses of the polymeric photonic 

materials were measured by UV-Visible spectrometry, while their morphology 

was examined by scanning electron microscopy (SEM). Finally, this chapter 

includes a brief description of the fabrication of coloured mechanical sensors 

(membranes and cantilevers) and a proof-of-concept of a wafer-scale 

fabrication of mechanical sensors with mechanochromic response by using 

standard microtechnology processes. 
 

3.2 1D linear grating: Replications 

 

For the fabrication of transducers with a periodical structure in one face, 

a classical method for replication was employed, by using commercial lineal 

gratings as a master mould. The first step was to manufacture a replica of the 

commercial grating to be used as a master facilitating the manipulation, 

machining, cutting or bonding without damaging the original grating (Figure 

3.1). For this purpose, a 600 grooves/mm diffraction grating was used to 

reproduce a PDMS replica. In this process, the grating surface was coated with 

1H,1H,2H,2H-perfluorooctyl-trichlorosilane (PFTS) silane by gas phase protocol 

in order to facilitate the PDMS peel-off. A mixture of PDMS-cross-linker (10:2 

ratio) was pureed on the grating surface. After the elimination of the bubbles 

for 20 minutes in a vacuum chamber, the mix was cured for 1 hour at 80	�p in 

an oven. The cured PDMS was peeled-off from the grating and immediately 

bonded to a glass substrate by oxygen plasma achieving a new PDMS master. 

The surface of the PDMS master was coated by PFTS silane to facilitate the 

replication. This PDMS master was used to replicate the grating in different 

materials such as polyimide, SU-8, and PDMS. 



 

Chapter 3: Development of mechanochromic materials: structural coloration 43 

 

 
 

Figure 3.1 a) Schematic replication process. b) PDMS master and its replication 

illuminated at 8�, and (up) SEM image of the replication surface, J = 1666	�. 

 

The diffracted colour of the 1D photonic materials was measured by UV-

Visible spectrometry (Flame spectrometer from Ocean Optics) and a bundle 

reflection probe (that emit white light from a central fibre and collect the back-

diffracted light with the surrounding set of six fibres), in a Littrow configuration 

with a spot diameter of about 500	�. The experimental angle between the 

probe and the normal to the membrane was 10	�. According to the diffraction 

equation for Littrow configuration ∆λ = 2Jsen'B~( (described in section 

2.4.1.3), there are two parameters that acts as principal contributors to 

produce changes in diffraction wavelengths, the parameter J and the parameter 

B~. In order to demonstrate this angle dependence in 1D diffraction gratings, a 

basic setup based on a UV-Visible spectrometer and a reflection bundle fibre in 

Littrow configuration was implemented (Figure 3.2a). 

 

A reflectance spectrum was obtained by measuring the colour change 

produced when focusing on a 1D replicated on PDMS film by changing the 

angle of incidence of the bundle reflection probe. A sequential colour change 
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was found, as shown in Figure 3.2b. For higher angles,  B~ > 16� a second peak 

in the lower band (400�) was captured, that correspond with second 

diffraction order. The reflectance amplitude decrease as increase the incident 

angle due to the change of diffraction order. 

 

 

 

Figure 3.2 1D reflectance at different angles: a) bundle fibre configuration at B~ respect 

the normal and, b) reflectance spectra for B~ from 10	� to 20	�. 

 

 

3.3 Photonic materials based on colloidal assemblies  

3.3.1 3D photonic crystals 

 

The 3D-PhC’s were obtained by drop casting, by controlling the drying 

temperature, and the ratio between volume released and the particles 

concentration in solution for a desired drop size. The particle concentration was 

chosen to obtain only few layers of ordered PS nanoparticles, to avoid the 

“leachy” effect. The 3D photonic materials were prepared by using polystyrene 

(PS) nanoparticles of 300	� diameter embedded in PDMS. First, drops of 

5	��, and 1.25	Q2%	 nanoparticles solution were released over a glass slide 

creating an array of drops and evaporated during 3 minutes at 95	�p in an oven 

with the attempt to reduce the coffee ring formation (Figure 3.3a). Third, a 

thin layer of PDMS (17	�) was spin coated over the dried 3D-PhC, and 

leaved 15 minutes at room temperature to achieve a fully infiltration, and then 
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cured at 100	�p for 30 minutes in an oven. The crystal structure was checked 

by scanning electron microscopy (SEM). As shown in Figure 3.3b high ordered 

close-packed was achieved for the 3D-PhC. 

 

 
 

Figure 3.3 a) Fabrication scheme and SEM images of 3D-PhC fabricated by drop 

casting of 300	� PS nanoparticles, (centre) coloration of 3D PhC at 0	�, b) SEM 

images of 3D PhC infiltrated with PDMS and (right) lateral profile of the 3D 

packaging. 

 

 

In the infiltration process, the PDMS fills the interparticle spaces of the 

3D PhC. Optically, the reflected colour peak, measured by UV-Visible 

spectrometry at 0° (Figure 3.4a), shows a colour change from x = 670�, to 

x = 595� in accordance to the change of the packet surrounding media (as 

described in section 2.4.2). Thus, the colour change is produced from difference 

in the effective refractive index (�\��) when the PDMS or air, with refractive 

index of 1,41 and 1, respectively, fills the interspaces (Figure 3.4b). 

Additionally, a white colour covers the infiltrated PhC specially in the border 

drop. The white colour corresponds to the index contrast and the greater 

number of layers at the border that gives a milky aspect.  
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 The angle dependence of a 3D-PhC was measured by using two fibres in a 

mirror reflection mode. The 3D-PhC was placed in-plane and measured from 

0	� to 75	�, these angles were formed by the incident angle B%a and the 

reflected angle u, where B%a = u (Figure 3.4c (inset)). A reflection spectra was 

obtained for each angle change, where the light striking the 3D-PhC structure 

reflecting its component colour, being the colour changed in concordance with 

the angle change. In this way, shorter wavelengths exit with angles distant to 

the normal than closer ones. 

 

 

 

Figure 3.4 a) Reflectance spectra of 3D PhC before and after PDMS infiltration 

(measured at 0�), b) photography of 3D PhC coloration before and after PDMS 

infiltration, c) reflectance peak at different angles, (inset) schematic configuration of 

measure with the 3D-PhC material in plane and mirror reflection mode.  
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3.3.2 2D photonic crystals 

 

The 2D-PhC was prepared by using a classical technique for assembly 

nanoparticles at the air-liquid interface [159] (Colloidal lithography, Figure 3.5). 

At air-liquid interface, the surface tension of liquid, the evaporation 

temperature and percentage of surfactant in nanoparticle solution are essential 

variables to achieve a high order close-packed monolayer. An aqueous 

suspension of 800	� polystyrene nanoparticles was diluted in ethanol, to 

reduce its surface tension, to form 10	Q2% nanoparticles in a 60% ethanol  

mixture. A nanoparticle monolayer was created at the air-water interface by 

releasing 200	μ� of the solution over a partially immersed hydrophilic glass slide 

with a tilt angle of 20	°. A hydrophilic glass slide, previously immersed on the 

water volume, was used to collect the nanoparticles monolayer by removing the 

water carefully. Finally, the assembled nanoparticles were dried for 30	minutes 

at 80	°p to evaporate the water and improve the crystallization. 

 

PDMS (10: 1 ratio) was spin-coated over the dried particles monolayer 

to achieve a 90	� layer of PDMS, and immediately cured at 100	�p for 1 

hour to obtain only partially infiltrated nanoparticles. The 2D photonic crystal 

fabricated by using 800	� nanoparticles deposited over hydrophobic substrate 

is shown in Figure 3.5. The use of hydrophobic substrates allows the 

preparation of materials with the nanoparticles partially embedded on it, with 

~40	% of the particle out of the PDMS, producing an uniform and periodical 

diffraction grating with the ability to separate the different wavelengths of light. 

Completely embedded nanoparticles could be achieved by curing the PDMS 

infiltrated 2D crystals at room temperature. In this case the composite material 

would behave as a 1D photonic crystal. 
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Figure 3.5 a) 2D-PhC fabricated by air-liquid interface, using 800	� Ps 

nanoparticles: (left) sample illuminated at certain angle, (right) SEM image of the 2D 

assembly; b) SEM images of the assembly partially embedded in PDMS, (left) lateral 

profile, (right) front face, c) reflectance peak captured in Littrow configuration at 

30	�.  

 

 

3.3.3 2D diffraction gratings (inverse 2D-PhC) 

Nanostructured materials based on assemblies of polymeric 

nanoparticles, as a two dimensional photonic crystal (2D-PhC), were used as 

master moulds for the fabrication of periodic 2D diffraction gratings. The 2D 

colloidal assembly was prepared as described in section 3.3.2. Non-uniform 

colloidal assembly gives as result a pixelated image with divided and subdued 

colours, reducing drastically the resolution of the final image. To be able to 

optimize the resolution of colours given by the mechanochromic material, the 
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process of colloidal lithography was also optimized by controlling the surface 

tension of the water. Triton result a useful solution to increase the surface 

tension of water; small amounts of Triton released in water is enough to reduce 

the Marangoni effect when the particles are released on the surface of water, 

helping the particles surf the water surface at the speed that are released on 

the ramp, producing the self-assembling in a monolayer. The degree of 

hydrophilicity of the ramp is very important to ensure a periodical and uniform 

self-assembly. The lack of hydrophilicity increases the creation of small grains, 

breaking the assembly pattern, changing in consequence the orthogonal 

direction of the diffraction grating (see morphology section).   

 

A thin layer of PDMS (10: 1 ratio) was spin-coated over the dried 

particles monolayer, and immediately cured at 100	°p for 1 hour. During the 

coating process, the PDMS fills the interparticle gaps while the nanoparticles 

remain stuck to the substrate. When peeled off from the substrate, the PDMS 

left an inverse shape into the cured PDMS, Figure 3.6(right). 

 

Figure 3.6.  (left)Self assembled close packet nanoparticles on a glass substrate 

(inset)diffraction at ~28�; (middle) master of colloids with PDMS residues filling the 

interparticle spaces; (right)PDMS replica with periodical nanovoids, (inset) light 

diffraction at 30	�. 

 

The nanostructured PDMS layer will be used to fabricate the suspended 

mechanical structures, both cantilevers and membranes, being the PDMS 

thickness a critical parameter to be controlled. Higher mechanical sensitivities 

will be achieved by reducing the PDMS thickness. Several thicknesses of PDMS 

were achieved by controlling the spin coating rate and time as shown in Figure 

3.7. PDMS with thickness between 100	� and 20	� are easily manipulated. 

Below 20	� thicknesses the PDMS results very difficult to manipulate 

manually, being necessary to bond it to another thicker material for peeling-off 

from the substrate.  
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Figure 3.7. Thickness of PDMS when it is spin coated over a 2D colloidal 

structure, for a hydrophilic glass slice surface. 

 

 

For spin rates up to 1000	g�, it is possible to get thicknesses of 

PDMS below 50� but it is difficult to maintain the periodicity of the close 

packet. The periodicity is lost because of the adhesion reduction between the 

nanoparticle assembly and glass slice when the spin rate is increased. To solve 

this loss of periodicity of the mechanochromic material, the basic fabrication 

method demonstrated before in Figure 3.8 (Replication thickness > 50	�) was 

modified. In this second approach, a thick PDMS layer is initially deposited over 

the assembled nanoparticles and peel-off from the substrate leaving a PDMS 

residue that fix the nanoparticles to the glass slide, as shown in in Figure 3.8 

(Replication thickness << 50	�). With this small variation in the fabrication 

process, and after a silanization treatment of the surface, the master is ready 

for spin coating at higher rates, being possible to fabricate mechanochromic 

materials with thickness around 2	� for PsNp of 800	� diameter without 

alterations in the periodicity of the master. 
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Figure 3.8 Schematic sequence of the fabrication of mechanochromic material based 

in colloids, (left) for thickness > 50μm, and (right) for thickness << 50μm. 

 

 

3.3.3.1 Morphology 

 

The morphology of the nanostructured material surface is critical to 

ensure the diffraction of white light. The surface needs to maintain the 

periodical nanostructure after master demoulding, with a period size in a range 

able to produce diffraction in the visible spectrum for colorimetric inspection. 

The calculation of grating sizes is well described in Chapter 2:, with the 

equation for a planar grating,	x = Jrst�'B( + st�'u(v, where J = √3� 2⁄  for 

a close-packed monolayer, and � the sphere diameter. The grating depth has 

to be enough to produce a diffraction intensity able to be detected by visual 

inspection, or by a camera. In this way, the morphology of the mechanochromic 
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material based in an INV-2D diffraction grating has been morphologically 

characterized by processing of the SEM images, identifying the void size, 

height, and periodicity of the nanostructure. Image J free software was used to 

that end. 

 

Some basic steps were followed to identify the void size. First, the SEM 

image was filtered to remove artefacts obtaining a clean image, then it was 

threshold in order to partitioning the image into a foreground and background 

defining the voids shapes, and posterior representation of its outlines (Figure 

3.9a). Second, a size distribution analysis of the cleaned image was performed, 

using the area covering by voids and calculating the diameter size distribution 

represented by a histogram. Third, the histogram was fitted by a Gaussian 

curve � = �R + �t	''�	� (
¡/0¢¡(, determining the voids average diameter (Figure 

3.9b). Bowl-shaped nanovoids with a mean diameter of 691 y 21	�, 3.03	% 

of polydispersity, and height of about 320	� were calculated from SEM 

images analysis (Figure 3.9d). 

 

 

 

Figure 3.9 a) SEM image of the inverse nanostructure reproduced from a master of 

800	� nanoparticles assembly, b) image after threshold and filtered, c) nanoparticles 

size distribution analysis, d)(i-ii) void diameter and height represented for calculation 

from SEM image, (iii) analysis of voids depths distribution by ImageJ (standard 

deviation of 12.6	%).   

 

These nanovoids are 7	% smaller than the nanoparticles used to prepare 

it. This size discrepancy can be attributed to the PDMS expansion after the 
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peeling process. The 2D PDMS nanostructure pitch was 745	 y 	78	nm, in 

accordance with the PS nanoparticles size used. 

 

Two dimensional Fast Fourier Transformation (FFT) was applied to SEM 

images in order to visualize the repeating elements of the crystal order, as 

shown in Figure 3.10. Three SEM images acquired from different areas of a 

single sample were used to calculate the FFT, including a SEM image of 2D 

array of colloids, Figure 3.10a. The bright spots demonstrate the high crystal 

order achieved. Figure 3.10 shows the evolution of a 2D colloidal photonic 

crystal and its replications with long-range order towards a disordered structure 

by increasing the number of grain directions.  

 

To quantify the effective ordering between spheres the FFT patterns have 

been analysed, considering only the positions of the nanostructures. The FFT 

pattern of the ordered nanostructure reveals its hexagonal symmetry, whereas 

in binary monolayers the FFT pattern is transformed to an ever reducing 

number of concentric circles, indicating loss of long-range order. These rings 

indicate some short-range order and correlated average distances between 

nanostructures. The higher number of rings, the longer the correlation extends 

in space. In the least disordered sample (Figure 3.10, inset), the number of 

circles substantially exceeds that of samples with more disorder. The distance 

between the rings of the FFT pattern corresponds to the effective separation of 

nanostructures in the SEM images. 
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Figure 3.10 SEM images and the corresponding FFT from INV-2D structures: a) 2D 

array of colloids, b) nanovoids structure distributed in one single grain, c) nanovoids 

structured in different grain orientations, d) increase in the number of grain 

orientations and corresponding order reduction.   

 

 

Having a hexagonal close-packet structure of around 691nm diameter 

nanovoids, the number of voids inside a 1	�0 area can be obtained by dividing 

1	�0  by the surface occupied by a single nanovoid. However, it should be 

taken into account the free spaces that remain between nanovoids. The 

nanovoid area �¤�%¥ = g0¦, for 691	� diameter, �¤�%¥ = 0.375	�0. Using 

geometry and simple calculations, the packing density of the hexagonal close-

packet is around 70.2	%. Thus, the real area occupied by nanovoids should be 

corrected and then the particle coverage calculated. The number of voids is 

determined by �'5§�J( = Jt�s�2�/�¤�%¥, obtaining  1.87	5§�Js/�0, showed in 

Figure 3.11a. 

 

Uniform and periodic assembly of particles will produce grating 

replication with uniform colour in a planar G and � directions, due to the nature 

of grating based in colloids (Figure 3.11b). Changes in the grain orientation 

contributed to the pixilation in the image (Figure 3.11c). The intensity of 

diffraction has a direct dependence with the depth of the grating for an inverse 

2D, assuming the distribution in depths is uniform, if it is not uniform, the 

variation in depths increase de scatter of light [144], [145]. The minimum depth 

to produce diffraction able to be detected by visual inspection is in the order 

between 250	� to 300	� depth. High intense diffraction can be achieved 

with a depth around 400	� to 500	� for diffraction gratings fabricated with 

800	� in diameter, being able to detect rainbows of colour directly with naked 

eyes as shown in Figure 3.12. 
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Figure 3.11.  2D diffraction grating morphology, a) nanovoid density per �0, 

calculations for PDMS replicas, b) location of grains orientation on the grating surface, 

c) ideal hexagonal close-packet in just one single grain plain. 

 

 

Optical artefacts in inverse colloidal gratings also happen when the 

master of 2D assembly has double layer, producing irregularities in the planar 

surface of replication. These irregularities were identified as concave shapes in 

the surface that diffract at a different angle from the rest of the grating, 

showing an annoying optical characteristic of all grating surface with the ability 

of scatter light, illustrated in Figure 3.12.   

 

 

Figure 3.12.  Grating imperfections spotted on a coloured surface and their 

corresponded SEM images. 

 

 

3.3.3.2 Diffraction by angle dependence (calibration) 
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The diffracted colour of the 2D photonic materials was measured by 

using a bundle reflection probe in Littrow configuration, as in the setup 

implemented for 1D characterization (Figure 3.2a). In this case, the 

experimental angle between the probe and the normal to the membrane was 

30	�.  

  

A calibration curve was obtained by measuring the colour change 

produced when focusing on a nanostructured PDMS film by changing the angle 

of incidence of the bundle reflection probe. In this case, a linear colour change 

was found, as shown in Figure 3.13b. The experimental data were fitted to the 

main diffraction equation in Littrow configuration, leaving the particle diameter 

as a variable parameter. The experimental results were fitted to the equation 

for a particle diameter of 730 y 2	�, giving a wavelength change of around 

20	� per degree.  

 

 

 

Figure 3.13 a) Wavelength response for angles of incident light, from 25	� to 35	�, b) 

experimental diffraction wavelengths fitted by diffraction equation in Littrow 

configuration. 

 

 

3.4 Photonic nanostructures fabrication at wafer level 

 

A step further to fabricate the mechanochromic devices in high volume, 

increasing the yield and the reproducibility, is based in the use of waver scale 

standard microtechnology processes at the Clean Room. Colloidal lithography 
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has been demonstrated as a promising tool to nanofabricate in large areas, for 

their easiness of fabrication and low-cost [155], [160]. The use of these 

assemblies of nanoparticles as mask for surface patterning results a key tool for 

nanofabrication of diffraction gratings in large areas. The size and shape of 

nanoparticles allow manipulating the dimension of the patterning.  

 

Large assemblies of nanoparticles on entire 4	��D/ts silicon wafers 

(Figure 3.14), keeping the hexagonal close-packed and uniformity of the 

monolayer, were achieved by optimizing the colloidal lithography variables used 

in previous section to fabricate colloidal assemblies over glass slides (liquid 

surface tension, percentage of surfactant, volume of nanoparticles released, and 

even dimensions of the liquid container). 

 

      
 

Figure 3.14. a) Colloidal lithography on a Si wafer; b) coloured wafer with 2D 

assembly illuminating at 30 degrees; c) 2D assembly illuminating at zero degrees. 

 

 

The monolayer assembly deposited over the silicon substrate was used as 

mask to define the nanostructures on silicon; the interstices left between the 

particles allow the etching of the substrate by reactive ions (RIE) in order to 

create patterns of pores on the substrate. Dimensions of the interstices left by 

particles can be widened by a previous etching of the nanoparticles, controlling 

consequently the pore dimensions on the substrate. Two different approaches 

of nanofabrication based on colloidal nanopatterning has been done for the 

fabrication of mechanochromic materials based in 2D diffraction gratings. The 
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first one is the use of the nanoparticles monolayer to create a master of 

nanoholes for nanopillars replication in polymeric materials, as shown in Figure 

3.15a. The second approach is based in a two steps fabrication of nanopores in 

silicon wafers for nanoholes replication in polymeric materials (Figure 3.15b). 

For these two methods, polystyrene nanoparticles and silicon wafers without 

any previous treatment were used.   

 

 

 

Figure 3.15. Top-down fabrication of polymeric diffraction gratings based on a) 

nanopillars, b) nanoholes 

 

 

Polymeric Pillars 

 

Diffraction gratings based on polymeric nanopillars were fabricated 

following the sequential process displayed in Figure 3.15a. Using colloidal 

lithography (explained in detail in section 3.3.2) nanoparticles with 800	� in 

diameter were self-assembled on a 4	��D/ts silicon wafer, after dried in an oven 

for a few minutes, the nanoparticles were etched by RIE �0 plasma treatment 

for around two minutes at 500¨, obtaining a reduction of nanoparticles 

diameter in a range of 10	%  to 15	%. For etching proposes, a thin aluminium 

layer of 40	� was evaporated over the assembly in order to have a mask with 
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nanoparticles shape. With the aluminium over the silicon surface, the wafer was 

cleaned of nanoparticles by acetone bath, rinsed with ethanol and dried with 

nitrogen. The wafer was dry etched by RIE by an effective combination of two 

gases �"© pulsed at 150	sDD for 1	s, and  pU"ª pulsed at 100	sDD for periods 

of 2	s, at 500	¨ power, and −10	�p temperature, for 2 minutes etching time. 

This process was able to etch nanoholes in silicon with around 400	� in 

depth. Finally, the aluminium layer was removed from the wafer by a 

hydrofluoric acid bath, leaving well-defined perforations with the periodicity of 

nanoparticle assembly (Figure 3.16a second image). For polymeric replicas 

based on PDMS, the wafer was silanized with PFTS to ensure the easiness in 

demoulding.   

 

A critical point of diffraction gratings fabricated in large areas is to keep 

the periodicity of nanostructure after etching process. Several techniques have 

been used to fix nanoparticles to silicon wafer such as: treating the substrate 

with �0 plasma previous colloidal lithography, heating the assembly of 

nanoparticles near the polystyrene melting point temperature, or immobilizing 

polyelectrolytes with positive charge on the substrate previous colloidal 

lithography. All these technics help in any way to keep the particles immobilized 

to the substrate, but during �0 plasma process used to reduce the diameter of 

nanoparticles, the assembly loses its periodicity as much as increase the etching 

time. For etching times used to reduce until 5	% of nanoparticle diameters, the 

periodicity lost would be not considered, for diameters reduction higher than 

5	%, the imperfections are detectable as light scattering and ghosting in the 

final diffraction grating.  

 

 

Polymeric Holes 

 

In comparison with the nanopillars fabrication protocol, a shorter 

protocol was used to fabricate polymeric nanoholes. After colloidal lithography 

on a Si wafer, the colloidal assembly was used as mask to perform a controlled 

silicon etching. In the same way, the process used for pillars fabrication, an 

effective combination of two gases �"© and pU"ª, for 2 − 3 minutes etching 

time, was used to etches the non-covered silicon (Figure 3.16b, middle). With 

this etching process it was possible to reach depths between 500	� to 800	� 

respectively. The Si wafer was cleaned of nanoparticles by an acetone bath, 
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then rinsed with ethanol and DI water, and finally dried with nitrogen. To 

fabricate polymeric replicas based in PDMS, the Si wafer must silanized with 

PFTS, to avoid the bonding between silicon and PDMS. The thickness of 

PDMS is controlled increasing or decreasing the spinner speed rate, as shown in 

Figure 3.7. For replicas based in polyimide, the Si surface needs to be 

hydrophilic to achieve a uniform distribution of the polymer on it, as shown in 

Figure 3.16b (down).    

 

 

3.4.1 Optical response 

 

SEM images of nanopillars and nanoholes where used to evaluate the 

grating morphology, including the images acquired for each step of fabrication. 

In the same way than diffraction gratings based in nanovoids, the periodicity of 

the nanostructure is a key characteristic for diffraction. Materials used to 

replicate the silicon masters are also important to have a high quality of 

replication and optical response.  

 

As shown in Figure 3.16a (down) the nanopillars replicated in PDMS tend 

to interact with each other after lift-off from the master, losing the periodicity 

of the nanostructure. The interaction increase when pillars are taller than 

400	� for 800	� diameter. For nanopillars smaller than 400	� the 

interaction is minimum, but the intensity in diffraction is reduced close to 30	% 

for pillars around 280	� to 330	� (experimental tested), in consequence, 

PDMS result not to be the best material to fabricate nanopillars in these 

conditions. Other materials such as SU-8 or polyimide (PI) result in better 

alternative for nanopillars fabrication. 
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Figure 3.16. Morphology nanostructure inspection for each step of fabrication; a) 

nanoholes grating and its corresponding replicated PDMS nanopillars and, b) pillar 

grating and its corresponding polyimide nanoholes replication; (inset) diffraction of 

nanostructure at a certain angle of illumination and colour capture. 

 

 

The diffracted colour of both structures, nanopillars and nanoholes, was 

measured by using the setup implement for 1D characterization in section 3.2. 

In this case, the experimental angle between the probe and the normal to the 

material was 25	� and increased until 35	� in steps of 1	� (Figure 3.17). In 

similar way, a calibration curve was obtained by measuring the colour change 

produced when focusing on the nanostructured material. A linear colour change 

was found, as shown in Figure 3.17a,b (right). The experimental data were 

fitted to the main diffraction equation in Littrow configuration, leaving the 

particle diameter as a variable parameter.  

 



 

62 Chapter 3: Development of mechanochromic materials: structural coloration 

For PDMS nanopillars, the calculated pillar diameter was 768 y 6	�, 

giving a wavelength change of around 20	�/� with + = 0.95, as shown in 

Figure 3.17a (right). 

 

For polyimide nanoholes, the calculated hole diameter was 744 y 2	�, 

for a wavelength change of 20	�/� and + = 0.99 similar to nanopillars (Figure 

3.17b (right)). 

 

In both cases, nanopillars and nanoholes, the fitting + decrease and 

increase in accordance to the periodicity of the nanostructure. The fitting to 

the PDMS nanopillars is worst due to the deformation and interaction between 

nanopillars.  

 

 
 

Figure 3.17  Reflectance measured in Littrow configuration and the calibration curve 

of wavelength peaks (linear fitting, and Littrow equation fitting) for: a) PDMS 

nanopillars, and b) nanoholes; (inset) nanostructured material SEM image. 
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3.5 Fabrication of suspended mechanical sensors with structural 

coloration 

 

After the fabrication of the structural colour materials, the next step was 

the fabrication of suspended mechanical sensors with this property: circular 

membranes and microcantilevers. Rapid prototyping techniques were used to 

define the dimensions of the sensors. Microcantilevers were directly defined by 

cutting the nanostructured thin PDMS with a laser, while the membranes were 

fabricated by bonding the nanostructured PDMS to a hard and thin substrate 

with perforated holes (made by laser cutting or micromilling). A detailed 

explanation of the fabrication process and integration into microfluidics 

channels is completed in following chapters.  

 

As a proof-of-concept, I have as well performed the first fabrication of 

microcantilevers at wafer scale. In this case, instead of PDMS, polyimide was 

spin coated over the nanostructured silicon wafer and cured at 350	�p (see 

section 3.4.1). Polyimide was chosen instead of PDMS because it’s higher 

refractive index and easy implementation into Clean Room microfabrication 

techniques. Polyimide Young’s modulus is three orders of magnitude higher 

than PDMS, which will reduce the sensor sensitivity. However, it is possible to 

fabricate thinness layers of material due to its low viscosity compared with 

PDMS, resulting in microcantilevers with similar bending behaviours (similar 

stiffness).    

    

An array of cantilevers was replicated in polyimide with the nanoholes 

structuration in one face of cantilevers. For this process, a thin layer of 

polyimide was spin coated over the master wafer. Polyimide thickness of 1.4 y

0.1	� were achieved after the curing process. Next, the arrays of 

microcantilevers were fabricated by standard photolithography with a 

predesigned photomask, followed by an etching process. The dimensions of 

cantilevers were 1500	� length per 500	� width, disposed in 3 separated 

channels of 9 cantilevers each one, as illustrated in Figure 3.18. 

 

Finally, the cantilevers were lit-off from the wafer. For this process, the 

wafer was deep in a petri dish with DI water at 60�p for 30 minutes. After 

drying with nitrogen the cantilevers were peeled-off carefully with the help of an 

adhesive, leaving the cantilevers suspended.  
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Figure 3.18 Referential sequence of fabrication of coloured cantilevers. First, 2D 

assembly is performed in a silicon wafer. Second, the silicon wafer is etched by DRIE 

(master for nanoholes replications). Third, a thin layer of polyimide is spin coated over 

the grating, next, it is etched by standard lithography with a predesigned photomask 

achieving arrays of coloured cantilevers; (right) SEM image of nanoholes. 

  

 

Further work must be done to optimize the colloidal packaging, preferably 

by using spin coating techniques, to achieve an error free 2D grating mask, and 

total compatible process with standard microtechnologies processes. These 

tasks will be part of future work, and all the studies presented in next chapters 

were done by using rapid prototyping techniques to fabricate the mechanical 

sensors. 
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Chapter 4: Opto-mechanical analysis of 

structural colour materials 

4.1 Introduction 

 

In the attempts to get a real multidetection capability in a lab-on-a-chip 

or point-of-care device, the colorimetric sensors have become a promising route 

due to the lack of sophisticated instrumentation, and the possibility to perform 

a reading of the signal by visual inspection, or by using a smartphone camera to 

quantify the signal. Periodically structured polymeric photonic materials are 

particularly interesting to that aim, because its demonstrated sensitivity to 

mechanical stimulation [102], [107], [161], [162]. Fudoizi et al. fabricate opals-

type photonic crystal infiltrated with elastomeric materials and demonstrate the 

colour tuning when applying linear strain deformations [107], [108]. Ito et al. 
demonstrate as well the strain-responsivity of interpenetrated polymer 

structured coloured network [163], which shows a Poisson’s ratio close to that 

for an incompressible material, suggesting that the obtained elastomer deforms 

like a usual rubbery elastic material, in contrast to using hard colloids [107], 

[164]. Pressure-sensitivity has been as well demonstrated by using inverse opals-

type photonic crystals, which produce photonic porous membranes with high 

sensitivity for force recording [165], and high sensitive reconfigurable shape-

memory polymers [166]. 

 

In this chapter, I describe the opto-mechanical response of the fabricated 

structured colour materials, both under linear and bi-axial strain. For the bi-

axial strain study, arrays of mechanochromic suspended membranes were 

fabricated. 

 

4.2 Membranes fabrication and integration 

Arrays of photonic membranes were fabricated by infiltrating colloidal 

PhC of polystyrene (PS) nanoparticles with PDMS, as described in Chapter 3:.  
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Array of 3D-PhC membranes. The 3D photonic crystals were initially 

obtained according the drop casting method described in section 3.3.1, 

controlling the desired drop size which will define the circular membrane 

diameter. The particle concentration was chosen to obtain only few layers of 

ordered PS nanoparticles, to avoid the “leachy” effect and larger increase of the 

final Young’s modulus of the membrane. The 3D photonic materials were 

prepared in a sandwich configuration. First, a 50	� layer of PDMS (10: 1 

polymer curing agent ratio) was spin coated on glass substrate and cured at 

100	�p for 1 hour. Second, fifteen drops of 50	��, and 1.25	Q2%	 nanoparticles 

solution were released over the cured PDMS creating a 3	G	5 array of drops and 

evaporated during 3 minutes at 95	�p. Third, a thin layer of PDMS (17	�) 

was spin coated over the dried 3D PhC, and leaved 15 minutes at room 

temperature to achieve a fully infiltration, and then cured at 100	�p for 30 

minutes in an oven. 

 

After the photonic crystals infiltration with the PDMS (Figure 4.1 steps: 

1-3), the integration of membranes was performed (Figure 4.1 steps: 4-6). 

Oxygen plasma was used to bond the thin nanostructured PDMS to another 

thick PDMS with perforated holes to achieve the final array of suspended 

clamped membranes. After that, the membranes system was integrated to the 

microfluidic channels fabricated in PDMS by master moulding, again by using 

an oxygen plasma bonding. The master mould was fabricated in SU8 by 

standard photolithography process, and the PDMS was prepared in a 10: 2 ratio 

and cured at 100	�p for 1 hour in an oven. 
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Figure 4.1 3D-PhC membranes fabrication and integration sequential process: (1-3) 

3D-PhC infiltration with PDMS, (4) bonding to o-rings, (5) lit-off from substrate and, 

(6) microfluidic integration. 

 

 

Array of 2D-PhC and inverse 2D-PhC membranes. 2D photonic 

crystals were prepared by the air-liquid interface and infiltrated with a thin layer 

of PDMS (as described in section 3.3.2 for 2D-PhC and section 3.3.3. for 

inverse materials). In similar way than 3D-PhC materials, the 2D materials 

(PhC and inverse) were bonded to the microfluidic system by oxygen plasma 

treatment. After lit-off from the substrate, the PDMS (Microfluidics – 2D 

structured materials) was bonded to a thin Poly(methyl methacrylate)(PMMA), 

Cyclic olefin polymer (COP) or glass substrate with 15 perforated holes in 

order to clamp the membranes (Figure 4.2). 

 

 
 

Figure 4.2 2D-Phd fabrication and integration sequential process: 1) 2D-PhC, 2) 

integration to the microfluidic system, 3) Lit-off from substrate, 4) o-ring array 

(200	� thickness PMMA with perforated holes, 1.5	 diameter), 5) Array of 

membranes integrated to microfluidic system, (right) coloration at 30	� and membrane 

profile. 

 

 

4.3 Colour-strain relation 

 

Experimentally, the colour response due to the applied strain was 

evaluated by UV-Visible spectrometry (Flame spectrometer from Ocean Optics) 
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and a bundle reflection probe (that emit white light from a central fibre and 

collect the back-diffracted light with the surrounding set of six fibres). Lineal 

strain was performed by clamping a rectangular nanostructured material in its 

two extremes to two micrometric screws disposed as shown in Figure 4.8a). 

Controlled lineal elongations were performed with this set-up in order to analyse 

the change of the material coloration for each step of deformation. The colour 

change was analysed by spectroscopy and by image analysis (Image J software).  

 

For analysing the colour of the suspended membranes, the integrated 

device was mounted on a two-dimensional linear stage to select the membrane 

and the measurement position at the membrane. Membranes out-of-plane 

deformations (bi-axial strains) were produced by injecting a pneumatic pressure 

into the microchannels. A commercial pressure sensor (DP-101A-E-P), 

connected at the microchannel output, was used to measure the applied 

pneumatic pressure.  

 

 

4.3.1 Photonic membranes based on 3D PhC  

 

The colour reflected by 3D photonic membranes depends on the incident 

and reflection angles and the effective refractive index. As shown previously in 

Figure 3.4, an intense peak at the red region was measured for an incident and 

reflection angle of 0	�. A shift to lower values of the reflected wavelength was 

observed when the PhC was infiltrated with PDMS (photonic membranes), due 

to a variation on the effective refractive index. An initial study on the effect of 

a linear (mono-axial) strain deformation on the fabricated composite materials 

was performed, before being bonded to the clamping support. In this case, a 

strip of the photonic polymeric material was fixed between two linear stages 

(Figure 4.3a). Two fibbers were used to illuminated and collect the reflection 

from the material. The incident light angle was B = 10	� respect to the normal 

surface, and the second fiber to collect the specular reflection was placed at 

u = −10	�. The spectrum was recorded for incremental strains (50	� steps), 

showing a decrease on the reflected wavelength when increasing the strain (see 

Figure 4.3b). When increasing the mechanical strain, defined as εx = ∆L/L, the 

material will elongate on the G direction, and will contract on the F direction, 

producing a decrease in the grating periodicity in the perpendicular direction 

∆Λ=λε⊥, and therefore, a decrease in the reflected lambda. A maximum colour 
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change of 2	� was measured for an elongation of 600	�, comparable to 

previous publications [167]. In Figure 4.3b is observable an hysteresis between 

the loading and unloading phases, due to the amount of energy dissipated in 

the material upon the loading-unloading cycle [168]. The system is recovered 

after the unloading phase, reaching the same initial value. 

 

By using the integrated devices with the circular-clamped membranes, 

the membrane out-of-plane deformation was studied by UV-Visible 

spectrometry at specular reflection (10	�) and applying incremental constant 

pneumatic pressures. When applying an in-plane mechanical strain the material 

will elongate on the G and � direction, and will contract on the F direction, 

producing a decrease in the interplanar distance directly proportional to the 

vertical strain ΔJ = x)⊥, and therefore, a decrease in the reflected wavelength. 

The perpendicular strain, )⊥, is determined by the mechanical properties of the 

material, by the ratio between the Young’s modulus and Poisson’s coefficient 

and the produced stress in plane, $� and $[, and has the form )« =

5/.r$� + $[v. 

 

The Figure 4.3c shows a small shift on the peak position for positive 

pressures, being impossible to measure the deformation for negative pressures. 

A colour change of ∆λ/∆�	 = 	2	�/��� was measured for 3D-PhC membrane 

with a PDMS thickness of 67	μ. Looking at the equation that describe the 

membrane deformation (equation (2.10)), one possibility to increase the 

produced shift and therefore the sensitivity to measure strain deformations 

would consist in reducing the thickness of the membrane or increase its radius, 

which could increase as well the buckling effect. The other parameters that 

affects the device sensitivity are the Poisson’s coefficient and the Young’s 

modulus. When the colloidal photonic crystal is embedded into the PDMS, the 

effective Poisson’s coefficient is reduced while the Young’s modulus increase, 

reducing the maximum deflection respect to pure PDMS membranes. An 

alternative would consist in the fabrication of inverse 3D opals, which could 

solve this drawback. However, our attempts to obtain inverse 3D membranes 

have been unsuccessful. 
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Figure 4.3 a) 3D PhC interlayer distance change by lineal strain, b) experimental 

wavelength response under linear strain stimulation and hysteresis behaviour during the 

load and un-load test, c) reflectance spectra dependency with applied pressure for 

circular clamped membranes and, d) experimental wavelength relation with the applied 

pressure (clamped membranes). 

 

 

4.3.2 Photonic membranes based on 2D PhC 

 

The diffracted colour of the 2D photonic materials was measured by using 

a bundle reflection probe in Littrow configuration (section 2.4.1.3), with a spot 

diameter of about 500	μ over the membranes. Measuring in Littrow 

configuration,	B = −u, and x = 2Jst�'B(, for  > 0. The experimental angle 

between the probe and the normal to the membrane was 30	�. The measured 

peak intensities were quite low compared with the 3D photonic membranes, due 

to the material transparency and the low difference in the materials refraction 

indexes. 
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The material colour tuning due to the application of a linear mechanical 

strain is shown in Figure 4.4a. The reflected wavelength increases when 

increasing the strain (due to larger distance between the nanoparticles), as 

expected. When increasing the strain, the grating periodicity change, increasing 

the reflected lambda. During the elongation process, two different elastic 

behaviours can be observed, with different slopes, and therefore different 

sensitivities. Larger colour variations are observed for smaller deformations 

(∆λ = 7	nm for an elongation of 750	μm, with an experimental slope of 

∆λ/∆L	 = 	0.5), while lower variations are observed for linear elongations larger 

than 750	μm (∆λ = 2	nm for an elongation until 1500	μm). As in the 3D-PhC 

composite materials, a hysteresis loop is observed during the loading and 

unloading process. 

 

 

Figure 4.4 Experimental wavelength change with the applied linear strain (a), and 

wavelength recovery after the loading and un-loading experiment (b). 

 

In the case of the circular-clamped membrane, the out-of-plane 

deformation produce wavelength changes in opposite directions, when applying 

positive or negative pressures. Depending on the position of focus inside the 

membrane, the reflected wavelength would increase or decrease for positive 

pressures, and vice versa. This effect is due to the change in the effective angle 

of incident when the membrane is deformed. This effect of the membrane 

curvature on the reflected wavelength can be observed in Figure 4.5a, where for 

an applied constant pressure, the reflected peak change when focusing at the 

centre, or in two opposite points of the membrane. Focusing out of the center 
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of the membrane, the reflected wavelength decrease when applying positive 

pressures, and increase for negative pressures, due to a positive variation on the 

effective angle of incident (Figure 4.5b,c). A Lambda change of 40	� was 

measured when applying 1	��� pressure to a 90	μ tick membrane, which 

produces a maximum displacement of the centre of the membrane of 90	μ 

with and angle α of 10� (measured optically) (see Figure 4.7 for 1��� 

pressure). 

 

 

 

Figure 4.5 a) Experimental reflectance spectra measured at different positions of the 

clamped membranes. Reflected wavelength dependency for: b) positive and c) negative 

pressures. 

 

 

 In order to analyse the colour change of the membranes, a setup based in 

a Dino-Lite camera was implemented. For this propose, a 30	¨ halogen white 

light source, which was collimated in order to minimize the spreading of light, 

was used. The incident angle B%a of the light source fibre was placed at 30	�, 

emitting at 9	¨ of brightness. The camera was placed a 0� respect to the 

normal surface.  
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Figure 4.6 a) Image acquisition setup, b) configuration profile for membrane under 

deformation and colour changes captured by camera. 

 

 

 Small pressures from 0	 to 3��� were induced into the membrane system. 

With the help of a second camera, the lateral profile of a single membrane 

under deformation was captured as shown in Figure 4.7. Image sequences were 

acquired for each pressure applied into membranes evaluating the colour change 

due to the curvature effect. 

 

 Figure 4.7 shows the colour associated to initial unstressed membranes at 

0	��� of pressure, and the change in membrane coloration after 3	��� of 

pressure. The deflection was measured at the centre of the membrane by image 

analysis (ImageJ software). The maximum deflection for 3	��� pressure was 

145	�, for a membrane of 1500	� diameter and 90	μ thickness.    
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Figure 4.7 Lateral profile of a membrane under deformation by pressure, (down) 

colour associated for initial flat membrane and colour change due to the curvature 

effect.  

 

 

4.3.2.1 Opto-mechanical response of inverse 2D-PhC 

 

According to the main diffraction equation, changes in the periodicity of 

the nanostructure will produce changes in the diffraction wavelength. If the 

strain is produced in G direction the grating period suffers an elongation 

proportional to the variation of material length, while the period is being 

stretched in � direction, with a maximum stretching in the centre of the 

material. That relation is represented by Poison coefficient. At this stage, the 

simple stretching of a few percent of the material in one direction is used to 

induce strong variations in the period between particles (Figure 4.8b).  

 

PDMS has a Poisson ratio of about T = 0.5, thus stretching the sample 

20	% in one direction leads to a compression of 10	% in the orthogonal 

direction. As a first example of nanovoids size calculation after elongation, the 

SEM image illustrated in Figure 4.8b was used. From this image, it is possible 

to estimate the deformation of each nanovoid in the planar G and � direction 

for the stretching and elongation respectively. The linear elongation (Figure 

4.8b) is about 22	% in G direction, for a void size � around 691 y 21	� 

(calculated from SEM images described in section 3.3.3.1), after elongation the 

size of each void is calculated as following, �� + 22% = 843	nm, and �[ −

11% = 615	�. 
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In order to approximate the diffraction produced for the calculated void 

size ��,[, the equation (2.32) for Littrow configuration was used for B at 30	�, 

x� = 729	�, and x[ = 532	�. In consequence, the ∆x�,[ calculated was 

∆x� = 131	� and ∆x[ = 66	� for a linear elongation of 22	%. 

 

 

Figure 4.8 a) Schematic of the linear strain experiment, where the mechanochromic 

material is clamped in two extremes, and it’s experiment controlled elongations in 

order to analyse its opto-mechanical response  (Fiber (A) Points white light in the 

direction of elongation (x axis) and Fiber (B) is pointing white light in the orthogonal 

coordinate (y axis), at 30� for both fibers, (inset) reflection bundle fiber end), b) SEM 

image of the inverse 2D grating under linear deformation in an orthogonal plane (left), 

and before deformation (right). 

 

Experimentally, the diffracted colour of the inverse 2D material was 

measured by UV-Visible spectroscopy as previously described (Figure 4.8a). A 

sequence of twenty steps was captured for each orthogonal direction (Figure 

4.9). 

 

For this experimental assay, a piece of material of 17.25	 long and 

7.76	 width was mounted in a setup to produce controlled elongations in 

steps of 100	�, until a final length increase of ∆> ≈ 2000	�. The maximum 

elongation corresponds to 10.78	% in the G direction, and 5.67	% in 

compression in the orthogonal direction. The ∆x�,[ achieved after linear strain 

was ∆x� = 95	� and ∆x[ = 30	� (Figure 4.9a,b). 

  

The fitting of the reflection curves releases a pitch of 718 y 2	� for 

elongations from 0 to 2000	� (Figure 4.9ab down). For the orthogonal 

direction G, the spectra was fitted fixing the void size � and leaving the angle B 

as an adjustable parameter. The fitting release a small variation in the angle B, 

from 30	� to 31.5	�. In both cases, x�,[, for elongation and it’s orthogonal fits 
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the diffraction equation for littrow configuration, with a +�
0 = 0.909 and +[

0 =

0.771 (Figure 4.9ab down). The x�,[ points at the first steps of strain and the 

points of maximum strain are identified as small variations between the grains 

of nanostructured surface, and an optomechanical effect produced when the 

void is under elongation in the G plane and compression in its orthogonal � 

plane. In both cases, the wavelength response shows hysteresis behaviour during 

the load and un-load strain test, as shown in Figure 4.9. 

  

 

Figure 4.9 Wavelength spectra obtained experimentally by lineal strain test, a) red-

shifting measured by pointing the fibre in the strain direction G, and (down)  hysteresis 

behaviour during the load and un-load test, and, b) blue-shifting measured by pointing 

the fibre in the orthogonal direction � and (down) hysteresis captured during the load 

and un-load test. 

 

The setup illustrated in Figure 4.10a shows the configuration used to 

measure the colour diffracted by nanostructured materials by image analysis. 
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For this propose, a 30	¨ halogen white light source, which was collimated in 

order to minimize the spreading of light, was used. For this test, the incident 

angle B%a of the light source fibre was placed at −50	�, emitting at 18	¨ of 

brightness. A Dino-Lite camera was used to collect the diffracted light at 0�. A 

piece of nanostructured material (INV-2D) of 17.25	 long and 7.76	 

width was mounted in a setup to produce controlled elongations in steps of 

200	�, reaching a final length increase ∆> ≈ 2000	�. The material was 

elongated from 0	% to 11	%, Δ>, capturing images for each step of elongation. 

 

For this experimental test, the colour change was measured at the centre 

of the sample where the maximum deformation was produced. The colour at 

the centre of the sample change from green to red after 11	% of linear 

elongation (Figure 4.10b). In this case, the approximation of ∆x was 100	�. 

This ∆x obtained by image analysis is in the same range of the ∆x achieved by 

spectroscopy (Figure 4.10) as a first comparison test.  

 

A basic colour evaluation was as well done by analysing the change of the 

Hue value (from the HSV colour space, were the � value represent the colour) 

at the central section of each image. A ∆�Kt = 64	� was obtained for a lineal 

elongation of  2000	� (as illustrated in Figure 4.10c). 
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Figure 4.10. a) Set-up scheme showing the angle of incident of light and camera 

configuration during the linear strain test b) sequential images acquired for a range of 

linear strain (0	% to 11	%) and, c) calibration curve for linear strain (linear fitting with 

slope = −6.86	
§
 and +0 = 0.98), (inset) Hue scale for visible spectrum. 

 

 

In the same case than 2D membranes, inverse 2D membranes were 

characterized by pneumatic small pressures and colour analysis by spectroscopy. 

The membranes change their colour in opposite directions for positive or 

negative pressures Figure 4.11. These membranes are also sensitive to the focus 

position, increasing or decreasing the reflected wavelength according the 

variation on the effective angle of incident. In this case, a Lambda change of 

~90	� was measured when applying y1	��� pressure on a membrane of 

45	� thickness and measuring close to the clamping region. Looking at Figure 

4.11, a reduction on the peak intensity when applying positive pressures can be 

observed. This is probably due to the reflectance dependency on groove depth. 

When applying a positive pressure, a reduction on the groove depth would be 

produced, reducing as well the diffraction efficiency. On the other side, the 

diffraction efficiency is constant when applying negative pressures, where the 

deformation maintains the depth and shape of the grooves. 
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Figure 4.11. Characterization of inverse 2D membranes by applying small 

pneumatic pressures: a) membrane red-shifting wavelength for positive pressures, b) 

membrane blue-shifting for negative pressures; (inset a, b) membrane profile and light 

focus position during the measures. 

 

 

The fabricated inverse 2D membranes are more sensitive than the 2D 

ones with embedded nanoparticles due to two main factors: possibility to 

fabricate thicknesses membranes without losing the nanoparticle order, and 

differences in the Young’s modulus. The 2D Young’s modulus is a combination 

of PDMS and polystyrene, in comparison with inverse 2D where the Young’s 

modulus is given only by the PDMS. In consequence, the same pressure induced 

into 2D membranes will produce smaller deflections than into inverse 2D ones.  

 

Due to the high sensitivity of inverse 2D membranes, a deeper 

optimization and characterization of this kind of membranes was done. Next 

chapter include a complete characterization and evaluation of an array of 

colorimetric membranes as a pressure sensor.      
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Chapter 5: Colorimetric array of nanostructured 

membranes as a pressure sensor for 

optofluidics applications 

5.1 Introduction 

The use of elastomeric materials, such as polydimethylsiloxane (PDMS), 

for the development of membrane-based optofluidic platforms has been widely 

reported in the literature [169] . An extended method for tuning membrane 

based optofluidic devices is through the internal gas or liquid pressure. For 

example, the fabrication of focus tunable lenses, by changing the membrane 

deformation, has become an extended method for the development of adaptive 

optics [170]–[172]. Different optical detection methods have been applied for 

measuring the integrated membrane deformation [173]–[175]. Song et al. 

propose the use of integrated optofluidic membrane interferometers to measure 

the on-chip microfluidic pressure and flow rate simultaneously, by analysing the 

interferometric patterns created [176]. Pressure-sensitive paints (PSP), which 

use luminescence emitted from air pressure-sensitive molecules, have been as 

well applied for the pressure detection in microfluidics [177]. As an example, 

pressure sensing inside microfluidic channels bonded to glass chips was achieved 

by integrating an oxygen sensitive luminescent sensor layer inside of an air-filled 

cavity [178]. Other approaches are based on the deformation of embedded 

optical microstructures (e.g. diffraction gratings), modifying the optical 

boundary conditions and how the lights interacts with it [179], [180]. In these 

cases, the optical detection schemes are mainly based on the diffraction of a 

transmitted laser beam and how the diffraction pattern change after 

deformation [181], [182].  

 

In this chapter, I explore the white light diffraction on 2D nanostructured 

flexible photonic materials to achieve a power-free array of membranes that 

tune their reflective colour depending on the pneumatic or fluidic pressure inside 

a microfluidic channel. With this approach, the use of a high refractive index 

layer is avoided, simplifying the fabrication process and suppressing the effect of 

this layer on the stiffness of the membrane. 2D inverse colloidal photonic 
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structures were chosen because its colour dependency on the angle of incidence 

and reflection of the light, and its easy and low cost fabrication (transferable to 

wafer scale production). At the same time, unlike 1D grating whose colour 

depends on the detection angles (both polar and azimuth) under transverse 

electric or magnetic polarization, the colour of 2D gratings depends only on the 

polar angle, simplifying the alignment of the system, improving the 

reproducibility and reducing the error derived from the in-plane position of the 

device.  Elastomeric nanostructured membranes were fabricated by infiltrating a 

close-packed layer of polystyrene nanoparticles with PDMS. The morphology, 

mechanical properties and colour tuning of the fabricated membranes were 

studied when exposed to bi-axial strains by applying pneumatic pressures. The 

suitability of white light interrogation to measure the fluid pressure is also 

demonstrated at the end of this chapter.  

 

 

5.2 Platform design and working principle 

 

The colour tuneable pressure sensing platform consists in an array of 

circular-clamped one-side nanostructured elastomeric (PDMS) membranes, 

integrated into microfluidics channels, as shown in Figure 5.1a. The working 

principle is based in the reflected colour change of the membranes, when 

illuminated with white light, under a uniform load stimulation [183].  

 

The wavelength change during the membrane deformation has two main 

possible contributions, as shown in Figure 5.1b i) an increase in the 

nanostructures pitch, J, which would produce a red shift on the diffracted 

wavelength, and ii) a change in the angle of incidence and reflection of the 

white light 'B y �(, due to the curvature of the membrane, which would 

produce a red or blue shift of the wavelength depending on the position of the 

membrane and the direction of the mechanical deformation. 

 

2� inverse colloidal photonic nanostructuration was selected, instead of 

3� photonic structures, for taking advantage of the associated angle change 

(due to the pressure induced membrane curvature) and maximize the shift in 

the reflected colour during the out-of-plane membrane deformation. 1� linear 

grating have the same sensitivity than 2� ones, but with a restriction in the 
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azimuth angle (angle in the membrane plane), being more critical the alignment 

of the light and the sample, and requiring more expensive fabrication process 

(top-down) especially for large fabrication areas. For 2� colloidal photonic 

structures, the incident diffracted light can be calculated from the planar 

grating equation [184] (equation (2.30) described in Chapter 2:). For a specific 

angle of incident and detection, the membranes will display a specific colour 

that can be easily measured by visual inspection or by using a camera 

(smartphone). Looking at the grating equation, the shift in the reflected colour 

during the out-of-plane membrane deformation can be maximized by measuring 

in Littrow configuration (equation (2.32)). For working in the visible range of 

the spectrum, colloidal spheres of 800	� and initial incidence angle of 30	� 

were selected. 

 

To increase the membrane deformation for a specific applied pressure, an 

elastomeric polymer such as PDMS was used for the fabrication of the 

membranes (low Young’s modulus). The PDMS is a hyperelastic polymer (it 

supports large deformations without deteriorating), with good biocompatibility, 

non-porous to the liquids, nontoxic, optically transparent and easily fabricated. 

Some authors use an incompressible isotropic hyperelastic constitutive model 

(neo-Hookean) to describe the mechanical response of PDMS membranes 

[185]. However, for small loadings, the complex hyperelastic model can be 

replaced by a linear elastic model (equation (2.10), 

 

� =
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QR
=  

 

where the behaviour and sensitivity of elastomeric membranes present a large 

dependency on the membrane thickness 2. In the case of thick membranes 

(maximum deflection is much smaller than its thickness) the shape of the 

deflection is determined by the bending moments acting especially at the rim 

where the membrane is clamped. When the membrane is deflected, its neutral 

axis is stretched, generating some stress according to Hooke’s law. For thin 

membranes (maximum deflection is larger than its thickness), the bending 

moments could be neglected, and the membrane deformation adopts a 

parabolic profile. A thick membrane would change its behaviour to a thin one as 

the pressure rises and the deflection is increased. In general, both bending 
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moments and stress could affect the membrane behaviour depending on the 

pressure applied. 

  

 
 

Figure 5.1. a) Scheme of the device ensemble, and b) schematics representation of 

the membrane bending and the two possible contributions to the change of the 

reflective colour. 

 

 

5.3 Device fabrication  

 

The pressure sensing platform was fabricated using a multilayer approach, 

as previously described in section 4.2. An initial one-side nanostructured 

elastomeric thin layer was prepared over a hard substrate (prepared using 2D 

CPhC as master moulds, as described in detail in Chapter 3:), (Figure 5.2a), 

which define the thickness of the suspended membranes. In this case, a PDMS 

thin layer of 50 y 2	� was prepared. Next, the elastomeric photonic thin layer 

was sandwiched between two substrates: one with perforated holes to define 

the suspended membranes dimensions (1.5 mm in diameter), and another one 

with straight microfluidics channels (as shown in Figure 5.2b).  Before peeling-

off the one-side nanostructured PDMS layer, a PDMS substrate with the 
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microfluidic network was bonded to it. The ensemble was then peeled-off from 

the glass substrate, and the nanostructured side was bonded to a COP 

substrate with perforated holes that define the array of membranes. The 

membrane shape and size was designed using a computer aided design program 

(Vcarve). The PDMS microfluidic network were fabricated by master moulding, 

using SU8 master moulds fabricated by standard photolithographic process, and 

bonded to the nanostructured membrane by oxygen plasma treatment. The 

COP substrates (188� thickness) were prepared using rapid prototyping 

techniques (drilling and rasterization micromachining), and silanized with 3-

(aminopropyl)triethoxysilane (AMPTS), previous to the bonding with the 

oxygen plasma treated photonic membrane. The integrated chip constituted of 

fifteen suspended membranes arranged in three independent channels.  

  

 
 

Figure 5.2. a) Schematic for INV-2D fabrication, b) chip integration by �0 plasma 

bonding, c) (down) coloured array of membranes with microfluidic system, and (up) 

shape of individual membrane.      

 

 

5.4 Characterization and Discussion 

 

During the fabrication of the elastomeric photonic membranes, scanning 

electron microscopy (SEM) was used to evaluate the packaging of the self-

assembled latex nanoparticles, the PDMS infiltration, and the voids left after 

the peeling process. Figure 5.3b (right) shows the high ordered 2D inverse 
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shape left into the PDMS after the peeling process which will work as 

diffractive surface with the ability to separate the different wavelengths of light. 

The bowl-shaped nanovoids have a mean diameter of 691	 y 	21	�, calculated 

from SEM images by using ImageJ software, and a height of about 320	�. 

The morphology characterization is explained in detail previously in section 

3.3.3.1.  

 

After the integration and packaging process, the final device is completely 

transparent, while the membranes exhibit a strong coloration at specific angles 

of diffraction, as shown in Figure 5.3. The lack of colour of the device out of 

the membranes is due to the squash of the nanostructures when bonded to the 

plastic substrate that supports them. 

 

 

Figure 5.3. Photograph of the final integrated device at two different angles, 

a)0	�, b) 25	�, and SEM images of the voids leaved on the PDMS. 

 

 

5.4.1 Mechanical characterization of the membranes 

 

The membranes behaviour under pneumatic deformations where 

experimentally characterized via confocal microscopy. Figure 5.4 shows the 

measured deflection at the centre of the membrane for a range of pneumatic 
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pressures of y3	���, and the fitting to the theoretical membrane deflection 

model described by equation (2.10).  

  

For a pressure range of y3	��, equation (2.10) fits well the 

experimental data, suggesting that the fabricated suspended membranes behave 

as a thin membrane for this range. Young’s modulus and residual stress values 

of 1	��� and 0.02	���, respectively, were found from the fitting when 

considering a Poisson ratio of 0.5, membrane thickness of 50	μ and 

membrane radio of 0.75	,  which are in the range of the reported values for 

PDMS membranes [136]. In the low pressure range, between −1 and 1	���, 

the measured membrane deflection is smaller or in the order of the membrane 

thickness. In this case, the experimental data can be fitted to the first two 

terms of equation (2.10). For the same fixed conditions than before, the found 

Young’s modulus and residual stress values were 1.3	��� and 0.02	���, 

respectively, in accordance with the values found when fitting to the whole 

equation. This behaviour suggests that for small loadings the use of the linear 

elastic model is suitable. 

 

 
 

Figure 5.4. Pressure-deflection curve obtained by confocal microscopy for a 50	μ 

thickness nanostructured membrane, and fitting of the experimental values to equation 
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(2.10) (in black, +	 = 	0.989) and to the first two terms of equation (2.10), (in red, 

+	 = 	0.965). 

 

 

5.4.2 Membrane sensitivity characterization: position dependency.  

 

UV-Visible reflection spectrometry was used to characterize the colour 

response of the photonic membranes by applying incremental constant 

pressures.  

 

The colour response of the membrane under pressure deformations were 

analyzed for a low pressure range of y	1	���, focusing at different positions of 

the membrane. Figure 5.5 shows a scheme of the positions of focus analysed, 

and the pressure-wavelength curves obtained in each case. The maximum 

wavelength change is different depending on the region of focus, being higher 

when focusing near the border of the membrane, in positions 1 and 5, where 

the angle changes are larger. The minimum induced wavelength change was 

measured when focusing at the center of the membrane. In this position, the 

angle contribution to the wavelength change is smaller, but still not negligible 

due to the size of the spot, and the contribution of the period change.  
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Figure 5.5 UV-Visible characterization curves performed at different positions of the 

membranes, for a range of pressure between −1	��� and 1	���. 

 

 

5.4.3 Pressure sensitivity analysis by UV-Visible spectroscopy 

 

A customized UV-Visible set-up and custom software based in Python 

language [186] was developed to simultaneously monitor the spectra, find the 

wavelength peak and measure the pressure.  The pressure sensing platform was 

mounted on a two dimensional lineal stage to select the membrane and the 

measurement position. Out-of-plane deformations (bi-axial strains) were 

produced in the membranes by a controlled pneumatic pressure injection into 

the microchannels. A pressure sensor (DP-101A-E-P), connected at the 

microchannel output, was used to measure the applied pressure. A syringe was 

used to control the pressure. 

 

The diffracted colour was measured by using a bundle reflection probe in 

a Littrow configuration [187], with an angle between the probe and the normal 

to the membrane of 30°. At this configuration, the expected theoretical 

diffraction wavelength considering the mean pitch value of 745	� obtained 

from the SEM images is 645	�. The experimentally measured diffracted 

colour of flat membranes was 647	 y 	4	�, as shown in Figure 5.5a, in 

accordance with the expected theoretical value. If the membranes are initially 

buckled, a change in the reflection wavelength is expected depending on the 

position of focus, due to the dependency of the angle of incidence and 

reflection of the white light with the curvature of the membrane, as previously 

shown in Figure 5.1b. A scan of the probe along the membranes shows that the 

membranes are initially flat and do not suffer from initial bending. Similarly, the 

reflected measured wavelength would increase or decrease for positive 

pressures, depending on the position of focus in the membrane, and vice versa 

for negative pressures.   

 

The colour response of the membranes under pressure deformations were 

analysed for a low pressure range of y	1	���. The obtained spectral peaks 

when focusing close to the left border of the membrane are shown in Figure 

5.7d. The small variations observed on the spectral intensity are due to changes 
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in the distance between the reflection probe and the membrane during the 

deformation process: negative pressures increases the probe-membrane distance 

(decreasing of the light collected by the reflection probe), while positive 

pressures reduce this distance. The photonic membranes show a linear 

behaviour (see Figure 5.7e) for the range of applied pressures (linear fitting 

with + = 	0988). Maximum experimental wavelength change of 117	� was 

measured when applying 1	��� pressure. This maximum wavelength change is 

different depending on the region of focus, being higher when focusing close to 

the border of the membrane where the angle changes are larger as shown in 

Figure 5.5. This result suggest that the main contributor to the diffracted 

colour shift is the change of the membrane curvature (change in the effective 

angle of incident and reflection), as described in Figure 5.3c. For a fixed 

position of the fibre (close to the border), the devices show a long-term 

stability as shown in Figure 5.6 . 
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Figure 5.6. Long-term stability of our signal (mean value of 3 different measurements 

in different days), both in air and liquid at 0.7	���	
. 

 

 

In an independent series of experiments, the colour change produced when 

focusing in a flat nanostructured PDMS was measured by changing the angle of 

incidence (see Figure 3.2a). In this case, a linear colour change that fits the 

Littrow configuration equation (2.32) for a particle diameter of 720	� was 

obtained, which matches the values calculated from the SEM images. A mean 

shift of around 20	� per degree was found.  
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Analysing the membrane profile, the vertical displacement at the centre of 

the membrane is 83	� when applying 1	��� pressure (obtained from the 

confocal measurements from Figure 5.4), which corresponds to an angle change 

of 6.5	� measured close to the border of the membrane. Considering a 

wavelength change of 20	�/�, the estimated change in the reflected 

wavelength is 120	� when applying a pressure of 1	���, which is very close to 

the experimentally measured value (117	�/���). This confirms that the 

contribution from the nanostructure deformation is negligible respect to the 

contribution from the angle change, for the low pressure regime. 

 

The sensitivity of the pressure sensor, �, can be defined as the slope of 

the relative wavelength change-pressure curve in Figure 5.7e: � = *'Δx/xR(/*�, 

where Δx = x� − xR, x� and xR denote the wavelength with the applied pressure 

and the wavelength at cero pressure, respectively, and � denotes the applied 

pressure. The sensor shows a sensitivity of 0.17	���	
 for the low pressure 

regime (−1 to 1	���). Higher sensitivities can be achieved by adjusting the 

diameter and thickness of the membrane. Considering only the elastic model 

(first term in equation (2.10)), larger deformations of the membrane would be 

obtained by increasing the ratio �U 2=⁄ . 
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Figure 5.7. a-c) Photographs and scheme of the fabricated pressure sensing platform 

and experimental set-up for UV-Visible spectrometry, d) colour response of a single 

membrane for pressure ranges between −1	��� and 1	���; e) calibration curve for 

positive and negative pressures (linear fitting with s�§�t	 = 	0.17	��	
 and + =

	0.988). 

 

 

5.4.4 Membrane sensitivity analysis by flow rate 

 

With the same channel configuration, the detection of the in-channel flow 

rates for different solutions was assessed. The pressure-flow characteristic of 

Newtonian incompressible fluid flow through a rigid rectangular microchannel 

with high aspect ratio (length/width) is given by Poisseuille’s law: ΔΡ =

12�¯//=Q, where ΔΡ is the pressure drop along the channel, ¯ is the flow rate, 

/ and Q are the length and width of the channel, respectively, and � is the 

viscosity of the fluid. This relation shows the dependency of the pressure with 

the viscosity of the solution inside the channel. However, because of the low 

aspect ratio of our channels and the deformation of the membranes when 

injecting the flow, the relation between the pressure drop along the channel and 

the flow rate is not-linear, unlike the rigid channel. Several authors have 

propose different models (depending on the channels dimensions) to explain the 

non-linear behaviour of microfluidics channels with flexible walls, demonstrating 

smaller pressure drop for a specific flow velocity than in the case of rigid 

channels [188]. For example, Gervais et al.'s model for flexible microchannel 

demonstrated that the flow rate is a quartic polynomial of the pressure drop 

[189], while for Christov et al. the flow rate is a cubic polynomial of the 

pressure159. 

 

Experimentally, the chip was connected to a high precision syringe 

pump, which pumped the solutions through the channel at rates from 0 to 

1	���	
. A scheme of the set-up configuration is shown in Figure 5.8a, 

where the commercial pressure sensor used to calibrate the system was 

connected between the syringe pump and the chip. Three water-glycerol 

solutions with different dynamic viscosity and density were prepared. The 

generated pressure increased non-linearly with the flow rate, and with the 

solution viscosity, as expected considering that the array of membranes inside 

the channel deform when applying a flow rate (Figure 5.8b). The experimentally 
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measured pressure is much lower than the expected from a rigid channel (dot 

curves in Figure 5.8b), in accordance with the behaviour of flexible channels 

[189]–[191] even though this models do not properly fit our experimental 

behaviour (data do not shown) due to the added complexity of having an array 

of flexible membranes along the rigid channel (instead of a continuous flexible 

wall). This non-linear behaviour is very clear when measuring the corresponding 

wavelength shift produced when increasing the flow rate and the fluid viscosity, 

due to the induced pressure change and the resultant deformation of the 

membrane (Figure 5.8b). In fact, the induced wavelength change increases with 

the flow rate following a third order polynomial. For flow rates larger than 

0.3	�/, which would produce pressures changes higher than y1	���, the 

wavelength-flow rate characteristic curve would exhibit a more complex relation 

due to the additional non-linear mechanical response of the membranes. For a 

specific flow rate, the wavelength change increases linearly with the fluid 

viscosity, and the viscous sensitivity increases for larger flow rates (shown in 

Figure 5.8c), as expected from Poisseuille’s law and compliant PDMS channels 

models (higher viscosity produce higher pressure changes, and therefore in our 

case, higher membrane deformation).  
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Figure 5.8. a) Scheme of the set-up configuration. b) Pressure-flow rate curve: 

experimental (continuous line) and theoretical expected values (dot lines) from 

Poisseuille’s law (rigid channels). c) Wavelength-flow rate calibration curve for 

solutions with different percentage of glycerol (four different viscosities). d) 

Wavelength dependency with the fluid viscosity for different flow rates. 

 

 

5.4.5 Image evaluation 

 

5.4.5.1 Smartphone-based set-up for image acquisition 

 

A prototype accessory was developed to convert a smartphone into a 

real-time imaging platform based on white light interrogation mechanism. The 

accessory was designed using a computer aided design program (Vcarve) and 

the different parts were fabricated out of black PMMA by laser engraving 

(Epilog Laser Mini 24). The accessory fixes the angle between the sensing 

platform and the smartphone to 30	̊. The smartphone flash LED is used as light 

source, illuminating the whole platform. Light reflecting off the pressure sensor 

surface is focused on the smartphone’s camera sensor by an external plastic 

imaging lens (�§D��	�t�±2/	 = 	24	).  

 

As a proof of concept, the chromatic response of the membranes under 

pressure stimulation was also evaluated by image colour analysis. Figure 5.9a 

shows a smartphone-based set-up developed to that effect. This methodology 

allows the simultaneous analysis of the whole array of membranes without the 

necessity of complex instrumentation. When applying an external pressure, the 

bending of the membrane produced a gradient of colours along the membrane 

(Figure 5.9b), due to the change on the effective angle of incidence and 

reflection of the light along the membrane profile, as previously observed by 

UV-Visible spectrometry.  

 

Figure 5.9b shows a sequence of images of a single array of membranes 

inside a channel when applying different pressures. The membranes show a 

large colour change when applying low pressures (−1 to 1	���), displaying 

colours strips (blue, green yellow and red) that correspond to the reflected light 

at different parts of the membranes with different local surface angle as a 

consequence of the curvature, as schematized in Figure 5.9c. A blue-shift and 
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red-shift is shown depending on the side of the membrane (named as up or 

down in Figure 5.9b) respect to the central part, where there is no effect of the 

curvature on the angle of incidence or reflection. Positive pressures produce an 

inflation of the membranes, as shown in Figure 5.9c. In this case, the bottom 

half of the membrane have incidence and reflected angles (respect to the 

normal to the membrane surface) that are smaller than the initial angle of 30	̊ 

(respect to the flat membrane), which produce a blue-shift of the reflected 

colour. In opposition, the upper half of the membrane presents an increase in 

the incident and reflected angle, producing a shift towards infrared values which 

are filtered-out in our conventional phone camera. When applying negative 

pressures, the behaviour is the contrary, showing the blue-shift in the upper half 

of the membrane. It can be observed that pressures change of 0.2	��� are 

clearly distinguishable by naked eye. 

 

 

Figure 5.9. a) Smartphone-based image acquisition set-up. b) Sequential images 

acquired for a range of applied pressures (−1��� to 1���). c) Image set-up scheme 

showing the angle change during membrane deformation and the associated colour 

pattern along the membrane profile. 
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Chapter 6: Surface-stress colorimetric sensors 

based in cantilevers. 

6.1 Introduction 

Surface stress sensors have been widely reported for many applications 

including detection of conformational changes of molecules, swelling, changes in 

temperature, or photo actuation [31], [192], [193]. Photothermal bimorph 

actuators have been used for many applications, including actuation [194], soft 

robotics [195], light mills [196], and frequency switches [197]. The photo-

sensitive material absorbs a specific or a broad spectrum of light and convert it 

to heat, producing a thermal expansion of the materials and a induced 

deformation [196]. Among the different photo sensitive materials used, 

molecules that support photoinduced molecular conformational changes is one 

of them. These materials allow the conversion of photoinduced effects at the 

nano scale into macroscopic deformation including bending, expansion, 

contraction, twisting, or rotation depending of the photostructural design and 

molecular photoreactions. Derivatives of azobenzene have been historically used 

to undergo photoisomerization and these have been widely studied as efficient 

photoisomers [198], [199]. Azobenzene and its derivatives undergo trans-cis 

isomerization upon UV irradiation, and cis-trans back isomerization by visible 

light irradiation producing large molecular conformation changes. Taking 

advantage of the isomerisation process, azobenzene derivatives has been used 

for many application including photo‐control of biological systems [198], 

photomechanically responsive materials [200], [201], [32], [202], [203], and 

microfluidics [204], [205], among others.        

 

 In this chapter, I describe a theoretical study of a surface stress 

colorimetric nanomechanical sensor based in cantilevers and demonstrate its 

performance for the detection of photo-induced molecular conformational 

changes. In this sensor, a diffraction grating is designed into one microcantilever 

surface, to produce a change in coloration when the cantilever deflects (acting 

as detection surface). With this focus, I analyse the colorimetric method 

(capabilities and limitations) when the cantilever deflects by surface stress. In 

the same way, the search of the optimum transducers parameters to maximize 
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both the mechanical response and the colour change associated is included. 

Parameters such as thickness of cantilevers, materials Young’s modulus, 

dimensions, refractive index, and pitch size of diffraction grating play an 

important role in the improvement of sensitivity of cantilevers. In the final part 

of this chapter, the cantilever colour changes due to the surface stress 

produced by a thin layer of photosensitive molecules disposed on the cantilever 

flat surface is analysed depending on the power of light. 

 

 

6.2 Working principle and sensor design 

 

 The working principle of a colorimetric sensor is based on the sensor –

cantilever- structural coloration change associated to the cantilever bending 

induced by surface stress changes (i.e. during biorecognition processes).  The 

mechanochromic cantilever (MC) consists on a one-side periodically 

nanostructured suspended material layer, fixed at one end (as shown in Figure 

6.1). The periodic nanostructuration works as 1D or 2D diffraction grating, 

producing a structural coloration of the cantilever under white light illumination 

(Figure 6.1a). The structural coloration observed depends on the grating pitch, 

and the angles of incidence and diffraction of the light. Changes in the 

cantilever curvature produce a change in the coloration observed, especially at 

the cantilever free end, being possible to detect the cantilever displacement 

generated by changes in the cantilever surface stress by analysing the structural 

colour by image analysis. The main advantage of this approach is the capability 

to detect many transducers by using a single while light source and a single 

camera (i.e. smartphone). 
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Figure 6.1 Working principle of surface stress colorimetric cantilevers: a) changes in 

cantilever coloration due to the system curvature (nanostructure can be 1D or 2D 

diffraction gratings), b) lateral profile of nanostructured cantilever under bending by 

the action of surface stress induced in the sensing layer. 

 

 

6.2.1 Materials: optomechanical properties for cantilevers development. 

 

 Silicon-based materials have been historically used for cantilever 

fabrication for their optical and mechanical properties. With aim of 

development a low-cost sensor, the main drawback of silicon materials based 

cantilevers is the cost of the material and the needed of microfabrication 

processes, which increase the total cost. Polymeric materials offer a good 

alternative to develop low-cost cantilevers based sensors. Due to the high 

Young’s modulus of silicon based cantilever, the deflection reported are in the 

nanometric order. On the other hand, polymeric materials offer a wide 

possibility to be used to fabricate cantilevers in different sizes and thicknesses. 

The low Young’s modulus of polymeric materials compared with silicon-based 

materials allows to increase the bending’s to micrometric orders. Polymeric 

materials, besides being cheap are easily nanostructured (Demonstrated in 

Chapter 3:). In comparison to their low cost and good mechanical performance, 
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the polymeric materials exhibit refractive indexes (�) below 2, which reduce 

their applicability for some optical applications where high refractive index 

contrasts are required. Diffraction of white light can be achieved by using a 

nanostructured polymeric material in air (�Z%] = 1), or even in water (�¢ZY\] =

1.33) for materials with �¢ZY\] w � > �Z%]. Higher refractive indexes are 

preferred to increase the index contrast and increase the diffraction efficiency. 

Table 6.1 shows the Young’s modulus and refractive index of potential 

materials to develop nanostructured cantilevers.  

 

Material ² (Pa) ³ 

PDMS 1.8x106 1.41 

Polyimide 2.5x109 1.70 

PMMA 3.0x109 1.49 

PS 3.4x109 1.57 

PEEK 3.6x109 1.70 

SU-8 6.0x109 1.59 

Silicon 1.79x1011 3.97 

 

Table 6.1 Materials Young’s modulus (E), and refractive index (�). 

 

 

6.2.2 Optomechanical transduction 

 

During a biosensing assay, the target molecules interact with the receptor 

film (antibodies, probe DNA, polymers, metal film, etc.) deposited over one side 

of the cantilever structure, generating a surface stress induced bending of the 

cantilever free end. The origin of this local stress is owed to the cantilever 

surface reconstruction due to: the covalent bonding of surface atoms and the 

linker molecule, intermolecular forces between absorbed molecules (van der 

Waals, steric hindrance, hydrogen bonding or electrostatic), configurational 

entropy or change of electronic charge density, etc. The resulting surface stress 

can be compressive or tensile, depending on the surface energy. The relation 

between the surface stress and the resulting cantilever bending is described 

using Stoney’s equation (Eq.(2.9) described in section 2.2). The resulting 

cantilever bending, and therefore the cantilever sensitivity to detect surface 

stress changes associated to molecular adsorption depends on the cantilever 

material and shape.   
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For the case of a nanostructured cantilever, the diffracted light from each 

corrugation of a diffraction grating interfere constructively for a set of discrete 

angles for a given spacing, J, between corrugations, represented by the grating 

equation (eq.  (2.30), described in section 2.4.1). Another property of the 

polymeric materials, not mentioned before, is their transparency. The high 

transparency of polymers makes them ideal for working in the transmission 

configuration, reducing the reflected percentage of light. For that reason, both 

transmission and reflection diffraction, are studied in this section. Following the 

grating equation, either for reflection or transmission, the algebraic signs of the 

two angles differ if they are measured from opposite sides of the grating 

normal. A particular case is that in which the light is diffracted back toward the 

direction from which it came, Littrow configuration (Equation (2.32), described 

in section 2.4.1).  

 

For a particular set of values of J, and the angles B and u, the grating 

equation is satisfied by more than one wavelength. For that reason, white light 

striking the grating is decomposed into its component colours, being each 

colour diffracted along different direction in such a way that shorter 

wavelengths exit with an angle closer to the normal than longer ones (Figure 

6.5). The observed colour would therefore depend on the corrugation pitch, 

angle of incidence of the light, and the observer distance and position from the 

grating, due to the angular dispersion of the diffracted light. 

 

When considering the grating on top of the cantilever surface, the 

observed colour will be affected by the cantilever curvature radio, which induces 

a change in the effective angle of incidence and diffraction of the light respect 

to the normal to the cantilever surface. The grating equation (Eq. (2.30)) is 

modified as:  

 

 x = Jrst�'B + �( + st�'u + �(v (6.1) 

 

where α is the angle deflected by the cantilever free end, which can be positive 

or negative depending of the tensile or compressive generated stress. Figure 6.2 

shows the different light diffraction-cantilever for reflection configuration and 

sign convention for a cantilever under bending. 
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Figure 6.2 Diffraction of nanostructured cantilever for an incident angle B, and 

diffracted angle u, in reflection: a) unstressed cantilever, b) sensing layer under tensile 

stress (positive deflection), c) sensing layer under compressive stress (negative 

deflection). 

 

 

For positive and negative deflections (Figure 6.2bc), the specular order 

R and Y| diffracted orders shift by twice the � angle. 

 

In the case of transmission (Figure 6.3), the specular order R goes 

straight through the grating surface and it is not affected by � angles. Since 

higher orders of diffraction follow the R order, the Y| order of diffraction is 

almost unaffected when the cantilever is under bending at y� angles for 

positive and negative deflections. 

 

 
 

Figure 6.3 Cantilever in transmission: a) diffraction orders for an unstressed cantilever, 

b) shift anticlockwise Y| orders for tensile stress, c) shift clockwise Y| orders for 

compressive stress. 

 

 

Analysing the relationship between deflection and surface stress, the 

equation (2.8) can be modified to represent the � angle changes as � = 2∆F/>. 

Including this expression in the modified grating equation (Eq. (6.1)), the 
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expression used to calculate the colour change due to surface stress can be 

expressed by: 

 

 x = Jrst�'B + 2∆F/>( + st�'u + 2∆F/>(v (6.2) 

 

where ∆F can be calculated by Stoney’s equation (Eq. (2.4)) including the sign 

convention for reflection and transmission configuration.  

 

In the case of Littrow-configuration, the orders shift is similar to the 

reflection case. In this case, the limit of Litrow-configuration occurs when B~ =

� for positive deflections. In the case of negative deflections, when the � angle 

exceeds the first order angle range, an overlapping with Y|{
 would be 

produced.  

 

For cantilevers based on 1D or 2D diffraction gratings (Figure 6.1), the 

Littrow-configuration would satisfy the condition at different angles (Section 

2.4.1.3) due to the round groove shape. With this assumption, it’s possible to 

achieve a uniform shift in coloration at different � angles with a minimum 

intensity change (Figure 3.13a). 

 

 
 

Figure 6.4 Cantilever in Littrow-configuration, a) Y| diffraction orders for 

unstressed cantilever, b) Y| shift by tensile stress and, c) compressive stress. 

 

 

The expression used to calculate the colour change associated to the 

cantilever deflection for Littrow configuration is derived from the modified 

equation (6.2) and summarized as follow:  

 

 x = 2Jrst�'B~ y 2∆F/>(v (6.3) 
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Where the sign is defined by � for positive or negative deflections (Figure 

6.4bc).  

 

 

6.3 Cantilever colour change by surface stress: Analytical study 

 

6.3.1 Grating spacing dependence 

 

According to the main diffraction equation, the colour change associated 

to the cantilever bending depends directly of the grating spacing. In this way, 

for higher values of J, small changes of B are required to achieve larger changes 

in colour under the visible band. Figure 6.5 shows the spectra calculated for J 

values from 400	� to 1600	� for Littrow configuration. A range of values of 

J and B~ are valid to achieve a reflected wavelength in the visible range of the 

spectrum. Increasing the grating spacing force to work at smaller angles, which 

could be a limitation to set-up the image detention system (cameras and light 

source).  

 

 
 

Figure 6.5 Spectra calculated for 1D-grating in Littrow configuration for grating 

spacing, J, from 0.4� to 1.6	�, and incident angles from 0	� to 75	�, a) 

visible range section, b) zoom of the visible range, (shorter wavelengths exit with 

an angle closer to the normal than longer ones). 

 

 

6.3.2 Mechanical bending 
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According to Stoney’s equation. the cantilever deflection (∆F) increase for 

higher length (>) to thickness (/)  ratio. The expected cantilever deflection for 

different materials and >// ratio is represented in Figure 6.6a by assuming a 

surface stress change of 0.1	´/. In the case of PDMS cantilevers, higher 

deflections are achieved due to its low Young’s modulus in comparison with 

other polymers and silicon materials (Table 6.1). However, PDMS is an 

elastomeric material difficult to manipulate to fabricate suspended structures 

with a high aspect ratio. In opposition, other polymers such as SU-8 or 

polyimide allows the fabrication of very thing and long structures, which make 

possible the fabrication of cantilevers with similar sensitivity to PDMS 

cantilevers. Figure 6.6b shows the cantilever deflection of different polymers 

and PDMS for two >// ratios, 3000 and 100 respectively. A referential range 

of surface stress from 10	´/	 to 1	´/ was used to calculate the deflection 

(the referential range was obtained from surface stress measured by biosensors 

based on cantilever [206]–[208]). 
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Figure 6.6 a) Cantilever deflections considering a  surface stress $ = 0.1	´/. b) 

Detection limits for a fixed L/h ratio (>// = 100, PDMS, and >// = 3000, polymers 

and silicon), and different $. The cantilever deflection increase proportionally as 

surface stress increase. 

 

 

For a PDMS cantilever with > = 1500� and / = 20	�, the length and 

thickness relation will be >// = 75. For a surface stress $ ≈ 0.1	´/ [207], the 

deflection of the cantilever will be ∆F = 4.8	�. In order to achieve a similar 

deflection with other polymers, the relation >// should be much higher. As 

example, >// will be around 2571 for polyimide cantilevers. This relation 

represents to have a cantilever with > = 1500	� and / = 0.6	�, which is 

technological limited for polyimide. 

 

 

6.3.3 Colour change 

 

The colour change associated to the deflections induced by surface stress 

changes showed previously in Figure 6.6 was calculated for silicon, PDMS, and 

polymeric nanostructured cantilevers. For this propose, the angles B and u 

where fixed leaving free � as a surface stress depended variable. The grating 

spacing J was fixed to 1600	� expecting to have high ∆x for small angle 
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changes (see the grating spacing dependence in Figure 6.5). ∆x was calculated 

for a range of >// values taking the maximum value for polymers and silicon 

>// = 1500, and >//	 = 50 for PDMS.  

 

The relation >// = 1500, can be the equivalence to have a cantilever with 

1500	� and 1	� for length and thickness respectively. For PDMS, the 

relation >// = 50 would be the equivalence to > = 1500 and / = 30	�. This 

thickness can be easily achieved by spin-coating process. 

 

Reflection configuration 

 

Figure 6.7 shows the change in colour associated to positive deflections 

measured in reflection configuration for a grating pitch of 1600	�. In this 

case, the angle of incident light was fixed to B = 20	�, the outer diffraction 

angle to u = 0�, and the angle � was calculated from the deflections ΔF 

showed in Figure 6.6. For this angle configuration, the initial colour for an 

unstressed cantilever is x = 547	nm. Using the equation (6.2), the ∆x was 

calculated taking into account the sign convention. 
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Figure 6.7 a) Colour change associated to $ = 0.1	´/ for polymers, silicon and 

PDMS, b) colour change calculated for a referential surface stress range; from 

10	´/ to 1	´/. 

 

 

For >// from 0 to 1500, the ∆x calculated for cantilever deflections 

gives a colour change from 5� for SU-8 to 12	� in the case of PMMA. For 

PDMS cantilevers, the colour change reaches 14	� for >// from 0 to 50, and 

for silicon less than 1� (Figure 6.7a). Larger surface stress changes would 

produce higher colour changes (Figure 6.7b). For $ = 1	´/, the ∆x reaches 

50	� for SU-8 and 126	� for PMMA, 2,6	� for silicon, and 94	� for 

PDMS. 

 

 

Transmission configuration 

 

For transmission configuration, the colour associated to deflections are 

calculated for positive deflections. Again, the equation (6.2) was used taking 

into account the sign convention.  

 

In this case, the angle of incident light was fixed to B = 0	�, and the 

outer diffraction angle to u = 20	�. For this angle configuration, the diffracted 
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wavelength is 547	� for an unstressed cantilever. From this initial wavelength, 

the colour change is close to 1	� for a surface stress of 0.1	´/ in the case 

of polymers and PDMS cantilevers as shown in Figure 6.8a. 

 

By increasing the surface stress until 1	´/, the ∆x reaches values from 

4� to 10	� in the case of polymers, and 12	� for PDMS cantilevers as 

sown in Figure 6.8b. These small changes in coloration satisfy the condition for 

transmission configuration, where the diffraction is minimally affected by the 

cantilever deflections. 
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Figure 6.8 Colour change in transmission configuration for: a)	$ = 0.1	´/, b) from 

10	´/ to 1	´/. (Silicon cantilever is not included in this calculation due to its 

low transparency). 
 

 

Littrow configuration 

 

For the case of Littrow configuration, B~ was fixed at 10�. Using the 

equation (6.3), changes in coloration associated to positive deflections were 

calculated. The initial x calculated for an unstressed cantilever was 555	�. 

The Δx calculated for a surface stress of 0.1	´/ where from 5	� to 14	� 

for polymers, and 15	� for PDMS cantilever. For silicon-based cantilever Δx is 

less than 1� (Figure 6.9a). For $ = 1	´/, the colour change calculated was 

from 50	� to 130	� for polymers and 97	� for PDMS cantilevers. In the 

case of silicon-based cantilever the calculated Δx was 2	� (Figure 6.9b). 
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Figure 6.9 Colour change for polymeric and PDMS cantilevers in Littrow 

configuration, a) $ = 0.1	´/, b) from 10	´/ to 1	´/. (Silicon cantilever is 

included for comparison proposes). 
 

 

According to the Figure 6.10, for a PDMS cantilever with >// = 40, 

subjected to $ = 1	´/, the calculated deflection angle is � = 1.8	�. This small 

angular change produces a change in colour of 94	� for reflection, 96	� for 

Littrow configuration, and 7	� for transmission. Reflection and Littrow 

configuration have a small difference in colour sensitivity. For transmission 

configuration, the change in � by surface stress produces a minimum colour 

change in comparison with reflection and Littrow configuration in first order 


.  
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Figure 6.10 Comparison of colour change for a PDMS cantilever (L/h=40), and 

deflection angle associated to colour change for reflection, transmission, and Littrow 

configuration. 

 

 

Beside the cantilever’s dimensions and material, the surface stress 

produced by the bio-chemical reaction is as well a key parameter to increase the 

bending amplitude of mechanical biosensors as demonstrated in the calculation 

of ∆F (Figure 6.6). Highly different values of surface stress have been reported 

depending on the forces playing role during the bio-chemical interaction. 

Chemical reactions, volume change of film polymers, self-assembled monolayers 

formations and large proteins interactions report surface stress values larger 

than 0.1	´/, while the detection of small molecules such as pesticides 

produce values of about 8		´/ [206], [207]. Silicon or silicon nitride 

microcantilevers has been conventionally used for the detection of bio-

recognition or conformational changes of biological molecules. Deflection in the 

order of  ~100	� have been reported, as consequence of induced surface 

stress changes of 0.1 − 0.01	´/, depending on the application/molecules. 

Surface stress changes as small as 0.001	´/ are expected when working 

with biological layers. 

 

In other hand, from an optical point of view, the higher sensitivity of the 

colour response corresponds to the Littrow configuration, because of the higher 
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dependency on the angle change. In this way, the colour change associated to 

small deflections due to low surfaces stress can be read. For a colour change 

around 3	� produced by a surface stress of 0.1	´/ a cantilever shape 

relation >//	 = 750 is required for polymeric materials (polyimide). Fixing the 

cantilever length to 1500�, the thickness should be as thinner as 2�. For 

bends produced by lower surface stress as detected for biological monolayers 

0.001	´/, the cantilever shape relation should be up to >//	 = 3000, which 

may have some restrictions related to the fabrication technics, nanostructure 

height, and initial bending due to residual stress. According to this drawback, 

the minimum surface stress detected would be $	 = 	0.05	´/ in order to 

produce at least 3	� of colour change with polymeric cantilevers. 

 

In the case of PDMS, high bends can be achieved with low surface stress 

changes. For the case of biological monolayers with surface stress of 

0.001	´/, the cantilever shape relation should be >//	 = 231, fixing the 

cantilever length to 1500	�, the thickness should be around 6.5	� in order 

to achieve a colour change of 3	�. This cantilever thickness can be easily 

achieved using the fabrication technics described in Chapter 3: for 

nanostructured PDMS-based cantilevers. The possible drawback can be the 

initial bending due to residual stress and difficulty to manipulate cantilevers with 

this thickness.   

 

The minimum value of colour change -3�- was considered in relation to 

the experimental signal noise ratio �/+ of colour measurements made in section 

5.4.4: colorimetric membrane sensitivity analysis by flow rate using UV-Visible 

spectrometry (Flame spectrometer from Ocean Optics). 

 

6.4 Surface stress by molecular structure change 

 

In this subchapter, I demonstrate the capability of polymeric 

mechanochromic cantilevers to quantify photo-induced molecular 

conformational changes through its conversion to colour changes (Figure 6.11) 

by the use of a low cost RGB camera. We study as well two different 

diffraction configuration schemes and their effect on the final device sensitivity. 

 

Photo-sensitive azobenzene molecules, which present a reversible 
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photoisomerization from the thermally stable 2g��s (.) to meta stable D�s(µ) 

states, were used to demonstrate the actuation and sensing mechanism of 

structural conformational changes upon exposure to UV light. Azobenzene 

molecules and polymers has been used to induce bending of coated 

microcantilevers [203], and develop a large amount of photo-actuators with 

applications in light-driven robotics, artificial hands, sensing in biology, or even 

for light energy harvesting [199], [209].  

 

Two light diffraction configurations (transmission and reflection) were 

studied. Higher sensitivities were achieved when using the reflection 

configuration according to the cantilever diffraction angle dependence. 

 

 
 

Figure 6.11 Orientative schematic for a colorimetric PDMS cantilever deflected 

by azobenzene conformational changes. 

 

 

6.4.1 Cantilevers fabrication and integration 

 

For cantilevers fabrication, a thin layer of PDMS was spin-coated over the 

1D lineal PDMS master (see section 3.2.), achieving 50	� thickness layer 

after curing at 80	�p for 30 minutes in an oven. The PDMS relation was 10: 1. 

An array of cantilevers previously designed was cut by laser. The final PDMS 

cantilevers have one side corrugated surface by 1D linear diffraction grating 

with 600	±g§§5ts/ and dimensions > = 1500	�, / = 50	�, Q = 500	� 

for length, thickness and width, respectively.      
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Before peel-off, the cantilevers were cleaned from residues with ethanol in 

order to avoid optical artefacts, and covered with a layer of azobenzene 

molecules. Azobenzene based solution was prepared by dissolving 20	± of 4-

(Dimethylamino)azobenzene-4′-sulfonyl chloride (Dabs-Cl) in 2	� of 

Dimethylformamide (DMF) stirring for 30 minutes at room temperature into a 

fume hood until achieve a uniform liquid solution. 

 

The non-corrugated cantilevers surface was activated by oxygen plasma 

for 50 seconds at 40	¨ of power, and 10	�/�� of oxygen flux. 5	�� of Dabs-

Cl solution was released on the activated cantilever surface, then evaporated in 

oven for 10 minutes at 70	�p for helping to achieve a uniform layer. The 

cantilevers were peel-off from the master with help of a thin piece of COP 

leaving suspended the cantilevers. The COP surface was previously coated with 

APTES silane to be able to bond the PDMS by oxygen plasma treatment [210]  

. After evaporation, the cantilevers were stored in a black box in order to avoid 

the direct light exposure.    

 

 
 

Figure 6.12 Array of cantilevers illuminated at (left) 0	�, and (right) ~3	�. 

 

 

6.4.2 Characterization  

 

The corrugated cantilever face was morphological analysed by electron 

microscopy to check that the grating grooves are in the direction perpendicular 

to the cantilever orientation (Figure 6.13, up). Changes in the grating direction 

give non-uniform cantilever coloration due to the azimuthal angle dependence. 

The thickness of the azobenzene layer was 3 y 0.5	�, measured by confocal 

microscopy (Figure 6.13, down). The uniformity of the azobenzene layer can be 
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optimized by spin coating deposition, controlling the layer thickness by spinning 

rate regulation. 

 

 
 

Figure 6.13 Activated PDMS cantilever: SEM image of the replicated 1D 

grating (up) and sensing layer of azobenzene (Dabs-Cl) of 3.5 y 5	� thickness 

(down).  

 

 

During the bending experiments, the cantilever profile and the cantilever 

free-end displacement were monitored by using an USB-microscope (Dino-Lite) 

situated perpendicular to the cantilever length. An image analysis software 

(Image J) was used to measure the free-end displacement and the angle change 

from the acquired images.  

 

Simultaneously, the cantilever deflection was measured by analysing the 

colour diffracted by the corrugated surface in two different set-up 

configurations: transmission and reflection. In both cases, a collimated white 

light (halogen lamp Ocean Optics) and USB-microscope were used. The angles 

of incidence of the light and the angle of reflection and transmission were 
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selected in order to work in the visible range (Figure 6.14). For the fabricated 

corrugated surface with a periodicity of ~1600	�, angles of incidence of B =

25	� and u = 0	� for reflection, and  B = 0	� and u = 25	� for transmission 

configuration were chosen, as shown in Figure 6.14. 

 

 

 

 
 

Figure 6.14 Angle configuration and set-up for a) reflection and b) transmission 
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Image processing was performed using free ImageJ software. For colour 

evaluation, a region of interest (ROI) at the cantilever free-end was marked in 

the resulting colour images to calculate the mean RGB values.  Finally, the 

RGB values were converted to the HSV (Hue, saturation, value) colour space, 

were the H value represent the colour. 

  
 

6.4.3 Results and discussion  

 

6.4.3.1 Curvature analysis and z displacements: 

 

The cantilever has an initial residual deflection due to the fabrication 

process. The measured initial cantilever displacement and deflection angle were 

F% = 138.26	� and �% = 10.48	� respectively. 

Free bending experiments were first conducted to quantify changes in bending 

deformation upon irradiation to UV light of several powers.  During the 

exposition to UV light at 360	� to irradiate the azobenzene layer, the 

cantilever bent down toward the azobenzene layer side, producing a decreasing 

of the cantilever initial curvature. The free-end displacement ∆F increases 

proportional as the power of the UV light increase.  

 

 
 

Figure 6.15 a) Cantilever curvature with initial displacement F% at angle �
 before UV 

exposure (UV-OFF), and during UV exposure (UV-ON) where the free end deflects 

until F� at �� for a power of 724	¨/D0, b) cantilever free end displacements and 



 

Chapter 6: Surface-stress colorimetric sensors based in cantilevers. 117 

deflection angles for a reference PDMS cantilever and PDMS cantilever with 

azobenzene (Dabs-Cl), obtained by image analysis. 

 

 

The cantilever bending toward the azobenzene layer side is due to a 

compression of the azobenzene layer (negative surface stress) during the 

isomerization process. The isomerization process involves a decrease in the 

distance between the two carbon atoms in position	4 of the aromatic rings of 

azobenzene, from 9.0	Å in the 2g��s form to 5.5	Å in the D�s form [211] leading 

to volume and shape changes of the azobenzene layer. An increase of the 

volume occupied by the cis-azobenzene induce the cantilever deformation, 

reducing the cantilever initial curvature (see Figure 6.14a). Mirkin et al. 

estimated that D�s − 1 occupies approximately 1.5	– 	2 times the cross-sectional 

area occupied by 2g��s − 1 [212]. For the thin layer of azobenzene deposited in 

the cantilever, the volume changes increase proportional to the exposure power 

increase. During trans-cis reaction, azobenzene does not suffer and can be 

isomerized on a timescale of microseconds down to sub‐nanoseconds, reversibly 

10¸– 10© times before fatigue [209], [211], [213]. 

 

 

6.4.3.2 Curvature analysis and colour change: 

 

The PDMS cantilevers are transparent, which is ideal for working in the 

transmission configuration, achieving a vivid red diffracted colour when 

detecting the first diffracted mode (Figure 6.16). Due to the initial residual 

deflection, a gradient of colours can be observed along the cantilever, with the 

larger change close to the free-end. However, transmission configuration is less 

sensitive to small rotations of the grating respect to the normal (bending) than 

the reflection configuration, where for a fixed incident ray, the difference 

between initial and final reflection is twice the angle through which the sample 

has rotated. u� = 2� (as demonstrated in section 6.3.3). This behaviour is 

repeated at the difference diffraction orders.  

 

Figure 6.16 shows a sequence of cantilever images acquired at reflection 

and transmission configuration for several UV light power. Working in the 

reflection configuration is trickier, and the reflected colours are no so vivid or 

easy to detect due to the cantilever transparency. In both cases, due to large 
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initial bending, the cantilever shows a gradient of colours along its length. This 

behaviour is highlighted at the reflection configuration.  

 

During the exposition to the UV light, the cantilever bent down toward 

azobenzene layer side, producing a reduction of the cantilever curvature and a 

reduction of the colour grading along the cantilever (as shown in Figure 6.16). 

Depending on the initial deformation and the power applied, the cantilever will 

reduce its curvature until reach a flat position, and will continue its 

deformation, increasing its curvature in opposite direction to the initial one and 

therefore increasing again the colour gradient. The cantilever show in Figure 

6.16 in transmission configuration shows exactly this behaviour. The initial 

colour gradient is reduced until reaching a practically flat position for 

289.6	¨/D0 power, and increases again its gradient for higher powers. 

Control experiments were performed with a bare PDMS reference 

microcantilever. No deflection of this cantilever was observed upon exposure to 

the 365	� UV light (Figure 6.15b).  

 

 

 

Figure 6.16 Cantilever coloration change at different UV power exposure for reflection 

and transmission configuration. 

 

 

During the bending experiments, the maximum deflection occurs at the 

cantilever free-end (region of study Figure 6.17a, (up)), being therefore that 

section the one displaying the maximum colour change due to the grating angle 

dependence. In this case, each state of cantilever before and during the 
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exposure was captured at 10	��±ts/s rate, and then extracted the ∆/Kt 

values of each image to be represented in function of time. Figure 6.17bc(up) 

shows the ∆/Kt values for a periodical sequence of 3 seconds exposure at four 

different UV powers and 4 seconds of exposure absence.  

 

For reflection configuration (Figure 6.17b, (up)), after the first power 

exposure (72.4	¨/D0), the cantilevers deflection gradually returned to its 

original hue colour during the 4 seconds of exposure absence. For this first 

power was assumed that just a small percentage of azobenzene molecules reach 

the isomerization process giving a small colour change near 4	�. For the second 

power exposure (289.6	¨/D0), the cantilever achieve 109	� of ∆/Kt, and 

for the third power (506.8	¨/D0), ∆/Kt was 233	�. In both cases, the 4 

seconds of exposure absence was not enough to the cantilever deflection totally 

returned to its original position. For the fourth power (724	¨/D0), the 3 

seconds exposure was enough to achieve 343	� of ∆/Kt colour. In this case, 

around 10	seconds without exposure was needed to return the cantilever to its 

original position.  

 

For transmission (Figure 6.17c, (up)), the 4 seconds of exposure absence 

seems to be enough to return the cantilever to its original position. In this case, 

the colour change for each power was less sensitive compared with colour 

change obtained in reflection configuration, being needed larger deflections to 

achieve higher ∆/Kt values. According to experimental results, the detection 

relation was 0.47�/¨, and 0.095�/¨ for reflection and transmission 

respectively. Comparing this two values, the reflection configuration is more 

sensitive than transmission in ~10: 2 ratio.  

 

The theoretical sensitivity for transmission configuration was illustrated in 

Figure 6.10 for PDMS cantilevers and for a surface stress range, where, the 

colour change was measured in wavelength. Therefore, the relation between the 

attribute hue and wavelength is led by the perception of the dominant 

wavelength and calculated performing a comparison between scales for hue and 

wavelength (Figure 6.17a, (down)) 
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Figure 6.17 a)(up) Cantilever showing the region of interest (ROI) for image analysis, 

(down) visual relationship between wavelength and Hue colour scale. (b, c) Hue colour 

change by UV power exposure for Reflection and Transmission configuration, (up) Hue 

changes due to 3 seconds UV exposure at different powers, (down) Hue change due to 

continuous exposure at 53.7	¨/D0 UV power. 

 

 

By evaluating the cantilevers under continuous UV exposure, the 

cantilevers reach stabilization at its maximum deflection after 10 seconds at 

53.7	¨/D0 of power exposure. For reflection configuration, the 

corresponding ∆/Kt value was 251	� (Figure 6.17b, (down)). This same 

experiment was performed for transmission configuration; in this case, a 

maximum ∆/Kt = 16	� was achieved in the first 4 seconds of exposure. Given 

the high sensitivity of reflection configuration, the small perturbations detected 

when the cantilever was on the maximum deflection gave a colour change of 

(y7.5	�). In contrast, in the transmission configuration the small perturbations 

gave a colour change ~1	� (Figure 6.17c, (down)).     

For a periodical sequence of exposure at the same UV power,  53.7	¨/

D0, the cantilevers were irradiated alternating between on to off in a period of 

10 seconds. The cantilever was stabilized at 10 seconds of exposure; when the 
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exposure was removed, the cantilever deflection gradually returned to its 

original position as shown in Figure 6.18. After the first 10 seconds pulse, the 

sequential maximum deflections were stabilized at 256 y 4	�. 

 

 
 

Figure 6.18 ∆/Kt measured in reflection configuration for periodical 

switching on-off at 53.7	¨/D0 UV power. 

 

 

The average RGB of the ROI was used for the HSV scale transformation. 

Therefore, the non-uniform coloration of the surface can modify the final 

average value to be transformed. For high colour changes, small irregularities 

can be not considered, but for detection of small changes, the few irregularities 

can modify the final colour transformation.  

 

For these experimental results, most of colour irregularities are due to the 

initial bending and changes in the azimuthal angle of the cantilever. In this 

sense, future work would include the optimization of the detection method and 

the cantilever fabrication (alignment of the grating with the cantilever length). 

The initial bending can be reduced by changing the thin layer of azobenzene 

molecules by an azobenzene polymer monolayer (SAM), and the azimuthal 

angle dependence can be solved by using 2D nanostructures instead of linear 

diffraction gratings.   
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Chapter 7: Conclusions 

The development of this thesis has led origin to a new kind of mechanical 

sensors based on colorimetric response for different application areas such as 

health, environment, optofluidics, radiation detectors, among others. These 

sensors change their colour intrinsically by external mechanical actions without 

the need of labelling, and allowing the monitoring in real time by a detection 

system of simple implementation. Following the trend of current advances in 

BIOMEMS technology, the developed sensors are based in low-cost and rapid 

fabrication processes, compatible with microfluidics platforms for POC 

applications. 

 

For the optimum design of sensors, an analytical study about the physics 

of mechanical transducer (cantilevers and membranes) has been performed. In 

this study, the cantilever bending when it is working in static mode was 

analysed, including the relationship between deflection and surface stress 

associated. The mechanics of a membrane under load deformation was also 

studied taking into account the mathematical models used for thin and tick 

membranes according their maximum deformation. The physics involved in 

structural coloration, and its application to the sensors deformation, was also 

analysed looking to improve the performance and increase the detection 

sensitivity.   

 

The fabrication and characterization of mechanochromic materials for the 

manufacture of mechanical sensors has been the prime objective to achieve in 

this thesis. Focusing on the development of low-cost devices, elastomeric 

materials were used for the fabrication of linear and 2D diffraction gratings, as 

well as 2D and 3D colloidal photonic crystals. The fabrication of colloidal 

mechanochromic materials with thickness lower than 50� was the first 

challenge to overcome, being finally possible to fabricate materials with less 

than 5� thickness maintaining the periodicity of the nanostructure. Polymeric 

materials show attractive optomechanical characteristics for the development of 

mechanochromic materials, thus, facilitating the fabrication of cantilevers. In 

this way, nanostructured cantilevers based in PDMS, polyimide and SU-8 were 
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fabricated using a 1D commercial diffraction grating with successful results, 

being ease to scale the method to standard microfabrication processes.  

 

As alternative to the use of linear gratings, 2D colloidal assemblies were 

used as a mask for the fabrication of nanopillars and nanoholes on silicon 

wafers. Again polyimide (PI) and SU-8 were used for replication, facilitating the 

work in large surfaces and totally compatible with standard microtechnologies 

processes.  

 

Two different types of photonic membranes, based on 3D and 2D 

photonic crystals were fabricated and compared. A deep study of the 

morphology of the crystals and the colour tuning of the membranes under 

external linear in-plane or out-of-plane mechanical stimulus was performed by 

SEM and UV-Visible spectrometry, respectively. In the case of 3D PhC, the 

change in coloration is produced in correspondence to changes in the interlayer 

distance, while the 2D PhC reflected colour depends on the periodicity and the 

angle of interaction, which results in higher sensitivities for small deformations 

of the membrane. Other contributors to the 2D PhC sensitivity is the lower 

Young’s modulus compare to the 3D PhC membranes. The fabrication method 

used for 2D PhC membranes is ease to reproduce for material thickness up to 

90�. 

 

A label-free and power-free array of colour tunable pressure sensors based 

on flexible nanostructured (inverse 2D-Phc) suspended membranes for 

multiplexed optofluidics applications has been demonstrated. The approach 

based on white light interrogation to measure the membranes bending was 

successfully demonstrated by using both UV-Visible spectrometry and image 

analysis. The fabricated optical pressure sensing platform displays a specific 

reflective colour for each sensor depending on the pressure-induced bending. 

The expected gradient of colours along the membrane was observed by image 

evaluation, depending on the pressure applied, and was found to agree with the 

wavelength dependency on the position of focus when using UV-Visible 

spectrometry. A simple and cost-effective method was used for the fabrication 

of the suspended photonic membranes. The platform shows a sensitivity of 

0.17	���	
 for the detection of low pneumatic or fluid pressures (in a range 

between −1 and 1	���), similar to others works with more complex fabrication 
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processes. In addition, a higher sensitivity could be achieved by adjusting the 

membrane size and the PDMS thickness. 

 

A theoretical analysis of a surface stress colorimetric mechanical sensor 

based in cantilevers has been performed in the final part of this thesis. This 

sensor design has been a result of an effective combination of the diffraction 

capabilities of diffraction grating with the high performance of mechanical 

cantilevers. The diffraction grating on the cantilever surface produces an 

intrinsic coloration of the sensor, providing the capability to produce a change 

in coloration when the cantilever deflects. For this theoretical design, the 

minimum surface stress that could be detected is $	 = 	0.05	´/ in order to 

produce at least 3	� of colour change for PI cantilevers. For PDMS 

cantilevers, the minimum surface stress that could be detected is 0.001	´/, 

to produce the same 3	� of colour change, which means to have a cantilever 

with 1500	� length and 6.5	� thickness, that can be easily fabricated with 

certain difficulty for manipulation during the measures. 

 

A label-free surface stress sensor based in colorimetric cantilevers has 

been fabricated and characterized by the use of simple camera and image 

processing. As proof-of-concept, colorimetric surface stress sensor has been 

achieved by the use of a photo-sensible material (azobenzene) disposed in the 

cantilever flat surface. The changes in surface stress were evaluated by 

irradiating the cantilevers at different powers and measuring the cantilever 

colour change by a transformation of RGB images to HSV scale. The method 

based in the hue analysis (HSV) allows the detection of 1� of colour change 

that is approximately 0.75 nm for the visible band in wavelengths (400� to 

650�).      

 

 

Future prospective 

 

The development of mechanochromic sensors allowed achieving high 

sensitive and high throughput sensor platform facilitating the multidetection by 

the intrinsically colour change of the sensor and a simple detection system. In 
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this sense, possible improvements have been detected that would be developed 

in the future. 

 

In the development of mechanochromic materials, colloidal assembly was 

used as a 2D grating mask for the fabrication of nanopillars and nanoholes on 

silicon wafers. However, small errors in the packaging reduce the final colour 

resolution, affecting the detection of small colour changes of the transducers. In 

this sense, the optimization of the colloidal assembly in large areas would be 

done preferably by using spin coating techniques, to achieve an error free 2D 

grating mask, with total compatibility with standard microtechnologies 

processes. 

 

The theoretical design of mechanochromic sensors based in cantilevers 

indicates that by modifying the cantilever size and the nanostructured 

parameters, the cantilevers would be able to detect small surface stress around 

0.001	´/. However, the experimental demonstration to detect such small 

surface stress values has not been done in this Thesis. In this way, optimization 

of the sensor design and experimental essays producing such a small surface 

stress changes, such as self-assembly monolayer (SAM) formation or antigen-

antibody interactions will be done in the near future. 

 

The detection method based in a camera and image post-processing 

allowed the efficient acquisition and measurement of the transducers colour 

change, as demonstrated in this Thesis. However, the development of software 

for real time monitoring of the sensors colour, without a post-processing, is 

very convenient. Some work has been initiated in this direction, and future work 

would include the evaluation of the sensors and the continue monitoring in real 

time. 

 

Given the portability and compatibility of the mechanochromic sensors 

developed in this Thesis, future work would include the integration of the 

sensor and the detection system into POC devises for the detection of 

cytokines at the medical consultancy, and their integration into other 

microtechnologies platforms, such as organ-on-a-chip (OOC), for the sensing 

and real time monitoring of different analytes and factors. 
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Acronyms and abbreviations 

 

1D 

One Dimensional, xvi, 36, 38, 39, 

42, 47, 81, 96, 97, 101, 102, 

112, 113, 114 

2D 

Two Dimensional, xvi, xvii, 37, 

38, 39, 42, 47, 48, 50, 53, 54, 

55, 57, 64, 67, 70, 75, 80, 81, 

83, 84, 96, 97, 101, 121, 123, 

125, 127 

3D 

Three Dimensional, xvi 

APTES 

3-Aminopropyl)triethoxysilane, 

113 

BIOMEMS 

Biomedical 

Microelectromechanical 

Systems, 1 

CCD 

Charge-Coupled Device, xiv, 14 

ccp 

Cubic Close-Packed, 38, 39 

COP 

Cyclic Olefin Copolymer, 84, 113 

CPhC 

Colloidal Photonic Crystals, 83 

Dabs-Cl 

4-(Dimethylamino)azobenzene-4′-

sulfonyl chloride, 113, 114, 117 

DMF 

Dimethylformamide, 113 

DNA 

Deoxyribonucleic acid, 5, 98 

DRIE 

Deep Reactive-Ion Etching, 64 

FFT 

Fast Fourier Transform, 53, 54 

FSR 

Free Spectral Range, 34, 36 

HCMs 

High-contrast meta-structures, 

13, 14 

HSV 

Hue, Saturation, Value, 116, 121 

INV-2D 

Inverse of two dimensional 

photonic crystal, 52, 54, 77, 

84, 123 

IoT 

Internet of Things, 2 

LED 

Light Emitting Diode, 14, 93 

LOC 

Laboratory-on-a-chip, 2, 3 

MC 

Mechanochromic Cantilever, 96 

MEMS 

Microelectromechanical Systems, 

1, 2, ii, xiii, xiv, xvi, 1 

MOSFET 

Metal-oxide semiconductor field-

effect transistors, 10 

PDMS 

Polydimethylsiloxane, xvii, 42, 43, 

44, 45, 47, 48, 49, 50, 52, 53, 

55, 56, 59, 60, 61, 63, 65, 66, 

67, 68, 69, 74, 80, 81, 82, 83, 

84, 85, 86, 89, 92, 98, 103, 

104, 105, 106, 107, 108, 109, 

110, 111, 112, 113, 114, 117, 

118, 119, 124 

PEEK 

Polyether ether ketone, 98 
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PFTS 

1H,1H,2H,2H-perfluorooctyl-

trichlorosilane, 42, 59, 60 

PhC 

Photonic Crystal, 39, 44, 45, 48, 

65, 66, 67, 68, 69, 70, 71, 123 

PMMA 

Poly(methyl methacrylate), 67, 

93, 98, 106 

POC 

Point of Care, 2, 3, 4, 5, 14 

PS 

Polystyrene, 44, 45, 53, 65, 66, 

98 

PSD 

Position-sensitive photodetector, 

9 

PSP 

Pressure-Sensitive Paints, 80 

RGB 

Red, Green, Blue, 111, 116 

RIE 

Reactive-Ion Etching, 58, 59 

ROI 

Region of Interest, 116, 120, 121 

SAM 

Self-Assembled Monolayer, 18, 

121 

SEM 

Scanning Electron Microscope, 

43, 45, 48, 52, 53, 54, 55, 60, 

64, 74, 75, 84, 85, 88, 89, 114, 

123 

SPR 

Surface Plasmon Resonance, 5, 6 

SU-8 

Epoxy-based negative photoresist, 

42, 60, 106 

UV-VIS 

Ultraviolet–Visible Spectroscopy, 

75 
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