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Abstract 
 

Nowadays, small, portable, low cost and fast fabricated analytical devices have been 

interested because of their availability and flexibility for on-demand and on-site chemical 

and biological applications. The measurement instrumentation in analytical chemistry has 

also been developed to a new design which is emphasized on small detection system using 

photometric instruments and portable instrument due to the drawbacks of traditional optical 

system as expensive and unwieldy. Novel method for fabrication of optical system was 

proposed to be compact, tiny, lightweight, and easy prototype for use in chemical and 

biological analysis. In addition, potential optical properties of low noise detection and high 

sensitivity has been required to improve in optical devices for determination of chemical and 

biological compound in real samples. 

In chapter 1, the introduction, including principle of analytical chemistry, a pleasing 

modern analytical technique termed flow injection analysis (FIA), three-dimensional (3D) 

printing technique for analytical chemistry, the background of novel fabrication technique 

for the optical device termed silicone optical technology (SOT), and chemical and biological 

applications in this study were explained. In addition, objectives of this work were also 

described in this chapter. 

In chapter 2, materials, 3D printing process and optical detector in this work were 

described. 
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In chapter 3, a quasi-spatial filter that was previously demonstrated based on  silicone 

optical technology (SOT) was combined with a light source of light emitting diode (LED),  

24-well microplate (6 × 4 wells), and color sensors (Red-Green-Blue-Infrared) called of the 

SOT compact microplate reader to use for the continuous cell monitoring. This chapter 

presents a compact microplate reader that can measure cell activity and cell environment in 

a 24-well microplate continuously using the detection of optical absorption. The proposed 

compact microplate reader provided benefits of upkeep and control of cell production and 

discrimination. The SOT-spatial filter which showed an excellent effect of noise reduction 

was embedded in similar size with the cell culture microwell plates that is convenience for 

use to monitor cell state. Light reflection or light scattering can be absorbed by the special 

optical filter and only straight light can be transmitted. The fabricated compact microplate 

reader allows real-time cell monitoring during cell cultivation and culture medium condition 

in the clean room by uniting with the SOT spatial filter. In addition, this proposed device was 

possible to investigate concentration continuously and pH of cell culture in real time. A cell 

activity was also detected using the proposed device. These results showed that the newly 

developed device is a warranting tool for monitoring of cell conducts for quality control of 

cell without altering the cell culture surroundings. 

In chapter 4, The new compact and flexible optical module using fast digital 

fabrication was proposed based on a concept of silicone optical technology (SOT) using in 

analytical technique of flow-injection analysis (FIA). A mold free optical module with 

additive planting of quasi-spatial filter (QSF) for straightforward optical detection was 

demonstrated. In this work, 3D printed silicone rough-frame was embedding SOT-QSF 
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simple injecting and coating method for trapping unwanted light signal. The simple coaxial 

structure of SOT-QSF using clear PDMS core and carbon black doped PDMS clad was 

fabricated by injecting and coating of carbon-dispersed-PDMS on an optical channel of the 

3D printed optical module. The coating properties as optical trapping layer and optical 

trapping efficiency was performed. These embedding technique and method development 

that is a rapid on-demand-fabrication will be beneficial for the application in analytical 

chemistry with general FIA research. 

In chapter 5, currently, trend of devices in analytical chemistry has become low cost, 

portable, and tiny due to the adjustability and accessibility for on-site measurement 

applications. In this work, a fully flexible compact optical device using digital fabrication of 

3D printing was demonstrated based on the concept of SOT for flow injection analysis (FIA) 

system as SOT-FIA optical device. A simple core and cladding structure using optical core 

of clear polydimethylsiloxane (PDMS) and a cladding of carbon black doped PDMS 

performs as a simple and tiny optical filter that can trap the tilted incident light as noise signal. 

A simple injection coating method was used to embed the structure of SOT optical filter. The 

coating properties and the optical properties of the proposed device were evaluated. The 

results show that the developed optical module successfully provided a 99.8% trapping 

efficiency of unexpected light and noise level was lower than 0.5% demonstrating the low 

noise level detection of the developed optical module. This proposed optical module was 

combined with FIA system and absorbance sensor of Ushio picoExplorer™ using for 

colorimetric determination of iron in natural water samples. An outstanding linearity, a broad 

chemical analysis range, and acceptable percentage recovery performance were observed. 
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Moreover, the results of iron contents in real water samples using the proposed optical device 

were validated with the results from the traditional spectrophotometric method. This 

inexpensive, movable, simple, adjustable, and highly sensitive optical device was potentially 

useful for on-site chemical analysis measurements. 

In chapter 6, a proposed SOT-FIA optical device was used for light absorption in a 

flow enzyme-linked immunosorbent assay (ELISA) method by enzymatic reaction of 

polyaniline using aniline, H2O2 and horseradish peroxidase (HRP) enzyme. A radical 

polymerization of aniline to polyaniline is rapidly formed via the enzymatic reaction. This 

rapid reaction rate provides a benefit for flow ELISA. In this work, the flow competitive 

ELISA for determination of 3-phenoxybenzoic acid (3PBA) was investigated by an anti-3-

phenoxybenzoic acid monoclonal antibody (mAb). The competitive ELISA was performed 

on a Y-shaped channel acrylic plate. An acrylonitrile butadiene styrene (ABS) resin beads 

with 1 mm diameter were filled in the Y channel to enhance the surface area for the mAb 

immobilization. The SOT-FIA optical device fabricated by a 3D printing and injection 

coating method which was made of polydimethylsiloxane (PDMS) as optical core and PDMS 

containing carbon black as cladding of optical trapping layer can significantly decrease light 

scattering. The acrylic flow chip and the SOT-FIA optical device was connected by the flow 

tube and combined with a blue LED as a light source for the flow ELISA. The results of flow 

response showed that the absorbance changes were related to the enzymatic reaction and the 

flow competitive ELISA with the proposed optical device was achieved for quantitative 

analysis of 3PBA in the range of 3PBA concentration from 0.2 to 2 ppm. Also, the proposed 
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FIA competitive ELISA was applied in real sample of an artificial urine that showed no 

significant matrix effect of the artificial urine on the ELISA. 

In chapter 7, based on concept of silicone optical technology (SOT) advantages in 

optical properties for low noise detection with compact package, use of common matrix of 

polydimethylsiloxane (PDMS), and easy integrated optical equipment, thus, in this work, a 

rapid design and digital fabrication of SOT optical modules was proposed for chemical 

analysis via flow injection analysis technique and a compact absorbance meter 

picoExplorer™. A rapid digital fabrication of 3D printing method was used to create the 3D 

printed mold or frame. A simple structure based on SOT concept which optical core used 

transparent PDMS mixed with rutile particle of titanium dioxide (TiO2) as W-PDMS and a 

cladding used carbon black dispersed PDMS (K-PDMS) was fabricated by casting the PDMS 

on the 3D printed mold/frame. This structure acts as a spatial filter which is small and simply 

fabricated showing the ability of trapping the tilted incident light. The TiO2 dispersed into 

PDMS provided a special benefit in optical properties for enhancing of the optical sensitivity 

due to increasing the amount of scattered light by the white pigment of TiO2. This optical 

module was designed to directly mount on a LED light source and the absorbance color 

sensors of red-green-blue (RGB) at 45 degrees to the flow channel to increase the detection 

length. The effects of the percentage of white pigment of TiO2 (%wt. of W-PDMS) and the 

effect of the detection length were investigated an improvement of optical sensitivity. The 

enhancement of 35 to 45 times of the sensitivity of detection was achieved compared to the 

calculation from the Beer-Lambert’s law theory. In addition, the optical property of reduction 

noise effect was observed with lower than 1% of different percentage of RGB signal between 
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dark room and light room. The proposed optical module integrated with a FIA system with 

compact LED detection system was achieved to determine iron in drinkable tap water 

samples. An outstanding linearity, a broad dynamic range, low limit of detection, good 

percentage recovery, and high precision were observed to confirm the usefulness of the 

proposed optical system. The results from our proposed method also agreed well with the 

traditional spectrophotometric method. The design of the proposed optical device shows 

newly developed and evaluated. 

In chapter 8, the conclusions of all chapters were summarized. 
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1.1 Analytical chemistry 

Analytical chemistry studies and uses instruments and methods used to separate, 

identify, and quantify matter [1]. It is science involved with qualitative analysis which 

identifies desired compound or analytes in the sample, and quantitative analysis which 

determines the numerical amount or concentration of analytes in the sample by using 

instrumentation and robots specifically developed to prepare and analyze the sample. 

Practically, the entire analysis in analytical chemistry composed of separation, identification 

or quantification. Analytical chemists need to use their understanding of chemistry, computer, 

instrumentation, and statistics to fix problems in almost every area of chemistry. Thing that 

analytical chemists do is to prepare appropriate sample by specific method, measure sample 

using proper instrument and interpret read out data in appropriate contexts and outcomes. 

There are two difference method in analytical chemistry as classical method or wet chemical 

methods and modern method or instrumental method. The classical methods are extraction, 

and distillation precipitation for qualitative analysis of classical methods. The color, odor, 

radioactivity, reactivity, melting point or boiling point were observed, and the changes of 

volume or mass were observed in term of quantitative analysis of the classical method. The 

flow injection analysis, chromatography, electrophoresis or field flow fractionation were 

used to separate and quantify the amount of chemical compounds by the instrumental method. 

Thus, the new instrumental method is very convenient to investigate the compounds in 

qualitative and quantitative analysis. In addition, the other instruments used the ability of 

electric fields, magnetic fields, heat interaction, and light interaction were commonly utilized 

for many application in analytical chemistry area. Analytical chemistry has applications 
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including in environmental analysis, materials analysis, bioanalysis, clinical analysis and 

forensic science [2].  

The case of quantitative analysis in analytical chemistry, important analytical 

characteristics are required to report for considering of the utilization of the developed 

method for useful applications. These analytical parameters are the factors that guarantee the 

quality of the chemical analysis using the developed methods from analytical chemists. The 

significant parameters are described the meaning and the importance below; 

1. Calibration curve, linearity of the method; a detector response (signal response) observed 

by many detection systems used for measuring the chemical compound or analyte; for 

example, an optical signal as absorbance, the electrical signal as voltage, i.e., is investigated 

in function of relative concentration of analyte. The relationship between the signal responses 

and concentrations of the analytes is then plotted as calibration curve. The linearity is 

presented in the regression equation. This equation is used for investigation of the analyte 

concentration in the sample, which is the result of quantitative analysis. 

2. Linear range is a range of linear relationship between detector responses and the analyte 

concentrations. The linear range is sometimes called working range which is the range that 

is reliable for investigation the analyte concentration is the sample. 

3. Dynamic range is the ratio between the largest and smallest values that a certain quantity 

or in the linear range can assume. It is often used in the circumstance of signals, for example 

sound, volt, light. It is measured either as a ratio or as a base-10 (decibel) or base-2 (doublings, 
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bits or stops) logarithmic value of the difference between the smallest and largest signal 

values [3]. 

4. Sensitivity is the smallest change of quantity or analyte concentration which the instrument 

or detector can detect by a measurement.  

5. Selectivity is the selective chemical reaction of the analyte to the specific reagent. Other 

chemicals cannot be reacted to the reagent except the analyte. 

6. Detection limit or limit of detection (LOD) is the lowest quantity/concentration of analyte 

that can be distinguished from a blank value with a stated confidence level [4]. The LOD is 

defined as the probability density function for normally distributed measurements at the 

blank of 3 times of standard deviation of the blank. 

7. Quantitation limit is the lowest quantity/concentration of analyte that can be reliably 

measure by the detector. It is defined as 10 times of standard deviation of the blank. 

8. Accuracy is a measurement of the closeness of the experimental value to the actual amount 

of the substance or analyte in the matrix [5]. Commonly, the spiked recovery is used to 

investigate the accuracy of the analytical method, which is defined as the percentage of the 

amount of observed analyte concentration recovered from the matrix compared to the 

nominal concentration of analyte. 

9. Precision is measurement of how close individual measurements are to each other [5], 

which is defined as the deviation of the results from each replicates of the measurement. 
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Normally, the deviation can be calculated represented as %RSD, equals to the percentage of 

the standard deviation (SD) divided by mean or average value of the result.  

10. Robustness is the tolerances of the analytical method to the chemical and physical 

interferences, for example heat, light, basic-acid condition i.e.  

11. Sample throughput is the speed of the measurement of sample per hour (the amount of 

samples that can measure in an hour). 

Analytical chemistry research is largely developed by investigation of the analytical 

performance including linear range, dynamic range, selectivity, sensitivity, detection limit, 

accuracy, precision, robustness, and speed or sample throughput. The cost which sums up of 

purchase, operation, training, time, and space is also one of the factors that was concerned in 

analytical chemistry application. Also, development in new determinations method for trace 

chemical compounds or difficultly observed compounds is one role of the analytical chemists. 

 

1.2 Flow injection analysis  

Flow injection analysis (FIA) is one of the analytical chemistry techniques. It is a 

highly efficiently automated method of chemical analysis referred the injection of sample 

into carrier stream or reagent stream in tubing closed system. The principle of the FIA method 

was injecting a plug of sample into a flowing carrier stream that mixes with reagents and then 

mixed solution of sample and reagent will transport to reach a detector for measurement and 

data analysis. FIA was developed in the mid-1970s by Ruzicka and Hansen in Denmark and 

Stewart and coworkers in United States as a new effective technique for the automated 
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analyses of samples and this technique allows for the rapid with an unlimited number of 

samples of sequential analysis. FIA is the modern technique in analytical chemistry with 

benefits of versatile, simple, and fast analysis for use in various application for quantitative 

analysis of chemical compounds [6]. In addition, it can be highly repeated, adapt to micro-

miniaturization, limit chemicals in close system, reduce waste chemicals, and use small 

amount of reagent economically in the level of microliter. The main point of FIA is the 

formation of well-defined concentration gradient when an analyte or sample is injected into 

the reagent stream. Thus, this phenomenon offers a highly reproducible analyte to reagent 

ratios. Also, and the accurate time of flow operation is provided from excellent control over 

the reaction conditions [7]. 

 1.2.1 The phenomenon of flow injection analysis system 

The main phenomenon occurred in flow injection analysis system is laminar flow. As 

normal, the sample is injected into the carrier stream providing the rectangular flow profile 

of width (w) as shown in Fig. 1.1-part a. After the plug of sample moving through the mixing 

and reaction zone, the width of the sample plug is increased because of dispersion of the 

sample into the carrier stream. The dispersion is from two processes, one is convection due 

to the flow of the carrier stream and two is diffusion due to the concentration gradient 

between the sample and the carrier stream. Convection occurs by laminar flow. Because the 

difference of the linear velocity of the sample at the tube’s walls and at the center (a linear 

velocity of the sample at the tube wall is zero whereas the linear velocity of the sample at the 

center is twice time of carrier stream), it provides a parabolic flow profile occurred in FIA 
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system (Fig. 1.1-part b). Then, the different linear velocity at the center and the edge of tubing 

was occurred by radial diffusion. At the edge of tubing, the velocity was higher than at the 

center and diffusion can maintain the integrity of the flow profile of the sample (Fig. 1.1-part 

c). Both convection and diffusion make magnificent effect on dispersion from approximately 

3–20 sec which is the normal time scale for a FIA after the sample’s injection. After 

approximately 25 secs, flow profile was affected by the diffusion which can observe as Figure 

1.1-part d [8]. 

 

 

 

 

 

 

Fig. 1.1 Effect of dispersion on the sample flow profile at various time of flowing solution 

in FIA system a)  at the time of injection, b) the convection overcomes the dispersion, c) the 

convection and the diffusion conduct to dispersion, and d) the diffusion overcomes the 

dispersion [8]. 

 

 

 

Direction of flow a) 

b) 

c) 

d) 
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1.2.2 Basic component of flow injection analysis system 

The basic components of a flow injection analysis system include reservoir for storing 

of reagent as the carrier stream, propelling unit uses for moving of carrier stream and 

maintaining a constant flow of the carrier. Normally, the peristatic pump or syringe pump 

was used as propelling unit in FIA system for transport the stream. The propelling unit 

possibly controls the flow rates from 0.0005–40 mL/min which is more than adequate to meet 

the needs of FIA (0.5–2.5 mL/min in common). The FIA system also has the tubing that 

comprises the transport system, the sample injector part as injection value for injecting the 

sample into carrier stream, the mixing coil using for mixing the sample with reagent stream 

and providing reaction zones before reaching the flow-cell of detector for measurement the 

signal of target compound reaction/assay. The electrochemical and optical detectors are the 

most common detectors used in FIA system.  Fig. 1.2 presents the schematic of simplest 

design of flow injection analysis system consisting of a single channel and one reagent 

reservoir call single channel manifold. The reagent stream is set independent each other line 

stream. All line stream must be merged before the carrier stream gets to the detector. The 

complete transport system is called a manifold. Nowadays, the FIA system has been 

developed to dual and multi-channel FIA system for complicated chemical analysis. These 

complicated FIA systems can transport two or more reagent streams with the complex 

transported line for mixing the standard analyte or sample. The manifold can design for many 

applications in chemical and biological analysis. Thus, the design of manifold is very 

important in the research of analytical chemistry. 
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Fig. 1.2 Illustration of a simple flow injection analysis system showing its basic components. 

The sample is injected into the carrier stream of the reagent and then mixed and reacted to 

provide the sample signal before reaching to the detector. The reacted solution was flow to 

waste and next injection can continue to measure next sample [8]. 

1.2.3 The flow injection analysis results 

The response signal from detector when is plotted as function of the time provides 

the FIA curves or FIAgram. Example of typical FIAgram shows in Fig. 1.3 for conditions in 

which both convection and diffusion leads the dispersion of the sample. Also, several 

parameters for characterizing a FIAgram of the sample are described as following; 

ta = Travel time, time between the sample injection and the arrival of its leading edge at the 

detector 

T = Residence time, the time required to obtain the maximum signal of detector response 

t' = the time difference between travel time and residence time 

∆t = time between the arrival of the leading edge to the departure of its tailing edge  

Reagent 

Pump 

Injector (valve) 

Mixing coil 

Waste 

Detector 
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T' = The elapsed time between the maximum signal and its return to the baseline is the return 

time 

h = sample peak height related to the analyte concentration in sample 

 

 

 

 

 

 

 

Fig. 1.3 Typical FIAgram for flow injection analysis showing the detector [8] 

For development of FIA for variety of applications, the parameters of time need to 

optimize due to highly sensitive measuring of sequentially chemical analysis of FIA system. 

The quantitative analysis of FIA system can be obtained from linear calibration curve plotted 

from the relationship between external standards (containing known concentrations of 

analyte) peak heights of detector responses and the known nominal concentrations. For 

example, the format of calibration curve can be plotted between absorbance versus 

concentration in case of optical detector, and potential versus concentration in case of 

electrochemical detector, which is depended on the method of detection.  Then the sample 
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peak height is used for calculation of analyte concentration in the sample from linear 

regression of calibration curve. The precision and accuracy of the FIA method can be 

comparable with conventional method. Also, the selectivity is often better than the related 

traditional method of analysis, because the kinetic nature of the measurement process cause 

slow reaction of other potential interferents compared to reaction of analyte and the close 

system of FIA from storage of samples and reagents in closed reservoir and their 

transportation in tubing cause low contamination from external sources. 

A calibration curve is investigated by injecting a series of known concentrations of 

analyte as external standards for quantitative analysis in flow injection method. The formats 

of calibration curve exemplify plots of the response of light absorption as absorbance versus 

concentration or electrochemical detection as potential versus concentration which it is 

depended on the method of detection. Over past three decades, FIA techniques evolved into 

a wide impressive display of applications as clinical, environmental, pharmaceutical, 

agricultural, and industrial applications using spectrophotometry, fluorescence spectroscopy, 

mass spectrometry, atomic absorption spectroscopy, and other methods of instrumental 

analysis for detection [9]. 

1.2.4 Detection system in flow injection analysis system; absorption spectroscopy 

The goal of the analytical method is to apply the developed method for determination 

of the target analyte in the real samples that have different matrices. Thus, the selective 

detection system in FIA is required towards a given target analyte. The common detection 

system in flow injection analysis is absorptive molecular spectrophotometry in the UV/Vis 
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range because it is widely available and usually low cost than other kinds of instruments for 

detection. There are many optical equipment using in the FIA system. Traditionally, the 

spectrophotometers coupled with flow cuvettes was used. Then the fiber optics, light emitting 

diode (LED)-based optoelectronic detectors [10] were developed for miniaturizing the 

detection system using in FIA system. The sensitivity of the absorption spectroscopic 

detection in FIA system can be essentially enhanced by the light waveguide capillary cell 

[11]. For example, trace determination of iron in water [12] or wine [13] samples, and trace 

determination of Copper [14].  

In the last 20 years ago, a miniaturization of instruments with photometric detection 

has been developed in design of analytical measuring instrumentation as portable instruments 

for on-site measurements. The light-emitting diodes (LED) was particularly used as   use as 

light sources [15]. in the 1980s, the LED detector was used for absorptive measurements in 

first applications in detection systems [16]. It was used in capillary electrophoresis, 

chromatographic detectors, and microfluidics analysis. The other applications of the LED as 

luminescence and spectro-electrochemical measurements were applicable because of ability 

to use in deep-UV region to the mid-IR region [17]. LEDs has sufficient for use in 

photometric analytical because of the width of the emission bands, however the unavoidable 

nonlinearity of Lambert–Beer’s law can be observed depended on the matching of the 

absorbance band of the analytes and the LED emission spectra. The LEDs detector was 

successfully utilized in FIA system with linear response presented in recently applications 

For example, the blue LED  at λ = 470 nm was used for iron determination using 

isothiocyanate [18], and LED-based detector at λ = 540 ± 10 nm was used for determination 
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of chromium with 1,5-diphenylcarbazide that were presented a good precision results with 

better LOD values compared to the common spectrophotometric method using a diode array 

[19].  

The LED based flow cell was recently reported with use of light-dependent resistor 

for light absorption detection. It was used for determination of pesticide paraquat by using 

sodium dithionite as a reducing agent. The results in natural water samples showed no matrix 

interference of other herbicides [20]. For further complex detection system, the LED-based 

photometric detectors which a fused-LED sensor and an optical probe integrating two 

optoelectronic components were achieved [21,22]. The application of LED-based 

photometric detector was published as the FIA system for enzymatic determination of urea 

[23]. A pH changes resulting from an enzymatic reaction with use of bromothymol blue dye 

was demonstrated with photometric detection of a two LED-based flow cell that incorporated 

with tubular PVC reactor with triacetate cellulose membrane/ immobilized urease that united 

both urease and Bromothymol Blue. Other application was applied for determinations of 

nitrate in water based on the chromotropic acid [24]. The 3D printed LEDs flow cell was 

used for absorbance measurements. The use of silicon photodiodes and LEDs as detectors 

was compared and the LED photocurrents were ten times lower, and generally, the faster 

setting times of photodiode provided better signals and precision [25]. 

Even though the selective detector for specific analyte is required for using in the real 

applications of flow injection analysis system, the development of new improved flow-

through detectors and optimization of conditions for their applications, together with 
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permanent simplify of sample-processing steps is also needed when the detector response is 

not sufficient. Thus, the improvement of sensitivity of the detection is very important for 

chemical and biological applications since the ability for determination of some trace analyte 

compounds is requested.  

 

1.3 3D printing technique 

3D printing is an additive manufacturing (AM) process defined as the process of 

joining materials to make 3D objects via computer control of 3D model design. The process 

formed the object layer by layer which is deducts the step of fabrication of traditional 

machining [26,27]. Because the design and control of the 3D printing is digital process by 

3D computer aids design (CAD) program as computer aids design and the printer program, 

the 3D printed material can be fabricated in many complex and sophisticated geometries 

without need of post-processing. The users can freely design their unique products and create 

for their specific desire of use. Firstly, a CAD file which is the sketch of the structure or 

device is prepared in 3D virtual model of the object for the printing process. Next, the process 

converted a 3D CAD through a digital standard tessellation language (STL) file into a 

physical product is required. The 3D CAD sketch file is broken down into a series of 

horizontal layers. The computer controls the printer to print one layer at time. The layers are 

stacked in the vertical (z axis) direction which each layer relates to the print resolution in the 

z direction. To achieve a coherent build of previous layer to another layer, supporting 

structures which bonding the layers to make the object without the fall of layers by gravity 

was built by the printing software. The supporting layers can be removed after the object is 
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completely printed. Then the last process is printing process or making product. The STL file 

is sent to the 3D printer. The printer need setting before the final part is fabricated. The 

fabricated process of 3D printing can be divided into seven unique methods as described 

below [28-31]; 

1. Material extrusion – the process that selectively dispense materials through a nozzle or 

orifice called fused deposition modelling (FDM), and robocasting/direct ink writing (DIW). 

The material used in the process is thermoplastic polymers and composite materials, such as 

glass and carbon- reinforced composites. 

2. Binder jetting - the process that selectively deposit a liquid bonding agent to join powder 

materials called 3D printing (3DP), and binder jetting (BJG). The material used in the process 

is metals composites, including alloys based on Al, Cu, Fe, Ni and Co, as well as silica, glass 

and graphite- based ceramics. 

3. Material jetting - the process that selectively deposit droplets of build material called 

continuous inkjet printing (CIJ), drop-on-demand (DoD), multijet modelling (MJM), and 

polyjet modelling (PJM). The material used in the process is UV- curable photopolymers, 

typically acrylates, epoxides, or urethanes.   

4. Directed energy deposition - the process that use focused thermal energy to fuse materials 

by melting as they are being deposited called laser engineered net shaping (LENS), directed 

light fabrication (DIF), and direct metal deposition (DMD). The material used in the process 
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is metal powders, including aluminium, stainless steel, nickel- based alloys, titanium, copper, 

and cobalt. 

5. Powder bed fusion - the process that selectively fuses regions of a powder bed by thermal 

energy called direct metal laser sintering (DMLS), electron- beam melting (EBM), laser 

sintering (LS), and selective heat sintering (SHS). The material used in the process is metal 

alloys, polymers, such as nylon-12, polypropylene (PP) and PEEK, some experimental 

ceramics, and reinforced composites. 

6. Sheet lamination - the process that bond sheets of material to form an object called 

laminated object manufacturing (LOM), and ultrasonic additive manufacturing (UAM). The 

material used in the process is sheets of paper, thermoplastics such as PVC and softer metals 

such as aluminium or copper. 

7. Vat photopolymerization - the process that selectively cure liquid photopolymer in a vat 

by light- activated polymerization called two- photon polymerization (2PP), continuous 

liquid interface production (CLIP), digital light processing (DLP), and stereolithography 

(SL). The material used in the process is UV- curable photopolymers, typically acrylates, 

epoxides or urethanes. 

Each process is unique in the method and material used in the printing process. 

However, all processes are based on the sequential layer- by-layer deposition of print material. 

Due to many processes of the 3D printing technique, various applications of chemical and 

biological analysis can be succeeded using 3D printing technique with simple and easy 

prototyping as a main advantage.  
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Fig. 1.4 Schematic of the 3D printing process from the first step (design the 3D CAD) to the 

printing by 3D printer [32] 

 The 3D printing technique has been used in Chemical, Material, and Biological 

application since 2012 and growing availability of affordable desktop printer can gain the 

attention of the use of the 3D printing since then. The 3D printing was popular due to its lots 

of advantages; explore the newly useful designs, embed the sensor technologies, rapid repeat 

process, easy to make simple device components. However, its drawbacks were the 

comparable with the solvents, the printing resolution, cost of some printing materials, and 

specific for some chemical application. 

 Versatile applications of 3D printing technique have been reported in analytical 

chemistry. Highlight future research directions and the challenges in chemistry need to be 

overcome. The research of 3D printing in applications of analytical chemistry were divided 

in important sorts of fabrication of common laboratory hardware, bespoke analytic 

instrumentation, custom micro-or milli-fluidic devices and teaching aids to illustrate complex 

scientific concepts.  
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1.3.1 Laboratory equipment  

Use of 3D printing technique for fabrication of common equipment in laboratories 

can reduce the cost of research and teaching laboratories. Due to the demands of repairing, 

customizing, or developing bespoke laboratory equipment, the 3D printing is increased to 

use for convenient fabrication and saving cost compared to commercial alternatives. 

Nowadays, it is very convenient to use the 3D printing laboratory hardware in chemical and 

biochemical applications because there are free downloaded sources of various 3D printing 

designs or printing resources for fabrication of general laboratory equipment [32]. The 

common laboratory equipment is designed to meet the objectives of the experiments. The 3D 

printed equipment was presented in many types, for a mixer and shaker [33], a syringe pump 

[34], a miniature peristatic pump [35], the microfluidic pumping [36], i.e. The common 

printing materials, including polypropylene (PP), polylactic acid (PLA), polyethylene 

terephthalate glycol (PETG), and acrylonitrile butadiene styrene (ABS) have been tested the 

solvent compatibility and permeability especially in alcohol solvent to prove the ability of 

use of 3D printed laboratory hardware. 

1.3.2 Analytical equipment  

Analytical instrumentations have special properties which are needed the complex 

design to meet the desire of usage in chemical applications. Use of 3D printing to prototype 

and manufacture bespoke devices can reduce the costs and associated production times. The 

first demonstration of 3D printed analytical device was the temperature- stable and pressure- 

stable high-performance liquid chromatography (HPLC) column using selective laser 



Chapter 1 

19 
 

melting from Ti-6Al-4V titanium alloy [37]. The channels of the HPLC column were 

internally functionalized post- print with a poly(butyl methacrylate- co-

ethyleneglycoldimethacrylate) stationary phase for proteins separation of the complex 

mixtures. A 3D printed single- piece photometric detector body with a slit was printed by 

FDM process. It is used for quantitative photometric detection when integrated with a 

commercial light- emitting diode (LED) and a photodiode on either side of the capillary tube 

[38]. Other demonstrations of printed analytical hardware have included devices for UV–

visible (UV–vis) spectroscopy as 3D printed cuvette and open-source colorimeter [39,40], 

and LED array detection as 3D printed detector [41]. In flow injection analysis system, the 

3D printed flow-through cuvette fluorescence measurements [42], One-step 3D printed flow 

cells using single transparent material [43], 3D-printed flow system for determination of lead 

in natural waters [44], and 3D printed radial flow-cell for chemiluminescence detection [45] 

were also demonstrated for application in FIA system. Thus, 3D printing technique plays an 

important role in development of FIA system to become simple, easily fabricated, low cost, 

and on-demand devices used in various analytical chemistry application.   

 

 

 

 

Fig. 1.5 Schematic illustration of 3D-printed flow-through cuvette fluorescence 

measurements [42] 

Solution chamber  
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1.3.3 Chemical and biological fluidic devices 

 The use of 3D printed fluidic devices have been popularly demonstrated for 

preparation, synthesis and analysis of small volumes of chemical reagents that are the 

advantage of this kind of devices [46]. The traditionally manufactured processes of fluidic 

devices referred as microfluidics or millifluidics, lab- on-a- chip (LOC) or miniaturized total 

analysis systems (μTAS) are photolithography, soft lithography, injection molding, chemical 

etching, laser ablation, micromachining, thermoforming and hot embossing [47]. These 

processes are used a template or master to fabricate the fluidic devices. Commonly, 

polydimethylsiloxane (PDMS) is used as the molding material for fabrication of the template 

or master. Because of the advantages of low cost, transparency, biocompatibility, gas 

permeability, simple integration with flow components, the PDMS favored for fluidic 

applications. However, its drawbacks are chemical swelling in many organic solvents, 

deformation at relatively low pressures (>1×105 Pa), and absorption of hydrophobic 

compounds. Furthermore, at final step of the fluidic device’s fabrication by PDMS master, 

the casting form the master pattern can be uncompleted final piece because some part of the 

final piece device was bonded chemically with the master [48]. Other disadvantages of these 

traditionally manufactured processes are the restriction of the design of fluidic devices, the 

complex mixing pathways, the analytical functionality, and accessible geometries mostly 

only can only fabricate to 2D planar channel networks, the high cost of clean room facilities, 

requirement of specialist equipment, time consuming and complex processing. Thereafter, 

the product costs heighten with increase in complex design, waste of costs when reproducing 

designs, and the post-production prolonged [49]. 
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 Recently, high- resolution and cost- effective 3D printing have approached to print 

the micro or milli fluidic devices. Although the resolution of the 3D printing is not equal to 

the photolithography of gold-standard approaches. However, the process overcomes the 

simple fabrication in one step [32]. In addition, the 3D printing technique can overcome the 

limitation of complex designs with rapid fabrication compared with other manufacturing 

approaches. 3D printing provided an easy accessibility of fabrication fluidic devices and is 

driving considerable innovation in many research areas. 

The FDM techniques of 3D printing was used to produce chemical reactors in 

preparative chemistry as reactionware [49,50]. It facilitated advanced analytical approaches 

to monitor the reactions by electrochemical detection and UV- vis spectroscopy. The 

reactionware has been adopted to produce valuable pharmaceutical compounds such as 

ibuprofen [52,53]. The 3D printing applications in flow chemistry were achieved. The 

potentially 3D printed reactors were demonstrated to integrate with accessible analytical 

instrumentation for inline UV–vis and attenuated total reflectance infrared (ATR- IR) 

spectroscopy, and/or electrospray ionization mass spectrometry (ESI- MS) to rapidly produce 

experimental data [54–56]. Even though the 3D printed devices showed simplicity of 

fabrication, however the accuracy of determination of the printing process for example, 

chemical compatibilities, printing parameters and material properties need to achieve a 

working device. 

The issues of design elements to the success of the 3D printed fluidic devices were 

reported [57, 58] and the results showed that the complexation of printing geometry can affect 
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the mixing of chemicals in the fluidic devices. The layer thickness, density and part 

orientation of the print parameters needed to be optimized for a desirable mixing effect due 

to the layer-by-layer nature of FDM-type printing. The different printing techniques were 

compared and assessed them for the fabrication of flow devices [59].  

The increase in functionalities of the flow reactors was able to integrate by using   3D 

printing technology. The optical detector as fiber optics can be successfully embedded into 

3D printed structures [60,61]. The complex design of the 3D printed fluidic devices with 

good alignment of the fibres, light source and detector are required for successful application. 

Other designs were also proposed to make 3D printed microfluidic device embed with the 

flow cell of the diode array detector of an HPLC instrument to achieve online reaction 

monitoring [62].  

In biological applications, 3D printing technologies shows the achievable goal to 

produce the devices that can integrate chemical reaction optimization and investigation of 

the biological responses to the compounds. The increase in biological applications of 3D 

printed devices has been raised due to the effective cost of the printed system with drug 

development and pharmaceutical screening. Complicated microfluidic devices for 

pharmaceutical testing was fabricated by 3D printing and the suitably complicated design 

based on biological response to various engineering alterations provided the simplicity to 

researchers for development in biological applications. The efficacy of 3D printing in bio- 

microfluidics has previously been discussed extensively [63]. However, the biocompatibility 

of 3D printed material for using in biological system is required to assess for the 3D printed 
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devices. Many 3D printed devices that feature biological functionality have been produced 

[64,65]. To duplicate a biological fluid such as blood system, the fluid perfusion devices was 

fabricated and used in many biological applications [66-68]. Although, a print resolution of 

the advances 3D printing technology can reach in level of 100 µm which in the scale of 

microfluidic devices. In addition, the speed of printing process and replicate production were 

the benefits of 3D printing over the conventional techniques [69]. 

1.3.4 Teaching aids 

The most common applications of 3D printing are the production of teaching aids. 

The 3D printed models of the laboratory items or the scientific models used in undergraduate 

teaching assist the students to illustrate more or less complex concepts. The increase in 

accessibility of printable educational material and affordability of printing technology 

provided potentially reduction of the teaching costs and stimulated the innovative teaching 

methods. The students can more understand about the concepts of complex scientific 

phenomena via the manufacture of 3D model kits, which visualize molecular structures, 

orbitals, and symmetry [70–72]. Also, the fabrication of 3D diagrams to represent 

spectroscopic data was reported in a more engaging format [73]. In flow chemistry, the 3D 

printed models illustrated principles of continuous flow synthesis through simplistic mixing 

devices [74]. The teachers can use 3D printed instrumentation to describe innovation and 

potential of this technology to the students. 
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1.4 Silicone Optical Technology (SOT) 

An optical system was traditionally configured optical components in a space to 

provide the robust optical light path for stable signal and be flexible for optical intensity 

tuning. The optical components and fundamental base need to be durable and black optical 

coverage generally render to the fundamental base to obtain the good ability of the optical 

system. These make the drawbacks of traditional optical system as heavy, hard, expensive 

and hard to carry. Thus, optical system which the light path was filled with transparent and 

solid-state medium called “filled path” optical system [75-77] was demonstrated to replace 

the blank space in transitional optical system. This replacement showed ability of reducing 

in fundamental base and increase in stability, but a tunability was decreased. A small cross 

section of an optical fiber proposes a significant concept of the filled path optical system [78] 

with simultaneously longitudinal robustness and transverse flexibility. Then, waveguide 

technology such as Wavelength-Division Multiplexing or WDM has been studied [79] for 

using in network applications. However, in some applications of filled path optical system as 

in case of lab on a chip device [80], The simple optical system as an absorption cell was 

integrated in the flow-injection system consisting of glass, the problem of high background 

noise was occurred due to multiple internal scattering of glass substrate. Thus, some external 

optical component as optical filter is needed for sensitive measurement. Because of the 

problem mentioned above, in 2017, Nomada et. al. was demonstrated novel optical system 

using soft materials for spectroscopic analysis of laser-induced fluorescence (LIF) detection 

[81]. The soft matrix used for fabrication was polydimethylsiloxane (PDMS). Because 

PDMS has suitable optical properties as flexibility for tuning signal, high chemical stability, 
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low fluorescence, and transparency in the UV region, this research studied the use of PDMS 

for optical system design for special optical properties. A core of transparent PDMS and clad 

of black particle dispersed PDMS structure was proposed for reducing of internal stray light. 

The refractive index matching of core/clad structure provides the suppression of intense 

background radiation due to multiple internal scatting in a transparent material. This presents 

the special optical properties as a quasi-spatial filter (QSF) and carbon micro particles and 

carbon nanotubes dispersed PDMS can attain to absorb the stray light 99-99.7 %. 

 

 

 

 

 

 

Fig. 1.6 Schematic of light propagation through the SOT quasi-spatial filter 

Comparison to the previous researches using metallic (Al, Ag, Au, Cu) layer have 

been be used as optical trapping layer or sub wavelength scatterers [81-83], The SOT -QSF 

provided benefits of inexpensive, flexible, and simple fabrication overwhelming the metal 

trapping layer. The Nomada’s proposed compact optical system was cigarette box size which 

composed of laser light source (532 nm), PDMS sample chamber (black PDMS of carbon 

particle doped PDMS), hole for critical reflection, transparent PDMS as light channel, dye 



Chapter 1 

26 
 

PDMS wavelength filter (Sudan-II), and photodetector. This is the first time of the optical 

system developed to be tiny size, light weight, no shall or frame, and portable by using 

fabrication of soft material.  

 

 

 

 

 

 

Fig. 1.7 Trapping performance measurement of the SOT optical filter [84] described that the 

SOT filter can trap the stray light providing decrease in noise signal. 

The boundary of black PDMS cladding and the transparent PDMS core seemed to 

effect to the trapping of scattering light which can provide the low blank signal level. 

According to the results of trapping performance by observing the transmittance of the 

flexible PDMS core/black PDMS clad light channel as a function of the bending angle (Fig. 

1.7), the sample of optical QSF as straight light guides (cross section of 1-2 mm2, length of 

50 mm) were prepared to evaluate trapping performance. The black PDMS were prepared by 

using 10% wt. of carbon black (CB) doped PDMS and 0.83% wt. of carbon nanotubes 

(CNTs) to cover the transparent PDMS core. These results of trapping performance of the 

light guides show the function of straight filter that only light propagating along the axis of 
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core channel can pass to the photodetector. The scattering light can be absorbed via black 

particle diffused PDMS as optical trap layer. Thus, the noise signal can be suppressed to  ̴0% 

and 99-99.7% of trapping performance was observed. This presented the novel idea of 

fabrication of the optical system with low noise level detection that can provide the 

advantages in many areas of research.   

 

1.5 Chemical application: Colorimetric determination of iron (II) 

 Iron is a metal that belongs to the first transition series and group 8 of the periodic 

table. It is present in many material and commonly, has oxidation states of iron(II) and 

iron(III). The iron (II) solution can react with 1,10-phenanthroline (C12H8N2, ortho-

phenanthroline or o-Phen) is a tricyclic nitrogen heterocyclic compound to form colored 

complexes of a deeply red color. This property provides an excellent and sensitive method 

for determining these metal ions in aqueous solution called colorimetric analysis which the 

concentration of the analyte is based on the change in the intensity of the color of solution. 

Colorimetric methods represent the simplest form of absorption analysis that normally use 

the spectrophotometric method for determination of the analyte. In case of iron (II) reacts 

with o-Phen, the colored solution is formed following below equation [85]; 

 

 

 

 

ortho-phenanthroline 

3 + Fe2+ 

Ferrous tris-o-phenanthroline 

2+ 
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For the quantitative analysis of iron (II). The Fe(II)-o-Phen complex provided the red 

color solution which it absorbed the visible light as λmax at 510 nm. Based on the Beer-

Lambert’s Law, is a very simple relationship: A = εcl while A is the absorbance of an analyte 

at a specified wavelength λ in nanometer range, normally used in electromagnetic region of 

the ultraviolet (UV) and visible (Vis); the molar absorptivity (ε) of the ferrous complex, 

[(C12H8N2)3Fe]2+, is 11,100 M-1 cm-1 at the λmax, c is the concentration in molarity as M, and 

l is the length of the light path through the sample, usually in cm. For Fe(II)-o-Phen complex, 

the intensity of the color is independent of pH in the range 2 to 9 and complex is very stable 

that the intensity of the complex color does not change for long analysis time. The 

applications of colorimetric determination of iron using o-Phen were widely used for 

determination of iron in vitamin tablet, milk, urine and i.e. Also, the determination of iron in 

water samples is usually carried out for routine quality control because the legislation limited 

the iron content in drinking water of lower 200 µg L-1 [86]. In case of iron analysis in the 

seawater, river, tap water or other source of natural water, the matrix effects and trace 

concentration levels of iron contents are the main issue for quantitative analysis. Thus, 

increase in sensitivity, preconcentration, and good separation are required in 

spectrophotometric method. The FIA system with increase in precision, accuracy and sample 

throughput was successfully used for determination of iron in natural water by o-Phen [87], 

however the method need the long-pathlength liquid core waveguide as the additional 

equipment to improve the sensitivity of the method. Thus, the determination of iron by o-

Phen can be developed to improve the sensitivity by development of the detection system. 
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1.6 Biological applications 

 1.6.1 Continuous monitoring of the cell 

In industry of cell culture and regeneration of medicine, a monitoring of the cell is 

very significant which development of controlling cell environment is needed. Normally, the 

management of cell culture environment is involved management of the conditions of the 

cell culture medium such as the pH, humidity, and temperature [88,89]. Because nutritive 

supply for the cell is the culture medium, it is important to monitor the culture medium 

continuously for the management of cell conditions. Generally, processes of controlling a 

regular exchange with fresh medium or monitoring pH values were used for investigation of 

culture medium conditions [90]. However, the expert operators who experience in the fields 

of biological analysis are required for these approaches [91]. Thus, a continuous monitoring 

device was developed for the quantitative analysis of culture medium and cell [92]. 

Microdevices used for continuous measurement of the cell state have been demonstrated [93–

95]. Functional microdevices were able to control and measure single cells, however the 

devices are not aimed to investigate the culture state of a cell population. Methods used the 

recovery of medium and assessing of the production of oxygen, proteins, and amino acids 

for investigation of the cell state have been proposed [96]. However, a removal of the culture 

dish from the incubator was required and opening the lid for recovery of the culture medium 

was needed that provided disadvantage of changing in the culture cell environment. An 

alternative approach was use of imaging data to measure cell morphology [97,98] but the 

method uses expensive instrument requested skillful workers. 
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1.6.2 Determination of 3-Phenoxybenzoic Acid with Anti-3-Phenoxybenzoic Acid 

Monoclonal Antibody 

3-phenoxybenzoic acid (3PBA) that phenoxy group is meta to the carboxy group is a 

major metabolite of pyrethroid insecticides. It acts as a human xenobiotic metabolite and a 

marine xenobiotic metabolite which is neurotoxin and toxic to aquatic life [99]. Figure 1.8 

presented the molecular structure of several synthetic pyrethroid insecticides. Commonly, 

pyrethroid insecticides are used for crops, and diet in worldwide. After we take these products 

from the crops and diet as the primary route of the 3PBA, it can be exposed in general 

population [100]. The enzyme in human body as esterase can hydrolyze pyrethroid 

compounds after absorbing in the human body. The compounds are change into 3-

phenoxybenzyl alcohol or 3-phenoxybenzaldehyde in the liver (half-lives between 2.5 and 

12 h) and then, they are rapidly converted to 3PBA [101]. 3PBA is conjugated to glucuronic 

acid that become to the xenobiotic which is more hydrophilic. After that, it can facilitate via 

excretion in the urine. Thus, 3PBA is potential to use as a marker of synthetic pyrethroid 

insecticide exposure [102–107]. Previously, the detection of 3PBA using anti-3PBA 

antibodies [102–106] and nanobodies [107] have been proposed showing the important of 

determination of 3PBA or pyrethroid insecticides.  
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Fig. 1.8 Molecular structures of 3PBA and several pyrethroid insecticides. 

 

1.7 Objectives 

The objectives of the work presented in this thesis are: 

In chapter 3, the portable optical device according to silicone optical technology 

(SOT) was developed to apply for biological analysis. A compact microplate reader was 

performed continuously and quantitatively monitoring of the cell state without altering the 

culture surroundings in a 24-wells plate that embedded the SOT spatial filter. The optical 

properties of the proposed device were investigated the special properties of an excellent 

noise reduction effect. Moreover, the newly developed device for biological application was 

confirmed.  

In Chapter 4, the optical device based on the SOT concept with a small, light-

weighted, and flexible properties was fabricated by combining 3D printing and SOT-QSF 

planting using in analytical Chemistry. The use of 3D printed silicone as flexible frame and 
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the SOT-QSF embedding by simple injecting and blowing method for coating black PDMS 

(carbon dispersed PDMS) and injecting transparent PDMS was developed to investigate the 

novel fabrication method of the optical device.  

In Chapter 5, the SOT optical device was newly fabricated to couple with FIA system 

with suitable design for using as compact on-demand optical device for on-site measurement. 

The proposed SOT optical device integrated with FIA system and a simple and compact LED 

detection (SOT-FIA optical system) was used for chemical analysis applications. The 

chemical application for determination of iron content in real samples was examined using 

the proposed optical system. The analytical characteristics and the validation of the 

developed optical system using a traditional spectrophotometer were evaluated to confirm its 

beneficial in chemical analysis applications for on-site and on-demand measurement. 

In Chapter 6, the SOT optical device coupling with FIA system using for a flow 

enzyme-linked immunosorbent assay (ELISA) was demonstrated. The ELISA method using 

enzymatic reaction of polyaniline using aniline, H2O2, and horseradish peroxidase (HRP) was 

proposed based on light absorption. The SOT-FIA optical device used a blue LED (470 nm) 

as the light source and photomultiplier tube (PMT) was performed as a detector of 

competitive flow ELISA for biological application of determination of 3-phenoxybenzoic 

acid (3PBA) with anti-3-phenoxybenzoic acid monoclonal antibody (mAb). The results of 

determination of 3PBA in artificial urine was investigated for using in the real application. 

In Chapter 7, the newly SOT optical device was developed using white PDMS as 

TiO2 dispersed in PDMS for enhancing the sensitivity of the optical detection. The digitally 
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fabrication method was developed by casting PDMS on the 3D printed mold/frame. The 

fabrication of a simple core/clad structure of titanium dioxide (TiO2) rutile particle dispersed 

in PDMS as optical core and carbon black doped PDMS as a cladding of was demonstrated. 

This proposed SOT-FIA module was used in a  flow injection analysis system with compact 

LED detection system for iron determination by colorimetric assay in drinkable tap water 

samples as chemical application of the newly proposed optical system that is potential of on-

demand and on-site measurement.    
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2.1 Materials 

 For fabrication of the proposed optical device using in chemical and biological 

applications, the flexible material as polydimethylsiloxane (PDMS) was used as the main 

material to compose with other material for improving special optical properties of the 

desired optical device.  

2.1.1 Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS) or dimethylpolysiloxane or dimethicone is a group of 

polymeric organosilicon compounds that are commonly referred to as silicones [1]. PDMS 

has properties of flexible, optically clear, inert to chemical compounds, non-toxic, and non-

flammable. PDMS has widely used in many applications range from additives of customer 

goods, surgery, cosmetics, commonly used devices and medical devices to elastomers. 

PDMS is hydrophobic and resist to water and stable in chemical compounds and organic 

solvent. Because the PDMS is adsorbed UV light region, but transparent in visible region, 

thus the PDMS can used as optical device instead of glass or mirror as the light guide. The 

PDMS is commonly fabricated an assistance of visual function for example contact lenses.  

2.1.2 Carbon black (CB) 

Carbon black (CB), a typical carbonaceous aerosol, is an important by-product of 

incomplete combustion of fossil fuel, biomass, biofuel, etc. [2-4] Black carbon particles can 

strongly absorb incoming solar radiation in visible region across a broad wavelength range. 

Black carbon (BC) particles are typically composed of multiple spherules with small size of 

average diameter 20 nm.  
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2.1.3 Titanium dioxide (TiO2)   

Titanium dioxide (TiO2) is an important industrial material as a main component of 

paint, pigment, cosmetics, etc. [5]. Due to the rutile titanium dioxide particle with a high 

refractive index of ~2.8, the contrast between refractive index of the TiO2 particles and the 

surrounding medium can provide the stronger of amplitude of the scattering events. The 

phenomena of multiple scattering occurred between the incident radiation and small particles 

of TiO2 dispersed in the polymer matrix induces the opacity of architectural white paint [6]. 

Thus, the rutile TiO2 particle is popularly used as a white pigment in an industry and research. 

In the past few years, there were numerous studies of various parameters such as size, shape, 

and chemical nature of the pigment to increase the effectiveness of TiO2 in paint 

manufacturers [7,8]. Also, extrinsic parameters included the filling fractions and the spatial 

dispersion state of the pigments in the polymer matrix were concerned. The major effect of 

decrease in light scattering is the packing of the pigments that unavoidably arises in high 

concentration of painted pigments. The filling fractions as the larger amount of TiO2 

pigments added to the formulation for reaching a nonnegligible enhancement of the overall 

paint opacity is important to optimize for use in the industrial and research application. 

 

2.2 3D printing 

In this research, the optical device or mold/frame of the optical device were printed 

by material jetting process using continuous inkjet printing (CIJ). The UV-curable inkjet 3D-

printer (Agilista 3200, Keyence, Japan) with a UV-curable soft silicone ink (AR-G1L, 
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Keyence, Japan) was used for fabrication of the PDMS optical device. The silicone optical 

device was designed using the 3D CAD program. After that the STL file of the optical device 

was sent to the 3D inkjet printer. Then the printer was processed to print by UV-curing of the 

silicon gum ink and the 3D printed silicone optical device was observed.  The 3D printed 

optical device could investigate the printing quality and if the 3D printed optical device did 

not meet the desired quality, the re-printing process can be easily produced to make the 

qualifiable optical device. The illustration of 3D printing process of 3D printed silicone 

optical device is presented in Figure 2.1.  

 

 

 

 

 

Fig. 2.1 Illustration of 3D printing process of 3D printed silicone optical device 

Also, the inkjet 3D-printer was used to print the mold/frame of the optical device by 

a UV-curable urethane acrylate monomer ink (AR-M2, Keyence, Japan). The 3D printed 

mold/frame as the master pattern will further use for fabrication of the special designed 

PDMS optical device as shown in Figure 2.2. The step of 3D printing is similar to the 3D 

printed silicone optical device. However, after printing, the 3D printed molds/frames were 
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mounted in form of the optical design and filled with PDMS. Then, after the PDMS is casted, 

the 3D printed molds/frames were removed, and the optical device was observed. 

 

 

 

  

 

 

 

Fig. 2.2 Illustration of 3D printing process of 3D printed mold/frame of the optical device 

 

2.3 Optical detector 

 2.3.1 Compact microplate reader 

Figure 2.3 shows the compact microplate reader which there is dimensions of B6-

sized (128 x 182 x 80 mm) like those of a cell culture microwell plate. This device consists 

of light sources of 24 light emitting diodes (LED), the 24 color sensors, and a SOT spatial 

filter for reducing noise effect. The power supply of the 24c-CMPL is alternating current 

(AC) 100 voltages. The color sensor (S11059-02DT/-03DS, Hamamatsu Photonics K.K.) 

that is responsive to red (615 nm), green (530 nm), blue (460 nm), and infrared (855 nm) 
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light was used for detection in the microplate reader collecting 16-bit digital data as results 

for each color. An Arduino microcomputer (Arduino Nano, Arduino) was connected to color 

sensors as the measurement unit carried out the 0–65535 data of 16 bits through the Arduino 

connected to a PC. 

 

 

 

 

 

Fig. 2.3 Images of fabricated compact microplate reader 

2.3.2 Ushio picoexplorer™ model PAS-110 absorbance sensor 

The Ushio picoexplorer absorbance sensor is a compact laboratory research device in 

size of 70 x 150 x 30 mm and weight of 200 grams (Fig. 2.4), which is easily controlled by 

a smartphone or tablet mobile device. A quick concentration of chemical and biological 

compounds by colorimetric assays or reagents can be observed via this analytical tool. The 

sensor unit is white LED sensor which is sensitive to red (615 nm), green (530 nm), blue 

(460 nm) light. The readout data is 16-bit digital data for each color. The device uses 4.5 

voltages if direct current (DC) using 3 AAA-type batteries or 5V DC (micro-USB connector). 

The operation of the Ushio picoexplorer is conveniently connected Bluetooth via a 

smartphone or tablet. Measurements obtained in 16-bit digital data can be saved in the 
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application and/or uploaded to a computer. Thus, using this device can safe the analysis time 

and the labors required for measurements. 

 

   

 

 

 

Fig. 2.4 a) Appearance of Ushio picoexplorer™ model PAS-110 absorbance sensor b) 

Schematic of detector of the Ushio picoexplorer [9]. 
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3.1 Introduction 

The development of industry of cell culture and regeneration of medicine relates to 

monitor the cell continuously. The management of the cell culture environment involved 

monitoring of the culture medium as temperature, humidity, and pH is very important. The 

monitoring conditions of culture medium traditionally investigated the pH values which 

effects to the cell condition. However, the method required skillful workers. Therefore, the 

microdevices were developed to use for continuous monitoring of cell states and quantitative 

analysis of culture medium [1-3]. These devices benefits control and measure single cells but 

the devices could not observe the cell state of cell population. Other methods were 

determining the cell state via the recovery of medium and the evaluation of the production of 

oxygen proteins, and amino acids [4]. However, the drawbacks of these methods were 

requirement of removing the culture dish from the incubator and contamination from the 

process of opening the lid to recover of the culture medium. An alternative approach is 

measurement of cell morphology using imaging data [5,6], but the instrument for 

investigation of cell morphology is expensive and complicated usage.  

In previous research, a silicone optical technology (SOT) was developed the optical 

detection that has an excellent noise reduction effect [7]. The SOT concept was successfully 

applied to fabricate small, portable optical detection devices. The optical structure based on 

SOT concept consists of optical core using transparent polydimethylsiloxane (PDMS) and 

optical trapping layer as cladding using PDMS containing carbon black pigment. This 

structure provided optical properties that scattering light is adsorbed on the optical trapping 
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layer by carbon black pigment and allows only straight light to pass via optical core path 

acting as a spatial filter. It is realized that larger signal to noise (S/N) ratio compared with 

traditional optical systems. In this study, a compact microplate reader which can continuously 

and quantitatively monitor the cell state without altering environment of cell culture 

environment in a 24-well plate was proposed. The SOT spatial filter was embedded into the 

compact microplate reader to provide the ability of low noise detection. The fundamental 

characteristics, the optical properties for reducing noise, and biological application for cell 

activity of the newly developed device were evaluated. 

 

3.2 Materials and methods 

3.2.1 Device design and optical properties evaluation 

An illustration of the compact microplate reader is presented in Figure 3.1. The 

compact device in dimensions of cell culture microwell plate was fabricated consisting of 24 

LED light sources, 24 color sensors, and a SOT spatial filter. In this work, the color sensor 

that is sensitive to red, green, blue, and infrared light (mention in Chapter 2) was used for 

detection. The diameter of the optical channel was 1 mm and the length of the light guide are 

designed for 10 mm. The light guide using SOT spatial filter was developed to be thin and 

long shape for minimizing the noise signal such as scattering light and reflected light. Each 

LEDs has distance between them for 18 mm. The arrangement of LED light and color sensor 

were set in the same line for effective detection. The structure of the fabricated device which 

is B6-sized (182 mm x 128 mm x 80 mm) is showed in Figure 3.2. Due to using the SOT 
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spatial filter, the displacing of the culture plate cover does not affect to the absorption 

measurement, because only straight light can be detected. The tilted incidence light was 

trapped providing the reducing noise level of the SOT spatial filter embedded on the proposed 

compact reader with benefit of open space adsorption measurement. A power supply of this 

device was AC voltage of 100 V. All the sensors are connected by an Arduino microcomputer 

executed for readout data analysis. The Arduino connected to a PC was used to obtain the 0–

65535 data of 16 bits as results of the fabricated device. 

 

 

 

 

 

 

 

 

Fig. 3.1 Illustration of the compact microplate reader. The SOT spatial filter was set on the 

bottom of the device. The SOT spatial filter as an optical path provides excellent noise 

reduction efficiency. 

SOT spatial filter 
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The trapping efficiency of the SOT spatial filter was demonstrated to confirm the 

properties of trapping the stray light. The incident light passed through the spatial filter was 

measured in function of the incident angle. The compact microplate reader was tested the 

crosstalk as the noise effected from the near LED according to the design of microplate and 

from the outside light while measuring.  The Red-Green-Blue-Infrared (RGB-IR) signal 

obtained from the LED sensor was compared the intensity between switch on and off the 

near LED and the intensity between light room and dark room. 

 

 

 

 

 

 

 

Fig. 3.2 Fabricated compact reader device a) Real image of the proposed device which the 

24-well culture plate was directly set on the SOT spatial filter including the color sensors set 

below  b) The image of side view of the proposed device showing that each LED light is 

aligned on each well of the 24-well culture plate. 

 

a) b) 
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3.2.2 Measurement of the concentration of the solution 

A colorimetric assay of methylene blue (MB) solution (company mentioned in [8]) 

was performed to investigate ability of quantitative analysis of the proposed device. The 

concentration of 1.9, 3.8, 7.5, 15, and 30 μM of MB solution were prepared. 1 ml of the MB 

solution and blank using ultrapure water were added into each well of a 24-well plate of the 

fabricated microplate reader. The light intensity resulting at 16-bit resolution. The light 

intensity was then calculated to absorbance (Abs) using beer-lambert’s law equation as Abs 

= log10(I0/ I), where I0 is the intensity of initial light and I is the intensity of transmitted light 

and Abs were plotted versus the concentrations of MB solution.  

3.2.3 Measurement of the pH in the culture medium 

Continuously monitoring of change in pH of the culture medium can be evaluated by 

adsorption detection of color changes in the culture medium using the proposed optical 

device. The culture medium was prepared by MEM-α (company mentioned in [8]) 

supplemented with 10% fetal bovine serum, FBS (company mentioned in [8]) and 1% 

penicillin-streptomycin, PS (company mentioned in [8]). 1.0 ml of the prepared culture 

medium was added to each well of the 24-well plate and then, the plate was fixed on the 

proposed device. The fabricated device was incubated to monitor the change in pH of the 

culture medium by measuring the light adsorption. The results from the proposed device were 

validated with a traditional pH/mV meter (company mentioned in [8]). The measurement 

time of both methods were 24 hrs. which the measurement results was observed every 2 hrs. 
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The results from two methods were comparison to confirm the reliability of the fabricated 

compact device. 

3.2.4 Evaluation of cell activity 

The fabricated compact microplate reader was used for investigating cell activity 

during cultivation to examine the benefit of monitoring cell behavior in real time. A WST-1 

assay using Osteoblastic cells/ MC3T3-E1 (company mentioned in [8]) was demonstrated to 

measure cell activity. Osteoblastic cells cultured in the medium of MEM-α supplemented 

with 10% FBS and 1% PS were added in concentration of 5.0 × 104 cells/ml to all wells. 

Then, the fabricated compact device was controlled the temperature using incubator and the 

cell activity was continuously observed by measuring the absorbance every 24 h for 168 h.  

3.3 Results and discussion 

3.3.1 Light absorption characteristics of the SOT spatial filter 

3.3.1.1 Trapping efficiency of the SOT spatial filter 

Figure 3.3 presents the trapping efficiency graph which related to the effect of the 

SOT spatial filter on the absorption of incident light. This data was updated from previous 

published result [8]. The intensity of light passing through the SOT spatial filter embedded 

on the fabricated device was dramatically decreased when the incident angle was 0 to 20 

degrees. The intensity was still decreased as the function of incident angle. The transmitted 

light was lower than 10% compared to the initial transmitted intensity at 0 degree when the 

incident angle was over 10 degrees. This indicated that the indirectly incident light was 
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effectively scattered or absorbed by the black PDMS optical trapping layer. Thus, in the 

fabricated device that the detector of color sensor is attached in the SOT spatial filter at a 

deeper position (1 mm diameter of optical hole of the spatial filter and 10 mm of detection 

length), incident light from the near LED was trapped by the SOT spatial filter before 

reaching the bottom of the microwell plate. Therefore, the noise effect from the adjacent LED 

was reduced by the spatial filter. The stray light was trapped on the spatial filter providing a 

99.5% trapping performance which confirmed the special optical properties of SOT spatial 

filter for reduction of the noise signal. A larger S/N ratio is observed due to trapping of light 

reflection at the optical path interface and passing of only straight light transmitted by the 

special SOT filter. 

 

 

 

 

 

 

 

Fig. 3.3 Trapping efficiency graph evaluated by the SOT spatial filter. The pass light intensity 

was decreased in the function of incidence angle. The pass light intensity was less than 10% 

at 10 degrees. 
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Fig. 3.4 Bar graph of the Red-Green-Blue-Infrared signal when comparison of the free air 

sample under condition of light room vs dark room and switch on vs switch off the near LED. 

3.3.1.2 Crosstalk testing and noise reduction effect 

The crosstalk was evaluated by measuring RGB-IR signal of the free air in microwell 

plate in light room and dark room 3 times repeatedly. In addition, the near LED (9 LEDs 

around the observed LED) was switched on and off to measure the effect of noise from the 

near LED light in both light room and dark room. The percentage difference of the signal 

from the light room and the dark room and the percentage difference of the signal from switch 

On and off of near LED were calculated from the average of RGB-IR signal at each condition. 

The results are presented in Table 3.1 and Fig. 3.4 which %RSD for each condition of intra-

day experiment was lower than 1.5%. These results show that effects of outer light and inner 

LED light were insignificantly different as lower than 1% of % crosstalk except the IR signal. 
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It was more affect to IR signal from inner and outer light compared to Red-Green-Blue signal. 

However, the % crosstalk still was lower than 3% in all cases. This shows that the SOT spatial 

filter performed excellent ability to absorb the tiled incident light as interfered light form 

outside and the near LED light. 

Table 3.1 Cross talk testing and reduction of noise signals results from the proposed compact 

device. The RGB-IR signal of the blank air sample was evaluated in light room versus dark 

room and switch on vs switch off the near LED. 

 

3.3.2 Measurement of solution concentration 

The methylene blue (MB) solution at different concentrations were evaluated the 

transmitted light signal using the fabricated compact device. The results of the signal from 

the proposed device are presented in Fig. 3.5 showing that decrease in overall signal when 

increase in the MB concentration. Because the blue color of MB solution can be adsorbed 

the transmitted light of the proposed compact device, the observed signal after passing 

through the blue solution of MB solution was decreased. However, there were wide variation 

of 24 wells microplate in the measurement results due to deviations of position between 

sensors and the LED light sources, the sensors and the 24 wells, and the LED light sources. 

Condition 
%Different 

R G B IR 

Switch on & off near LED (light room) 0.15  0.52  0.20  0.53 

Switch on & off near LED (dark room) 0.22  0.80  0.73  2.19 

Light room Vs dark room 0.25  0.65  0.50  2.98 



Chapter 3 

66 
 

 

 

 

 

 

 

 

Fig. 3.5 Optical signals for all wells in the 24-well plate investigated by the fabricated 

compact device 

 

 

 

 

 

 

 

Fig. 3.6 Calibration curve of methylene blue measuring by the compact microplate reader 



Chapter 3 

67 
 

The methylene blue concentration was plotted in a function of absorbance of 

fabricated compact device at 615 nm referred as the calibration curve of methylene blue. The 

absorbances were calculated from the measured signals based on the beer-lambert’s law 

equation. Figure 3.6 presents the calibration curve of the MB solution which was observed 

that the absorbance of the MB solution increased when the concentration of the MB solution 

also increased. The results showed that the detection limit of the MB solution of this 

fabricated device was 10 μM and the quantitation limit which provided the accurate 

measurement of the fabricated compact device was 15 μM. These results confirmed that the 

proposed microplate reader was successfully detected color changes of the culture medium 

with high accuracy in each well. 

3.3.3 Change in pH of the culture medium 

The results of changes in the pH of the culture medium over time using a pH/mV 

meter (n=3) are shown in Figure 3.7a). It indicated that the pH value in the culture medium 

increased over time. However, after 8 h, the pH value was constant at pH 9.0. Comparison 

to the results obtained the fabricated compact device as shown in Figure 3.7b), the 

absorbances (n=5) were plotted versus the cultivation time presenting a similar trend to the 

traditional pH meter. Thus, the proposed device attained continuous monitoring of pH values 

by measuring absorbance of the culture medium over time. The proposed method based on 

the absorbance of the culture medium can be the quantitative measurement of the cell state 

without requirement of recovery the medium during the cell culture.  
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Fig. 3.7 a) Changes in the pH of the culture medium observed by a pH/mV meter over time. 

b) Changes in the absorbance of the culture medium in microwells observed by the developed 

compact device (λ = 530 nm).  

a) 

b) 
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3.3.4 Cell activity and ammonium concentration in the culture medium 

The cell activity of Osteoblastic cells cultured in the medium was achieved over time. 

Results measured 5 times at each cultivation time show in Figure 3. From the cultivation time 

of 24 to 72 h, the cell activity increased as observed absorbance from the fabricated compact 

device increased. However, the absorbance values showed nearly unchanging after 72 h. 

These results indicate that cell generation was occurred to increase the number of cells during 

24-72 h, but the culture cells were saturated that were no longer proliferation after 72 h. Thus, 

the constant absorbances were observed meaning that increase in culture cells were stopped 

after 72 h.  

 

 

 

 

 

 

 

 

Fig. 3.8 Cell activity of Osteoblastic cells using the fabricated device (n=5). The 

measurement wavelength was 460 nm.  
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The calibration curve of ammonium plotted between absorbance and ammonium 

concentration shows in Figure 3.9. Changes in absorbance with respect to the ammonium 

concentration were measured 3 times (n=3) repeatedly. The results showed that calibration 

curved was linear from 0-1 mM of the ammonium concentrations with high accuracy and 

precision. The absorbance increased while the ammonium concentration in the culture 

medium also increased. The results confirmed that the fabricated compact device can 

continuously monitoring cell activity and evaluating any substance production during the 

cultivation time without the recovery of the culture medium. Thus, the proposed 24c-CMPL 

can be used to measure the state of cells with high accuracy and precision. Also, it can 

monitor the culture environment in real time without changing the cell culture environment. 

 

 

 

 

 

 

 

Fig. 3.9 Calibration curve of ammonium concentration (n=3). The measurement wavelength 

was 615 nm. 
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The potential of the proposed compact device overcomes the traditional method for 

managing system of cell culture. It can be effectively used for induced pluripotent stem cells. 

In the process of culture of cells derived from patients in vitro, the culture cells need to be 

safe for long time periods [9]. Moreover, this process is expensive, time-consuming, and 

labor-intensive [10]. Currently, the process recovery the cell culture medium was sued to 

approach quality control of cultivation of cells. However, the contamination can be risked 

occurring because of the opening of the cover during the recovery of the culture medium and 

contaminated equipment. Thus, the proposed small microplate reader that can be used to 

monitor cell culture continuously in real time without changing the culture environment 

enables to manage and control the culture of cells with high efficiency and evaluate the 

quantitative analysis of culture cells in the medium with high accuracy and precision.  

 

3.4 Conclusion 

The compact microplate reader was successfully fabricated using the SOT concept 

for reduction of noise effect. The real-time monitoring of the cell activity, substance 

production, and culture environment can be observed using this device. The methylene blue 

solution used to confirm the ability of optical detection for quantitative analysis based on 

absorbance with high accuracy using methylene blue. Moreover, the proposed device was 

validated the potential of measuring pH of the culture medium by the pH meter. The 

fabricated compact device was used to monitor changes in cell activity continuously over 

time and detect the ammonium substance during the cell culture in real time without altering 

the cell surroundings. 
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4.1 Introduction 

Currently, trend of analytical system or device has become small, portable, and rapid-

fabrication/prototyping to adapt and access for on-demand and on-site measurement. For 

example, micro-total analysis systems (μ-TAS) or lab-on-ship devices have been popular in 

this decade because of its advantages as small size, ease to fabricate, less-time production, 

increase in throughput, and effective chemicals or biologicals detection. Flow injection 

analysis (FIA) is one of the chemical analysis techniques which need to minimize the system 

for ease to use on-site measurement. Traditionally, the detection part in FIA system was 

spectrophotometer which was an optical system configured optical components in a space 

[1,2]. The light path of the traditional optical detection was bulky due to requirement of space 

for optical system. Moreover, it needs robust frames using the heavy material for precise 

mounts. These made traditional optical systems cumbersome and expensive. Thus, optical 

system which the light path was filled with transparent and solid-state medium called “filled 

path” optical system [3,4] was demonstrated to replace the blank space in transitional optical 

system. This replacement showed ability of reducing in fundamental base and increase in 

stability, but a tenability was decreased.  

Recently, we proposed monolithic and compact optical system based on 

polydimethylsiloxane (PDMS) as common matrix, and termed silicone optical technology 

(SOT) [5]. Previous work, the optical channel with core of transparent PDMS optical channel 

and clad of the carbon dispersed PDMS worked as a simple and filled quasi spatial filter 

(SOT-QSF) that can trap the tilted incidence such as stray lights from the multiple scattering 



Chapter 4 
 

76 
 

due to the filled optical cavity, because of the refractive index matching on the core and clad 

boundary. The carbon black pigment adsorbed the tilted incident light, thus only the light 

propagating along the filled optical channel (PDMS core) can pass to the detector showed 

low noise level detection. Thus, the SOT-QSF could be successfully embedded by inserting 

PDMS core with black PDMS clad to avoid the noise lights of unexpected incident angle as 

tiny and light-weighted optical system for spectroscopy detection. 

Novel 3D fabrication technology as 3D printing has widely used in many applications 

such as food design [6,7], innovative tool for math and geometry teaching [8], construction 

industry [9,10] and so on. 3D printing or an additive manufacturing (AM) process defined as 

‘the process of joining materials to make objects from 3D model data, usually layer upon 

layer, as opposed to subtractive manufacturing methodologies, such as traditional machining’ 

[11,12]. Its benefits were provided as automation, lower costs, save times, reduction of waste 

materials and transcendence of limits of fabrication processes for developing products. Also, 

the 3D printing was high reducibility [13]. Owing to lots of its advantages, we were interested 

in using 3D printing technology for rapid and easy fabrication process of optical devices 

based on SOT concept. On the other hand, the surface quality and translucent of the 3D 

printable material seems insufficient to print the optical system directly.  

In this study, an optical device which is flexible, small, and light weight was 

fabricated by combining 3D printing technique and SOT-QSF planting for using in flow 

injection analysis (FIA) system. The flexible frame was directly fabricated using silicone 3D 

printer, and simple injecting and blowing method was developed for embedding of SOT-QSF 
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by coating black PDMS (carbon dispersed PDMS) and injecting transparent PDMS. The 

appearance and microscopic image were investigated the properties of coated surface. 

Furthermore, trapping performance of the planted SOT-QSF was performed to show its 

ability for suppressing the noise level of the detection. This simple and versatile embedding 

method can realize rapid and flexible fabrication of SOT based FIA optical system by 

combining the 3D-printing technologies. 

 

4.2 Materials and methods 

As main matrix, polydimethylsiloxane-SIM360 or PDMS-SIM360 and its catalyst or 

CAT 360 (company mentioned in [16]) were adapted. Carbon black ((company mentioned 

in [16])) with 5 wt.% was mixed by mixing rotator ((company mentioned in [16])) at auto-

rotating 1,108 rpm for 200 seconds, 4-5 times. 3D silicone optical frame was printed using 

an inkjet and UV-curable 3D-printer (mentioned in Chapter 2) with ink material UV-curable 

soft silicone (mentioned in Chapter 2). Therefore, this silicone optical device was soft, 

flexible and proper for many applications. The 3D CAD (Computer aid design) model for 

fabricating silicone 3D printing optical module was designed in dimension 20 x 30 x 20 mm 

using Sketch up make 2017 program (Fig. 4.1a). In this work, 2 types of channel/hole were 

designed to cross each other as flow channel and optical channel. The diameter of flow 

channel was 2.0 mm for PTFE tube of flow injection analysis system and optical channel was 

2.0 mm diameter. 
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Fig. 4.1 a) 3D CAD design (20 x 30 x 20 mm, OD = 2.0 mm) and image of 3D printed 

silicone optical device b) Cross section cut of SOT device after coating process 

The addition of the embedded SOT-QSFs into modules was as followings: after 

silicone frame printed, the black PDMS was coated with injection and air-blowing. Firstly, 

the black PDMS was mixed with catalyst and injected with using pneumatic syringe 

dispenser ((company mentioned in [16])) into the hole for optical apertures. After that, 

controlled air from the dispenser was pursed for making black PDMS coated inside the holes. 

Since the air exhausted from the opposite side’s aperture and crossed holes (for flow 

channels), This process was done from the opposite side. The pressure of 0.05 to 0.125 mPa 

was used for injection of the black PDMS and pressure of 0.03 to was used to blow the black 

PDMS for coating around the channel. Then, the heated air ((company mentioned in [16])) 

was blown to cure the black PDMS on the optical channel for 1 minutes (Fig. 4.1b). Finally, 

the clear PDMS was filled into the optical channel for making the filled optical path of the 

SOT optical modules. 

 

a) b) 
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4.3 Results and discussion 

4.3.1 Properties of coated black PDMS surface 

The inside-coating of black PDMS in the 2 mmφ holes were investigated in term of 

surface appearance investigated by naked-eyes, microscopic surface character investigated 

by microscope, surface thickness investigated by microscope, and surface roughness 

investigated by AFM microscope. 

Figure 4.2 presented the visible and microscopic images (company mentioned in [16]) 

of coated black PDMS surface varied condition of coating. The pressure of the PDMS 

injection was varied from 0.050 mPa to 0.125 mPa, and air-blowing pressure of 0.030 and 

0.060 mPa were investigated. When the viscosity of the PDMS was 7000 mPa⋅s, more than 

0.100 mPa was needed to fill the cylinder of 2 mmφ x 10 mm, and the air pressure of more 

than 0.040 mPa was required for eject the filled PDMS and then apply coating. The injection 

pressure of 0.050-0.075 mPa provided incomplete coated area, and pressure of 0.125 mPa 

remained debris at the cross-section part after the blowing. On the other hand, the air pressure 

of 0.040 and 0.050 mPa could eject the filled PDMS and showed acceptable coating condition 

as shown in Figure 4.2. Since the higher pressure provided no coating but remove the black 

PDMS from the optical holes, the best coating condition was obtained at blowing pressure of 

0.050 mPa. 
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Fig. 4.2 The visible images and microscopic images (x250) of coated black PDMS surface 

on 3D printed silicone optical device varied by injection and blowing pressure of syringe 

dispenser. The green area was non-black PDMS coated area and the white transparent area 

was the coated area of optical channel. 

 Subsequently, the black PDMS layer’s pealed from the hole’s inside wall was 

observed using microscope measurement ((company mentioned in [16])), and the cross-

section was shown in Figure 4.3a. The coating condition was 0.100 mPa of injection pressure 

and 0.050 mPa of blowing pressure. The thickness about 500-600 µm was confirmed. In 

comparison with rough outer-side (right in the picture, boundary with 3D printed silicone), 

the inner-side showed smooth curvature surface. 
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 Figure 4.3b represented microscopic profile of the inner side surface with nanoscale 

hybrid AFM (company mentioned in [16]). The left image is x250 magnification, and right 

image is AFM profile of 20 x 20 µm area. The average RMS of coated surface was 30 to 100 

nm, which showed that the coated surface was smooth, uniform and proper for using as 

optical channel. 

Fig. 4.3 a) The microscopic images (40x) of coated black PDMS surface (cross section cut) 

b) The AFM microscopic image (250x, 20x20 µm) of coated black PDMS surface 

 4.3.2 Trapping efficiency of SOT-QSF optical module 

 The efficiency of the planted SOT-QSF can be evaluated by checking transmittance 

of the tilted light against the optical axis. In previous work, similar structure (core: 

PDMS/clad: carbon mixed PDMS) of SOT-QSF (1 x 2 mm2 width and 10 mm Long) were 

evaluated. The result presented that first scattering suppress noise to 0.5% in boundary of 

PDMS/black PDMS and 2~3 Scattering is sufficient trapping performance such as OD > 4 

[5]. 
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In this work, to evaluate trapping performance of modules with SOT-QSF with 

injection coating was tested as first step. Since the whole module was translucent, the 

supporting holes for optical baffle was also introduced. As shown in figure 4.4, 2 types of 

module such as, without filling black PDMS in the baffles hole, and with filled as baffles. 

Center schematic shows an experimental setup for evaluation of trapping efficiency, the laser 

beam at 532 nm was aligned with an Al mirror and was increased by concave lens to cover 

the entrance of the SOT-QSF. The detector collected the light intensity in every 5 degrees of 

torsion angle until 30 degrees and then was converted to normalized intensity by dividing the 

obtained intensity with the intensity at 0 degree (highest intensity). The trapping performance 

was evaluated 3 times repeatedly to obtain the average normalized intensity. Then the 

transmitted laser light intensity was plotted as versus the torsion angle. 

 

 

 

 

 

 

 

Fig. 4.4 Experimental setup of in-house instrument for trapping performance 
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Fig. 4.5 Experimental trapping efficiency which normalized intensity of the SOT-QSF 

optical module for analytical chemistry application plotted versus the torsion angle. Blue line 

in the graph indicated non-filled black PDMS SOT-QSF optical module and orange line 

indicated filled black PDMS SOT-QSF optical module. 

 The result in Figure 4.5 showed that the SOT optical module with planted SOF-

QSF and internal bulks of black PDMS obtained a good trapping efficiency which can reduce 

the pass light down to 104 times at 30 degrees of torsion angle even though there was some 

3D printed silicone material that is translucent. On the other hand, the light can be trapped 

only 83% at 30 degrees of torsion angle (0.17 of normalized intensity as shown in Fig. 4.4) 

due to the PDMS/coated black PDMS boundary without internal bulks. This could be 

investigated that there is some tilted incident light pass to the detector and cannot be trapped 

in case of non-filled SOT-QSF optical module. 99.9% of trapping efficiency was observed 

with SOT-QSF and internal balks, the 3D printing method can be possible to create the 



Chapter 4 
 

84 
 

channel for adding the blank PDMS internal bulks. This means on-demand and on-site, and 

rapid fabrication of SOT based FIA system-modules with planted SOT-QSF can be achieved 

with 3D printed silicone frame. 

 

4.4 Conclusion 

 The proposed rapid and digital fabrication of silicone optical module was 

demonstrated by using 3D printable UV-cured-PDMS frame and injection coating of optical 

trapping layer.  The facile coating method was demonstrated using syringe dispenser and the 

results of physical properties of coated surface showed proper and acceptable properties 

which able to use as the surface of optical channel. A simply fabricated SOT optical modules 

from 3D printed frame and coated quasi special filter showed 99.9% trapping performance 

on tilted light incidence, by introducing internal baffles. In future, this proposed SOT optical 

device will be developed to gather with flow analysis system as simple, low cost, flexibility, 

portability and high sensitivity device utilized for on-site and on-demand measurement. 
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5.1 Introduction 

The purposes of development of analytical devices are to miniaturize, make portable, 

and easy fabricated because trend of the device need to achieve function of adaptability and 

accessibility for on-site analysis. Previously, real time, portable and diagnostic reader devices 

were presented as micro total analysis systems (μTASs) or lab-on-chip devices [1-3]. These 

were the first ideal devices for on-site measurement analysis and many of analytical 

chemistry techniques required to develop the devices that are small size, convenience use, 

and portability for on-site analysis. The contemporary analytical technique called flow 

injection analysis (FIA) which is the automated method for chemical and biological analysis 

was also developed to miniaturize using in various applications [4]. The miniaturize FIA 

system provided benefits that can reduce the amount of sample and reagent, highly reproduce, 

expand the sample into the reagent stream, and easily use for on-site analysis. Focusing on 

detection part of FIA system, traditional instrument for detection in the FIA system was 

spectrophotometer, which is robust, tunable, and precise. However, the traditional optical 

system is hard to integrate, large, expensive, and not suitable for on-site analysis function. 

Thus, the development of analytical instruments for detection in FIA system have been newly 

designed based on the function of simple and compact devices [5,6]. The use of 

optoelectronic components as light-emitting diodes (LEDs) were demonstrated to use as light 

sources in miniaturized flow-through FIA systems. Previous researches were applied the 

LED light source for determination of transition metal [7,8], organic compound as the 

pesticide paraquat [9], and enzymatic reaction [10] in the FIA system. These presented that 
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the LED-based flow cells using as optical detection were successfully utilized for chemical 

analysis using miniaturized FIA system. 

Previous research of the developed compact optical system was demonstrated in 2017 

[11]. It was termed silicone optical technology (SOT) which using polydimethylsiloxane 

(PDMS) as a conventional material for fabrication of a small, lightweight optical system for 

spectroscopic detection. The properties as spatial filter was performed by construction of 

simple coaxial structure using transparent PDMS as optical core channel and carbon 

dispersed PDMS as cladding of the optical channel. This optical filter named the quasi-spatial 

filter (SOT-QSF) could reduce the effect of inclined light. It can cut off and block stray light 

scattered from interfered light because there is counterpart of refractive index at the core and 

cladding border of PDMS/carbon dispersed PDMS. The SOT-QSFs were confirmed the 

special properties of trapping the undesired light which the inclined incident light is adsorbed 

and scattered by the carbon black mixed PDMS layer, only the straight light can propagate 

along the PDMS core [12,13]. This attained the advantage of high sensitivity with low noise 

effect. Thus, the SOT-QSF was used to embed in the miniaturized optical system for on-site 

detection of spectroscopic analysis. However, the simple coaxial SOT structures need to 

develop the fabrication method to be simpler without complex fabrication processes. 

Currently, a novel 3D fabrication technology of three-dimensional (3D) printing has 

been widely used in many analytical chemistry applications [14]. The 3D printing technique 

is the process that materials are combined to form the 3D objects by the computer control 

[15]. Many researchers used this technique for fabrication of microfluidic devices [16,17], 
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ultraviolet (UV)-visible cuvette adapter [18], and open-source colorimeter [19] related to 

chemical analysis. Because of advantages in automation processes, saving times, inexpensive 

process, and waste reduction, the 3D printing method have been gained in attention for 

chemists to use for simple fabrication of instruments. In addition, the 3D printing process is 

able to reproduce with high precision and various design for suitable use. Thus, in this work, 

we proposed to use the 3D printing technique for development of fabrication process of 

optical device based on SOT concept. However, the quality of 3D printing device and the 

translucent of the 3D printing material is the main issue in this research. Hence, the surface 

modification of 3D printing device is required in case of fabrication of the optical device. 

In this work, we proposed new fabrication method using a combination of 3D printing 

and a SOT-QSF planting process for making a small, flexible, and lightweight optical device. 

A 3D printer using silicone gum as the printing material was used to fabricate a compact and 

flexible optical module that has simple optical/flow channel for coupling with the FIA system. 

An injection coating method was demonstrated to modify the 3D printed surface to be proper 

for using as the optical device. The simple injection and blowing method were used to embed 

SOT-QSF that has the core/clad structure with coating black PDMS (carbon dispersed 

PDMS) as cladding of optical trapping layer before injecting of transparent PDMS as the 

optical window core. The physical properties including coated surface appearance, thickness 

and the roughness were studied. The optical properties of embedded SOT-QSF were 

investigated trapping efficiency and reduction noise testing to guarantee the benefit of the 

optical device that can suppress the noise effect during detection. The developed SOT optical 

device was used with FIA system and simple and compact LED detection system for 
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determination of the iron content in real samples to ensure the chemical analysis applications 

of the device. The analytical characteristics, % recovery and validation using conventional 

spectrophotometer was achieved to guarantee its ability for on-demand and on-site chemical 

analysis. 

 

5.2 Materials and methods 

5.2.1 Reagents and standards 

The transparent optical path was fabricated using polydimethylsiloxane-SIM360 and 

its catalyst (from the same company as in Chapter 4) mixed at a ratio of 10:1. The cladding 

of the SOT optical device was fabricated using 5 wt.% of carbon black mixed with PDMS. 

The planetary mixer (from the same company as in Chapter 4) was used to mix the black 

PDMS under condition of autorotation at 1108 rpm for 200 seconds and repeated the process 

of mixing for four to five times. 

5.2.2 SOT-FIA optical module design 

In this work, the Sketch-up Make 2017 program was used to design the model of 3D 

computer-aided design (CAD) to fabricate 3D-printed silicone optical module for FIA system. 

We created the optical module in dimensions of 10 x 30 x 8 mm, entire length = 20 mm 

shown in Figure 5.1. The optical channel and flow channel were perpendicular to each other. 

The inlet and outlet of the flow channel were in opposite direction as two separable vertical 

channels and the optical channel were set as long plane channel. The diameter of the flow 

channel was 1.8 mm that was compatible to the size of polytetrafluoroethylene (PTFE) tube 
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of the FIA system. The optical channel was 2.0 mm diameter. The length of the detection 

zone which is in both sides of optical channel was 10 mm in length and the sample zone 

which is in the center of optical channel as sample flow-through path was also 10 mm in 

length. 

 

 

 

 

 

Fig. 5.1 a) 3D CAD design (10 mm×30 mm×20 mm, diameter = 2.0 mm) b) Real image of 

the silicone 3D printed optical module. 

5.2.3 Fabrication method for the SOT-FIA module 

An illustration of the fabrication process of SOT-FIA module was presented in Figure 

5.2. A UV-curable inkjet 3D-printer (from the same company as in Chapter 4) was used with 

a UV-curable soft silicone polymer (from the same company as in Chapter 4) for making of 

the silicone optical module by printing directly. The properties of 3D printed optical device 

was flexible, soft and appropriate for various applications. Because the surface roughness of 

the 3D printed module is approximately from 20 to 100 μm, it cannot properly use for the 

optical channel in the detection system. Thus, the process of smoothing surface is needed. 

Also, the process of coating black PDMS as the optical trapping layer is needed due to the 

a) b) 
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translucent of AR-G1L silicone gum ink of 3D printer (Fig. 5.1 b)). The embedding method 

of the SOT-QSFs into the 3D printed silicone module was attained by a simple coating 

method. 

 

Fig. 5.2 Illustration of the fabrication process of SOT-FIA optical module using injection 

coating method for embedding the SOT-QSF. 

First step, after mixing the PDMS with 5 wt.% carbon black as the black PDMS, the 

solution was injected into the holes of the optical channel by using a pneumatic syringe 

dispenser (from the same company as in Chapter 4). The injection pressure was varied from 

0.050 to 0.150 mPa. After that, the free air was blown into the optical channel aperture to 

coat the black PDMS around the interior of the optical channel with varying the controlled 

air pressure of syringe dispenser from 0.050 to 0.070 mPa. The blowing of free air was 

needed to process for both opposite sides of the optical channel because the uniform coating 
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was required, and the air was for one side. The optimized conditions for the coating method 

were investigated and then heated air was blown for 90 seconds to cure the black PDMS 

coated on the inner of optical channel by using a hot dryer (from the same company as in 

Chapter 4). Form the coating process of the optical trapping layer, the inner surface of the 

optical channel was modified to be smoother than normal 3D printed surface boundary which 

could confirm by a microscopic study.  

Next step, the transparent PDMS was injected in the optical channel via a hand 

injection process to form the optical core structure based on SOT concept. The transparent 

PDMS acted as the optical window of the detection zone of the proposed optical module. The 

3D printer with acylated monomer ink (from the same company as in Chapter 2) was used to 

a 3D printed plastic block bar. It was used for preventing the PDMS to enter the sample zone. 

The sample zone length was varied from 5.0 to 10.0 mm to optimize the highest sensitivity 

of the optical device. Before use of the block bar, the polishing process was needed to adjust 

the smoothness of the 3D printed block bar surface using the SiC abrasive paper (company 

mentioned in [23]) and polishing cloth (company mentioned in [23]). The plastic block bar 

as mold for fabrication of the optical window was placed into the flow channels to separate 

the detection part and the sample part when the filled optical window was formed. After 

injection of the PDMS into the detection zone, the face side of the optical channels was placed 

on an acrylic place to form the flat and smooth optical window. Then, the PDMS window 

was cured at ambient condition for 24 h to complete making the filled optical window and 

the plastic block bar was removed. The process of fabrication of the optical window was 

repeated for another side of optical channels. After that, the black PDMS bulks were added 
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into the SOT optical module and compared its trapping effect for the inclined light with 

another module without black PDMS internal bulks. Finally, the PTFE tube sized outer 

diameter of 1/16" × inner diameter of 0.040" (company mentioned in [23]) was entered into 

the flow channels and then the clear PDMS was injected into the flow channel for joining the 

tube.   

5.2.4 SOT-FIA module optical properties evaluation 

The optical properties of the proposed optical module were evaluated by trapping 

efficiency and noise reduction effect. The trapping performance that measured the 

transmitted light passing through the SOT spatial fitter against the optical axis was evaluated 

to confirm the capability of trapping the stray light. An in-house instrument setup was used 

for trapping performance experiment. The testing of noise interference was performed by 

integration of the proposed optical device with an LED detection system (from the same 

company as in Chapter 2) as the SOT-FIA optical system. The red-green-blue (RGB) signals 

of the blank air were observed between light room and dark room to confirm there is no 

different results of the signal between both conditions.  

5.2.5 Application of the SOT-FIA optical system 

The FIA system (company mentioned in [23]) was connected with the proposed SOT-

FIA optical system that gathered with the LED detection system. The flow rate of the FIA 

system was varied from 0.5 to 10 ml/min to check the robustness of the SOT-FIA optical 

system. Also, the chemical resistance to acid, base, and organic solution of the proposed 

optical system was tested. The chemicals used in this work were analytical grade. A Direct-
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Q system (Merck Millipore) was used for production of deionized water using in this work. 

10 mM of HCl (company mentioned in [23]) at pH = 2.0, 10 mM of NaOH (company 

mentioned in [23]) at pH = 12.0, and 50% v/v of ethanol solution (company mentioned in 

[23]) were prepared  to confirm endurance properties of the SOT-FIA optical module. 

The proposed optical system was demonstrated chemical application for 

determination of the iron content in natural water. The colorimetric assay of the iron with o-

phenanthroline was demonstrated to ensure beneficial in chemical application of the 

proposed optical system. 1 mg of iron(II) chloride tetrahydrate (company mentioned in [23]) 

was dissolved in 100 ml of 10 mM HCl solution to prepare the stock solution of 10 mg L−1 

of Fe(II). Then, the stock solution was then diluted into a series of concentrations from 0.01 

to 0.1 mg L−1. 0.05% w/v o-phenanthroline (company mentioned in [23]) in phosphate buffer 

solution, pH 4.0 (company mentioned in [23]) was mixed with 2% ascorbic acid (company 

mentioned in [23]) to prepared the mixture reagent. The ascorbic acid was used to reduce 

Fe(III) to Fe(II) in the natural water sample because the colorimetric assay is specific to Fe(II). 

The flow condition was 1.0 ml/min at ambient condition. The Blue signal of RGB sensor 

related to the Fe(II) concentration were obtained by Ushio Picoexplorer LED detection 

system (λrange = 400–540 nm). The measuring of the signal was repeated three times for each 

Fe(II) concentration and the average B signal was calculated. The absorbance of Fe(II) 

solution was obtained by calculation based on the Beer-Lambert’s law that equation is 

presented in [23]. The natural water samples were collected from the local river water, 

seawater, and potable water supply. To prepare the samples, these samples were filtered using 

a 0.5 μm PTFE membrane (company mentioned in [23]). Then, the total iron content in 
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samples was mixed with the same reagent that used with the Fe(II) standard. The accuracy 

of the proposed optical system was confirmed by spiked recovery and the results from the 

proposed method were validated by transitional spectrophotometry (company mentioned in 

[23]) at 510 nm (λmax) under the same conditions.  

 

5.3 Results and discussion 

5.3.1 Properties of surface coated using the injection-blowing method  

The surface properties of coated black PDMS surface were evaluated to ensure good 

surface properties for optical detection applications. The surface appearance of coated black 

PDMS in the optical channel was investigated by the naked eye and a microscope. The other 

surface characteristics as surface thickness and surface roughness were confirmed by the 

microscope and atomic force microscopy (AFM).  The process of coating black PDMS 

surface was repeatable that showed 90% of satisfied reproducibility confirmed by 

microscopic study. 

The condition of coating process was varied at 0.050, 0.075, 0.100, 0.125, and 0.150 

mPa of the PDMS injection pressures and at 0.050, 0.060, and 0.070 mPa of air-blowing 

pressures to observe the optimum condition for the fabrication. Figure 5.3 presents the 

apparent and microscopic images (from the same company as in Chapter 4) of the black 

PDMS coated surface in each condition. The results shows that the PDMS solution which its 

viscosity was 7,000 mPa needed <0.100 mPa of injection pressure to fill the optical channel 
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of 2 mm diameter with 15 mm of length and <0.050 mPa of blowing air pressure to eject the 

filled PDMS solution and achieve a coating of optical channel.  

 

Fig. 5.3 Visible images and microscopic images (×250) of black PDMS-coated surface on 

the proposed 3D printed optical device under different conditions of injecting and blowing 

method. Non-black PDMS coated areas show in green areas and the coated areas of the 

optical channels show in white transparent areas. 

Under condition of injection pressure ranged from 0.050 to 0.075 mPa, incomplete 

coated surface of the black PDMS was observed. The whole coated surface of black PDMS 

on the optical channel was presented when using the injection pressure of 100 mPa and 125 

mPa provided the uniform coating.  However, using higher injection pressure of 150 mPa, it 
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caused blocking of the black PDMS to the flow channel after blowing of air because 

overabundant solution of black PDMS was injected. The most uniformly and smoothest coted 

surface which is proper for use of the optical device was observed when using injection 

pressure of 0.125 mPa with air pressures of 0.05 to 0.07 mPa. The condition of blowing 

pressure from 0.050 to 0.070 mPa showed no significant effect of coating process that could 

enough remove the black PDMS from the optical channel and provide good coating. Thus, 

the 0.125 mPa of injection pressure with 0.060 mPa of blowing pressure was the optimum 

condition of coating process. 

The coated surface under the optimum coating conditions of 0.125 mPa and 0.060 

mPa of injection pressure and blowing pressure, respectively was measured the thickness 

using a microscope (from the same company as in Chapter 4). The black PDMS coating layer 

was cut from the optical channel in cross section and the microscopic image is presented in 

Figure 5.4 a). This showed the thickness of the coated layer was approximately 500–600 μm. 

The coated surface with black PDMS was smoother than the other side of the 3D printed 

surface that guaranteed the success of surface modification by coating process. 

The roughness of the black PDMS coated surface was observed using nanoscale 

hybrid AFM (from the same company as in Chapter 4) to confirm the quality of the coating 

method. The results of surface roughness are showed in Figure 5.4 b). which the AFM profile 

image observed area of 50 × 50 μm2 shows as big green image and a 2D virtual surface image 

(×250 magnification) shows in brown image. 30-100 nm of the average root mean square 

(rms) roughness of the coated surface was obtained. This indicated that the coated surface 
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using simple injecting and blowing method provided suitable surface properties of optical 

channel. 

 

Fig. 5.4 a) Microscopic images of black PDMS coated surface (40×) and b) AFM 

microscopic image of black PDMS-coated surface (250× magnification, 50 × 50 μm2) 

5.3.2 Evaluation of optical properties of SOT-FIA module 

5.3.2.1. Optical trapping efficiency  

In previous work, the trapping efficiency of a similarly structured SOT-QSF which 

has dimensions of 1 x 2 mm2 with 20 mm length was investigated by measuring the 

transmitted light intensity with respect to the optical axis. A single scattering was observed 

to suppress noise to 0.02% in the black PDMS optical trapping layer, also 2-3 scattering 

attained sufficient trapping efficiency [20]. 

In this work, two types of SOT-FIA optical module which one was filled with black 

PDMS baffles and another one was not added the black PDMS baffles were investigated the 

trapping performance. The in-house instrument setup was used in this work. A laser beam 

a) b) 
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(532 nm) was used as the light source. An Al mirrors and a concave lens (focal length f = 

−30 mm) was aligned to magnify the laser beam to cover the optical window of the optical 

module. The detector was a photomultiplier tube. The light intensity transmitted through the 

optical channel was collected at every 5 degrees of torsion angle until up to 60 degrees. The 

measurement of transmitted light at each torsion angle was repeated three times to obtain an 

average intensity. The average light intensities at different torsion degrees were calculated 

the normalized intensities, which is the ratio of the evaluated intensity to the initial intensity 

at 0 degree and were then plotted versus torsion angle. 

Figure 5.5 shows the results of the trapping efficiency graph. The SOT-FIA optical 

module with adding the black PDMS bulks was performed an excellent trapping efficiency 

which can reduce the passing light down to the 104 times at 15 degrees of torsion angle. On 

the other hand, in case of only embedding of SOT-QSF of the optical module, the tilted 

incident light could be reduced down 7 times at the same torsion angles and could be further 

trapped down to 20 time at 60 degree. These results indicated that there is still tilted light 

passing to the detector because only SOT-QSF was not enough for adsorption of scattering 

without internal baffles of black PDMS. Thus, the trapping efficiency of 99.8% was obtained 

when using the proposed optical module with black PDMS bulks. Even though the SOT-FIA 

optical module remained some translucent part from the 3D printer ink. However, the 3d 

printing can provide availability of design of the 3D-printed silicone module that was able to 

introduce internal baffles of black PDMS. Thus, the proposed optical module with on-

demand and rapid fabrication based on SOT theory was succeed to obtain an optical 
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properties of low noise level detection using 3D printed silicone module and coating method 

with adding the internal baffles of black PDMS. 

Fig. 5.5 Trapping efficiency graph of SOT-FIA module. The proposed optical module with 

black PDMS bulks shows as the blue line and the orange line shows the trapping efficiency 

of the optical module without the black PDMS bulks. 

5.3.2.2. Noise reduction effect with LED detection system 

The noise reduction effect was evaluated by measuring the RGB signals of the 

PAS110 Picoexplorer as LED detection system that integrated with the proposed SOT-FIA 

optical module between light room and dark room. The reducing noise background of the 

proposed optical module was confirmed by percentage difference in LED intensity (16-bit 

resolution) of the free air sample of the proposed optical device for 2 min between turn on 

and off the light.  
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Table 5.1 Noise effect results of the proposed optical module using compact LED detection 

system. The blank air sample was measured light intensity of RGB sensor at light room and 

dark room. 

Table 5.1 presents the effect of noise reduction if the SOT-FIA optical module. The 

less difference of percentage in LED signal between the light and the dark room was observed 

to lower than 0.5% in all cases of sample zone. This results indicated that there was no 

significant effect from the external light form the light room because the visible interfered 

light was blocked by the black PDMS optical trapping layer and the internal baffles of our 
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proposed SOT-FIA optical module. Thus, the proposed optical device is guaranteed the 

ability of on-site miniaturized FIA system and an open-space measurement. The length of 

sample zone effected to the RGB intensity as results shown in Table 5.1. The 10 mm length 

of sample zone provide the highest RGB intensity that can relate to volume of the sample 

detected using the proposed optical device. This mean that the sensitivity of the optical 

system was affected by the sample volume. Hence, 10 mm of the sample zone of the SOT-

FIA optical module was chosen for further study in chemical analysis applications. 

5.3.3 Application of the SOT-FIA optical system 

5.3.3.1. Robustness and chemical endurance of SOT-FIA optical module 

The developed optical module with handheld LED detection system was coupled with 

simple FIA system to test the robustness of the proposed optical system. The flow rates of 

FIA system were varied from 0.5 to 10 ml/min to test the endurance of the optical module. 

The water was flowed continuously into the SOT-FIA optical module for 30 min to confirm 

there is no damage on the optical module. The results showed that there were no leakages of 

the optical module even if using high pressure of flowing solution. The acid solution of HCl 

10 mm, pH = 2.0, base solution of NaOH 10 mm, pH = 12, and organic solution of ethanol 

50% v/v were used to confirm the chemical endurance of the SOT-FIA optical module. The 

solutions were flowed three times repeatedly for 10 min per day and were observed for over 

10 consecutive days. The AFM images (observed using mentioned equipment in Chapter 4) 

were used to evaluate the results of coated black PDMS surface after testing of flow of the 

acid, base, and organic solutions.  
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Fig. 5.6 AFM images and 2D virtual surface images of the coated surfaces after chemical 

resistance test: a) under acid conditions b) under base conditions and c) under organic 

conditions. 

The results in Figure 5.6 shows that the black PDMS coated surfaces were still 30-

100 nm of a rms roughness which means that the optical properties of the proposed optical 

module were the same as before flowing of the chemical solutions. Thus, the acid, base, and 

organic solutions were not affected to the measurement of the proposed optical device.    

These results confirmed that the SOT-FIA module has good chemical endurance under acid, 

base, and organic conditions.  

5.3.3.2 Colorimetric determination of Fe(II) in real sample 

Figure 5.7 shows the real image of compact handheld SOT-FIA optical system. The 

optical system composed of flow inlet and flow outlet for flowing solution into detection 

zone and passing to the waste tank, the LED light source, the SOT-FIA optical module, and 

color sensors for LED. This system was applied to determine the iron content in natural water. 
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The reagent using mixture of o-phenanthroline (0.05% w/v) with ascorbic acid (2%) in a 

phosphate buffer (pH 4.0).  of was flowed at 1.0 ml/min at room temperature as reagent 

stream and then the standard solution of iron (0.01 to 0.1 mg l−1) was injected 150 μl into the 

reagent stream. The color development was occurred orange color adsorbed at blue intensity 

of RGB signal which λrange was from 400 to 540 nm. Thus, the transmitted light intensity 

of B signal was observed 3 times at each concentration of Fe(II) to calculate the average B 

intensity corresponded to the iron concentration. 

 

 

 

 

    

 

 

 

 

Fig. 5.7 Image of SOT-FIA system coupled with handheld LED detection system 

Figure 5.8 a) presents the flow profiles of the iron determination using SOT-FIA 

optical system for 90 seconds. The B intensity reached highest absorption at 15 seconds. 
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Then, the absorbance of iron solution related to the concentration was calculated using the 

Beer-Lambert’s law equation which is mentioned in [23]. The obtained absorbances were 

then plotted versus the Fe(II) concentrations as the calibration curve of iron. The calibration 

curve was linear from 0.01 to 0.1 mg l−1 of iron concentrations with the linear regression 

equation of y = 0.7642x+ 0.0018, the R2 ≥ 0.99 which was close to 1 showing high linearity 

with wide range of chemical analysis of the proposed measurement method.  

 

 

 

 

 

 

 

 

 

 

 

 

a) 
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Fig. 5.8 Colorimetric determination of iron using the proposed optical system a) Examples 

of signal profiles of standard iron solution b) Calibration curve for iron colorimetric 

determination using the developed optical system. 

The analytical characteristics of the proposed SOT-FIA optical system were 

compared with the previous research of iron determination with o-phenanthroline in natural 

water samples using FIA with spectrophotometric method (Table 5.2). The results show that 

the proposed optical system provided lower of the detection limit (LOD) as 3 μg l−1 and lower 

of the quantification limit (LOQ) as 10 μg l−1 than the previous reports [21,22]. 

 

 

b) 
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Table 5.2 Comparison of analytical characteristics of flow methods for the determination of 

iron in natural water. 

 

 The accuracy of the proposed method was guaranteed by applying to the real samples 

of various natural water samples. The samples of river, seawater, and potable water was 

investigated the percentage recovery of iron in the samples by adding 0.010, 0.025, and 0.050 

mg l−1 of standard iron solution. The recovered iron concentrations from the samples was 

calculated comparison between before and after adding the standard iron. Good percentage 

recovery resulted in the range of 80% to 112% were observed to ensure the high accuracy of 

the proposed optical system (Table 5.3).  
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 Table 5.3 Percentage recovery of iron from natural water samples.  

The iron contents in the natural water samples were investigated under the same 

conditions used for the standard iron solution. The results of iron concentrations in the natural 

water samples were repeated 5 times to obtain the average iron concentrations. The results 

present in Table 5.4 which the results obtained via the proposed method were compared with 

the traditional spectrophotometry (λmax = 510 nm). % Deviations calculated by % difference 

of the concentration of the samples between results from the proposed optical device and the 

traditional measurement method were lower than 3.5% that means the proposed method 

agrees well with the traditional spectrophotometric method. Thus, this developed method is 

reliable and utilizes for using in real chemical analysis. 
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Table 5.4 Validated results of iron determination in natural water sample using the proposed 

optical system compared to the traditional detection of spectrophotometer. 

 

5.4 Conclusion 

The novel fabrication technique of the optical device using rapid digital fabrication 

of 3D printing with simple coating process was successfully demonstrated based on SOT 

concept. The SOT optical module printed from UV-curable silicone polymer was modified 

the 3D printed surface via injection coating method of the optical trapping layer using black 

PDMS solution. The syringe dispenser was used to perform cladding of black PDMS by 

simple injecting and blowing method. The transparent PDMS core was also simple fabricated 

by simply handed injection to create the SOT coaxial structure of PDMS core with black 

PDMS cladding.  The coating process of black PDMS provided the benefit of adjustment of 
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the roughness of the 3D printed module and it is suitable for optical channel. The physical 

properties of coated black PDMS surface were evaluated and the results showed acceptable 

and proper coated surface using for optical detection. The optical properties of the developed 

optical module were confirmed the capability of trapping the stray light via trapping 

efficiency and reduction of noise background via noise reduction effect of different 

environment of the measurement between light room and dark room. The trapping 

performance of the proposed optical module showed 99.8% of trapping the inclined incidence 

light by introduction of black PDMS bulks into the optical module. The noise background 

was less than 0.5% indicating the special property of reducing noise background of the 

developed FIA module. The proposed optical device was integrated with the FIA system and 

LED detection system to ensure its ability of use for chemical analysis. The high robustness 

against high flowing pressure and high chemical endurance including acid, base, and organic 

solution of the fabricated optical module were confirmed. The real application for iron 

determination in the natural water samples was demonstrated to examine the utility of the 

proposed optical system. An excellent linearity, broad chemical analysis range, low detection 

limit, and good percentage recovery were achieved. Also, the results of iron contents in the 

natural water samples from the developed optical system agreed well with the traditional 

spectrophotometric method. This optical device developed to simple fabrication, low-cost, 

adjustability, movability, and highly sensitivity was utilized for fast on-site chemical analysis 

application. 
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6.1 Introduction 

Enzyme-linked immunosorbent assay (ELISA) is the process for biological analysis 

that combines the antigen-antibody interaction and enzymatic reaction by a chemically 

modified enzyme to the antibody or antigen [1]. The ELISA is one of a famous analytical 

technique for various kinds of analyte. Recently, the ELISA methods were demonstrated 

using nanoparticles [2-5] and enzyme for color development [6-7]. The ELISA is very 

selective because the interaction of antigen and antibody is specific reaction. The enzymatic 

reaction relates to the analysis time of ELISA because the process of enzymatic reaction 

depends on the increasing of concentration of products. Thus, the fast enzymatic rection 

provided the benefit of fast analysis time.  

Flow injection analysis (FIA) is an automated analysis method that can perform 

continuous measurements. Currently, the FIA systems were proposed to apply in chemical 

and biological analysis. Frequently, the detection part of FIA was fluorescence detection [8], 

chemiluminescence detection [9,10], and light absorption detection [11–17] which are 

popular use in analytical chemistry applications. The detection part of FIA has been 

developed along with the development of the flow chips to provide the benefit of on 

demanded and convenience use in many applications. Recently, the 3D printing technique 

was used to fabricate the flow detection systems in various designs [18–20]. 

The combination of ELISA and FIA system can provide the advantages of automation, 

and continuous measurement of multi-samples and simplicity of some complex process in 

ELISA such as addition of chemicals, adsorption of antibody and antigen, and washing. The 
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in-situ and on-site analysis of flow ELISA can be achieved on a microchip device. The 

portable flow ELISA devices were developed using organic light-emitting diodes (OLED) 

and organic thin film photodiodes [21–23] as a compact detection. Many kinds of flow 

ELISA were successfully used for automated determination [24,25].  

One of the enzymes and substates that usually use in ELISA were Horseradish 

peroxidase (HRP) and hydrogen peroxide (H2O2), respectively. For example, they were used 

as initiators for enzymatic oxidation with 3,3',5,5'-tetramethylbenzidine (TMB) and o-

phenylenediamine (OPD) for color development in ELISA. However, the sensitivity must be 

improved by a long reaction time (~30 min) which is the drawback of enzymatic reaction 

using for color development in FIA-ELISA [1]. 

In case of aniline substate, it can be generated polyaniline using HRP and H2O2 [26–

29]. Aniline has advantages of stability in light and heat, inexpensive, also fast analysis time 

over the other chemicals using in ELISA, because the enzymatic reaction of polyaniline is 

radical reaction that is shorten time due to quick production of polyaniline.  In this work, we 

demonstrated a competitive FIA-ELISA method using the enzymatic reaction of generation 

of polyaniline presented via optical measurement in Figure 6.1. This competitive ELISA is 

used for determination of 3-phenoxybenzoic acid (3PBA) using a monoclonal antibody 

(mAb) as antigen-antibody interaction in ELISA. The fast reaction of polyaniline reaction is 

advantageous for FIA-ELISA. The detection of enzymatic rection of polyaniline has been 

reported using electrochemical detection of ELISA based on the redox current of radical 
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rection [30]. However, there is no report of use light absorption for detection of enzymatically 

generated polyaniline in ELISA. 

 

 

 

  

 

 

 

Fig. 6.1 Illustration of competitive ELISA of enzymatic reaction of polyaniline with 3PBA 

antigen-antibody interaction. 

3-phenoxybenzoic acid (3PBA) is a major metabolite of synthetic pyrethroid 

insecticides that are a neurotoxin, and highly toxic to aquatic life [31]. After intake of 

pyrethroids form crops or diet products, the serum and enzyme in the liver as esterase 

enzymes adsorb and hydrolyze the pyrethroid compounds to 3-phenoxybenzaldehyde or 3-

phenoxybenzyl alcohol which their half-lives are from 2.5 and 12 h. After that, 3PBA is 

produced by conversion of these compounds [32]. Thus, it can use as chemical label of 

synthetic pyrethroid insecticide exposure in human. The determination of 3PBA have been 

reported using anti-3PBA antibodies [33–37] and nanobodies [38]. In this work, a 



Chapter 6 
 

121 
 

monoclonal antibody (mAb) which is selective to 3PBA was produced and used as antibody 

reagent in ELISA for determination of 3PBA using enzymatically generated polyaniline. 

We proposed FIA-ELISA for the determination of 3PBA with enzymatic reaction of 

polyaniline. The ELISA was performed on a Y-shaped channel acrylic chip with light 

absorption detection of blue light-emitting diode (LED). The Y-shaped channel was designed 

to adding ABS resin beads sized 1 mm that were immobilized by anti-3PBA mAb. The 

immobilized antibody beads were aimed to enhance the sensitivity and shorten the enzymatic 

reaction time. The optical device using concept of silicone optical technology (SOT) that has 

benefits of trapping the stray light and reduction of noise effect [39] was coupled with blue 

LED and photomultiplier tube (PMT) detector. The SOT optical device is in compact size, 

simply fabricated using 3D printer, and flexible using common material of 

polydimethylsiloxane (PDMS) was confirmed its potential using for on-site biological 

analysis.  

 

6.2 Materials and methods 

6.2.1 Fabrication of 3D printed SOT-FIA optical device 

Figure 6.2 shows the design and real image of SOT-FIA optical device. This optical 

device was fabricated using rapid and digital fabrication of 3D printing method with simple 

injection coating method described in detail elsewhere [39,40]. UV-curable inkjet 3D-printer 

(company mentioned in [41]) was used to directly print a compact and flexible silicone 

optical device by using UV-curable soft silicone ink (company mentioned in [41]). 5 wt.% 
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of carbon black doped PDMS was used as the optical trapping layer to provide the trapping 

of stray light and noise reduction. 10 mm of detection length with 1.5 mm diameter was 

designed for using in FIA system. The optical channel was designed in perpendicular with 

the flow inlet and outlet that were connected to PTFE tube of FIA system. The optical channel 

was connected with the blue LED light source and PMT detector.  

 

                  

 

 

 

 

Fig. 6.2 a) An illustration of proposed optical module b) Real image of the proposed optical 

device 

6.2.2 Characterization of enzymatic reaction of polyaniline 

A UV-Vis spectrophotometer (company mentioned in [41]) was used to observe the 

absorption spectra and time-dependent absorbance of enzymatic reaction of polyaniline by 

HRP and H2O2. The absorption spectra were attained after 30 min of the enzymatic reaction. 

The time-dependent absorbance was investigated by adding the H2O2 into the mixture of 

aniline and HRP in the phosphate buffer solution at pH = 6.6 (optimum pH of HRP is 6.5). 

a) b) 
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The kinetics of the reaction was observed while the reaction solution was continuously stirred 

by a magnetic stirrer for ensuring the stability of the measurement. 

6.2.3 Competitive FIA-ELISA 

The FIA competitive ELISA was performed on an acrylic Y-shaped flow cell. Figure 

6.3 presents the schematic of the FIA competitive ELISA system composed of the FIA 

injection part, the acrylic chip, and the detection part of the developed optical device for light 

absorption measurement. 

 

 

 

 

 

 

Fig. 6.3 A schematic of an acrylic Y-shaped flow cell for flow competitive ELISA 

A Y-shaped channel with a depth of 1 mm was fabricated on the acrylic plate in 

dimension of 45×30×3 mm with holes for screws by grooving process. The silicone sheet, 

thickness of 100 µm was placed on top of the Y-shaped acrylic plate and was the covered 

with the acrylic plate on top before fixing with screws. The ABS bead resins 10 beads that 

were put in the Y-shaped channel were immobilized by the anti-3PBA mAb. The resin beads 
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Outlet

Blue LED
(470 nm)

Detector 
(PMT)

45 mm

30 mm13 mm

3.0 mm
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were immersed into 1,000 ppm of the mAb in the phosphate buffer for 1 h at ambient 

condition. The washing step of the beads with ethanol and water was needed before the mAb 

immobilization. The flowing solution in the FIA competitive ELISA was controlled by two 

syringe pumps (company mentioned in [41]). Firstly, 100 µL of blocking solution 10,000 

ppm (company mentioned in [41]) was flowed at 100 µL/min for 3 times repeatedly. It used 

to confirm that nonspecific adsorption of 3PBA-HRP conjugate was removed from the FIA-

ELISA system. Next, one of the flow inlet was injected by 500 ppm of mixture of 3PA-HRP 

conjugate and 100 µL of 3PBA solution varied from 0.01 ppm to 10 ppm to perform the 

antigen-antibody reaction competitively on the beads with flow rate of 10 µL/min. Thereafter, 

another flow inlet was introduced by 500 µL of mixture of 10 mM aniline and 1 mM H2O2 

at 100 µL/min to generate the enzymatic reaction of polyaniline on the bead surface. The 

flow outlet was coupled with the SOT-FIA optical module that one side of detection zone 

was connected to a light source of blue LED at λ=470 nm and another side was integrated 

with the detector of photomultiplier tube (PMT). The light signals obtained from the detector 

were converted to absorbance. 500 µL of 40 µM bromothymol blue solution (BTB) was 

injected to ensure the response of FIA when the solution do not react with the ABS beads. 

An artificial urine was prepared following reference recipe [41]. The artificial urine contained 

of 0.04 g of citric acid, 2.1 g of NaHCO3, 5.2 g of NaCl, 0.37 g of CaCl2•2H2O, 1.3 g of 

NH4Cl, 0.49 g of MgSO4•4H2O, 0.95 g of KH2PO4, 1.2 g of K2HPO4, 0.8 g of creatinine, 

0.07 g of uric acid and 10 g of urea in 1 L of  aqueous solution at pH =6.65 was used as a 

urine sample. A solution containing 3PBA-HRP conjugate and 3PBA was added 10 or 50 

vol.% of aliquot artificial urine for evaluation of accuracy of the method. The flow condition 
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of FIA-ELISA was performed as same those described above for determination of 3PBA in 

artificial urine sample. 

 

6.3 Results and discussion 

6.3.1 Enzymatic reaction of polyaniline 

 

 

 

 

 

 

Fig. 6.4 Absorption spectra of enzymatic reaction of polyaniline in the function of HRP 

concentration, reaction condition was 10 mM aniline and 1 mM H2O2 in a phosphate buffer 

solution (pH = 6.6) for 30 min. 

The absorption spectra of enzymatic reaction of polyaniline in the visible region was 

investigated shown in Figure 6.4. The maximum absorbance was presented at λ in range of 

400 to 470 nm of each HRP concentration. The λ=470 nm was used for measuring the 

absorbance in the function of HRP concentration and the results showed that the absorbance 

increase when the HRP concentration also increased. The pH effects to the light absorption 
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in case that the pH was lower than 5, the absorbance can be observed in near infrared region, 

however the pH higher than 7 could not be observe the maximum absorption [26]. Because 

the main product of enzymatically generated polyaniline was oligomers of aniline that had 

various of molecular weight, the absorption spectra was broaden due to producing of various 

molecular weight of aniline oligomers.    

The time-dependent absorbance of enzymatic reaction of polyaniline are presented in 

Figure 6.5 a). The H2O2 was added into mixture of aniline and HRP and the absorbance was 

monitored at λ=400 nm. The results showed that rapid increase of the absorbance was 

observed at the time of addition of H2O2 and then was gradually increased within 3 min. Thus, 

it can be occurred of two kinetic enzyme reaction. The faster rate constant of enzymatic 

reaction can relate to the generation of small oligomers of aniline like dimer and trimer. The 

slower kinetic enzyme reaction can probably response to polymerization of larger oligomers 

of polyaniline. Figure 6.5 b) shows the linear relation between the absorbance change that 

immediately occurred after the addition of H2O2 (initial velocity) and the concentration of 

HRP. This indicated that the HRP concentration increased provided the linear increase in 

initial velocity of the enzymatic reaction of polyaniline. 
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Fig. 6.5 a) Time dependent absorbance of enzymatic reaction of polyaniline under condition 

of 10 mM aniline, 1 ppm HRP and 1 mM H2O2 in a phosphate buffer solution (pH = 6.6). 

The addition time of H2O2 was indicated by the arrow b) Initial velocities against 

concentrations of HRP. 

a) 

b) 



Chapter 6 
 

128 
 

6.3.2 Flow competitive ELISA 

The BTB solution was measured using the proposed FIA-ELISA system shown in 

Figure 6.3 to test the flow responses of non-reacted solution to the bead-filled region. The 

BTB was chosen as a reference solution to test the flow competitive ELISA because it was 

absorbed light at blue region. The BTB solution was injected at 100 µL/min as same as the 

proposed flow rate of antigen injection and the flow response was observed at around 4 min 

provided the maximum absorbance. At 4.5 min, the full width at half maximum (FWHM) of 

the flow response of BTB solution was investigated. 

The flow responses of enzymatic reaction of polyaniline in the FIA competitive 

ELISA are presented in Figure 6.6 a). The absorbance changes were due to the 

polymerization of aniline and the absorbance responses was opposite to the 3PBA 

concentrations. The increase in 3PBA concentrations occurred the decrease in absorbance 

changes. From results of the flow responses, the maximum absorption was occurred around 

5 to 6 min after the injection. The larger FWHMs than the BTB solution were observed such 

as 8.5 min for solution of 1 mg/L because there is enzymatic reaction of polyaniline on the 

immobilized mAb beads. The length of channel that was put the beads was 10 mm and the 

size of the beads was fitted to the depth of the channel, thus there is no effect of movement 

of the beads. From the using of flow rate was 100 µL/min, the retention time of the enzymatic 

reaction in the region filled with the beads was estimated to 3 seconds. The reaction time of 

enzymatic reaction was 1 to 2 min calculating by comparison of the peak position between 

polyaniline and BTB solutions. 
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A noise background of absorbance (N) in FIA competitive ELISA was 0.0015 

(Fig.6.6 a)). Thus, the detection limit of the proposed method as 3N was 0.005 of absorbance 

changes Figure 6.6 presents the relationship between the changes in absorbance and the 

logarithm of the concentration of 3PBA. The decrease in amount of generation of polyaniline 

resulted in the decreased in the changes of absorbance. A reverse sigmoidal response was 

plotted shown in Figure 6.6 b). The linear decreasing response was observed from 0.2 to 2 

ppm of 3PBA concentration which is able to apply for quantitative analysis of 3PBA.  

The determination of 3PBA in urine is important because 3PBA is a chemical label 

to evaluate the exposure of synthetic pyrethroids. Thus, the developed FIA-ELISA was 

applied to determine 3PBA in the artificial urine to confirm the accuracy of the proposed FIA 

competitive ELISA. The matrix effect that related to the interference of the sample was 

evaluated in artificial urine to confirm the reliability of the proposed measurement method.   

10 and 50 vol% of artificial urine were tested to measure the 3PBA concentrations at different 

concentrations of 0, 0.2, and 10 ppm under condition of 500 ppm of 3PBA-HRP conjugate 

in phosphate buffer solution, pH 7.2. The results show in Table 6.1 that there were no 

different results of 3PBA concentrations in both 10 and 50 vol% of artificial urine. Thus, 

there was no significant effect of the artificial urine to the antigen-antibody interaction and 

enzymatic reaction of FIA-ELISA. This can confirm that the proposed FIA competitive 

ELISA was accurate with no matrix effect form the sample. 
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Fig. 6.6 a) Flow response of the enzymatic reaction of polyaniline observed by FIA 

competitive ELISA as illustrated in Fig. 6.3 b) The flow response of FIA-ELISA related to 

concentration of 3PBA antigen.  

 

a) 

b) 



Chapter 6 
 

131 
 

Table 6.1 Matrix effect of the artificial urine observed by the proposed FIA-ELISA. 

6.4 Conclusion  

A flow competitive ELISA using the enzymatic reaction of polyaniline using H2O2 

and HRP was successfully demonstrated based on light absorption for determination of 3PBA 

by mAb antibody. The enzymatically generated aniline provided the benefit of fast analysis 

time of the proposed ELISA due to the radical polymerization. The acrylic Y-shaped chip 

was used with placing of the immersed mAb antibody on the ABS resin beads that can 

enhance the enzymatic reaction of FIA-ELISA method. The flow response of enzymatic 

reaction of polyaniline at different concentrations of 3PBA was investigated that the 

absorbance changes was related to the enzymatic reaction and was competed with the 

concentration of 3PBA antigen. The determination of 3PBA in artificial urine was performed 

and it can confirm the accuracy of the proposed FIA competitive ELISA which showed no 

matrix effect of the sample to the ELISA. 
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7.1 Introduction 

In 2017, a novel fabrication technique of the optical device which is compact and 

light-weight module, low cost, and simple fabrication using polydimethylsiloxane (PDMS) 

as a main material termed silicone optical technology (SOT) was demonstrated. The simple 

structure of the optical core using transparent PDMS with cladding of the carbon dispersed 

PDMS (K-PDMS) was created to propose the special properties of the straightforward optical 

filter called a filled quasi-spatial filter (SOT-QSF) [1]. Owing to the matching of reflective 

index of the core and cladding structure of PDMS and K-PDMS, this structure can trap the 

multiple scatterings of tilted incidence. The carbon black pigment dispersed PDMS can 

absorbed the scattering of the tilted light, hence, the straight light along the transparent PDMS 

core can only pass to the detector. Thus, an interfered light as noise signal was reduce due to 

this optical property of SOT optical device. The SOT-QSF was successfully embedded to 

fabricate of a sensitive compact optical device for many applications in previous studies [2-

4]. 

The SOT optical device with compact size, inexpensive, and high sensitivity was 

developed to use with analytical chemistry technique of a flow injection analysis (FIA) [5]. 

It was successfully determined the iron content in natural water. A digital and rapid 

fabrication of a three-dimensional (3D) printing technique was acquired in fabrication 

process of the proposed optical device with the simple coating method. Because the 3D 

printing technique is convenient use as automated process, high reproducibility, low cost, 

and various design of on-demand fabrication, many researches have been reported to use the 
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3D printing for fabrication of analytical chemistry equipment [6,7]. For example, the flow 

cells of FIA system using with UV–Vis spectrophotometric detection were successfully 

fabricated using 3D printing method [8,9]. Previously, the compact SOT optical device for 

FIA application also attained using 3D printing method and showed good analytical 

performance which was able to apply for iron analysis in real samples. However, there are 

still many processes of fabrication, and the alignment with the design of the developed device 

was not good enough for highly sensitive detection in level of trace chemical analysis.  

In this work, we proposed new designed of SOT optical device using with a flow 

injection analysis system (SOT-FIA optical device). A new material of titanium dioxide 

(TiO2) particles was used to fabricate the optical device according to SOT concept. The 

proposed optical device was fabricated by simple casting method of the PDMS from the 

plastic 3D printed mold and frame using the poly acrylate polymer ink of 3D printer. A good 

aligned and excellent design of the optical device was created using the 3D CAD (computer 

aid design) program. In this work, we added the scattering optical layer using white particles 

of TiO2 dispersed in PDMS (W-PDMS) to cover the optical core of the transparent PDMS. 

This optical layer was proved to enhance the sensitive optical detection by multi-scattering 

light of a white pigment of TiO2. Moreover, the carbon black dispersed PDMS or K-PDMS 

was fabricated as the outer layer of the proposed optical device as the optical trapping layer 

that can trap the external light to reduce the noise background signal of the optical detection. 

The effect of the W-PDMS and the detection length of developed optical module to the 

sensitivity of the optical detection was evaluated. The optical properties of reduction the 

noise background level based on SOT concept was also evaluated. We integrated the 
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developed optical device with the FIA system and a compact and simple LED detection 

system for chemical analysis applications. To confirm the ability of trace analysis of chemical 

compounds, the proposed method was performed to determine the iron contents in drinkable 

tap water. Penn State College of Agricultural Sciences reports that the tap water should not 

have more than 300 μg L–1 of iron concentration [10]. High level of iron content in the water 

can be indicated by yellow color and metallic taste that is not safe for human health. This 

proposed method can be ensured the feature of drinkable tap water samples. The analytical 

performances, including the detection limit, the quantitation limit, precision, and the 

accuracy were investigated. Furthermore, and the method was validated with a traditional 

spectrophotometric method which can guarantee its ability of chemical analysis for on-site 

and on-demand measuring. 

 

7.2 Materials and methods 

7.2.1 Fabrication method of the SOT-FIA optical device 

The 3D CAD program of Autodesk 123Design (Autodesk, USA) was used to design 

the mold or frame of the fabricated optical device for 3D printing technique. The mold of 

inner part of the SOT-FIA optical module was designed in oval shape in dimension of 10 mm 

short diameter × 20 mm long diameter × 8 mm height (10 mm × 20 mm × 8 mm). Another 

3D printed frame was also created in oval shape with the dimension that was larger than the 

inner part of 20 mm × 30 mm × 10 mm. The inner part and the outer part were connected to 

fabricate the proposed optical device. On the surface of the outer part and the inner part frame, 
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two holes sized 4 mm diameter was designed in opposite side for inserting LED light source 

and the color sensors of Ushio picoexplorer absorbance meter (Ushio, Japan). 1 mm diameter 

of the flow channel was aligned in the center of the SOT-FIA module for inserting the PTFE 

tube of the FIA system. The two separable optical channels which were dimension of 4 mm 

diameter × 3 mm length were designed at 45 degrees to the flow channel. The detection 

length which is the length between the two separable optical channels was varied from 3 mm 

to 7 mm to evaluate the effect to sensitivity of the detection.  

The polydimethylsiloxane-SIM360 and its catalyst (from the same company as in 

Chapter 4) using in the ratio of 10 to 1 of PDMS and catalyst were used as the main material 

for fabrication of proposed optical device. The white material contained 50% of titanium 

oxide, TiO2 (company mentioned in [15]) was used to mix with the SIM360 PDMS for 

preparation of W-PDMS that the weight percentage was varied from 0–5 wt.%. The optical 

trapping layer of K-PDMS contain 5 wt.% of carbon black dispersed in PDMS was prepared 

by using carbon black (from the same company as in Chapter 4) mixed with PDMS. A 

rotating mixer (from the same company as in Chapter 4) was used to mix the W-PDMS and 

K-PDMS homogenously. The rotation condition was 1,108 rpm for 200 seconds. The mixing 

process was repeated for 4–5 times.  

The optical channel of the clear PDMS was fabricated by filling the transparent 

PDMS into the 3D printed cylindrical shell (4 mm diameter × 5 mm length). Then, the 

transparent PDMS was leave in the shell for 1 day at ambient condition for curing PDMS 

and the shell was removed. Two cured clear PDMS optical channels were cut to have one 
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face at 45 degrees to the cross-section. The cut optical channels and the 1 mm diameter 

metallic bar were placed into an inner part of a 3D printed frame by attaching them together 

in 45 degrees. The metallic was place in the center as the mold of flow channel. The two 

cured transparent PDMS cylindrical optical channels were placed separable for design of the 

detection zone of the developed optical device which a distance was varied 3, 5, and 7 mm. 

The small amount of clear PDMS was injected to attach the optical channels with the metallic 

bar mold and then it was cured using the heating dryer at 100 degree Celsius (from the same 

company as in Chapter 4) for 1 minute. After that, the W-PDMS was added into an inner part 

3D printed frame to create the optical scattering layer. W-PDMS was solidified for 1 day at 

ambient condition and then removed the frame and metallic bar.  

 

Fig. 7.1 Illustration of fabrication process of proposed device by a simple casting method. 
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Thereafter, the completed inner part of the proposed optical device was put into the 

outer frame of that proposed optical device for covering with K-PDMS optical trapping layer. 

The metallic bar with a 3D printed cylindrical mold (4 mm diameter × 10 mm length) were 

inserted to connect the inner part and the outer part 3D printed frame. Thus, the position of 

the flow channel and the optical channels were fixed at suitable position. The K-PDMS was 

added into the 3D printed outer frame to trap the stray light and block the external light. A 

curing condition of K-PDMS was 60 degree Celsius for 3 h in an oven, then, the 3D printed 

frame, 3D printed plastic bar, and the metallic bar were removed. Final step, the complete 

SOT-FIA device was fabricated using this simple casting method. The fabrication process of 

the proposed optical device was illustrated in Figure. 6.1. 

This developed fabrication process overcomes the traditional prototyping of soft 

lithography for fabrication of traditional PDMS device. The soft lithography is the process 

used to make the PDMS device by casting the device form the master pattern. The master 

pattern of the soft lithography commonly uses the UV-exposure method or electron beam or 

laser light for fabrication called photo lithography and E-beam or laser lithography, 

respectively. The traditional method is very precise in nanometer unit, robust, and 

reproducible. However, the drawbacks are multi-step method, required skillful worker, time-

consuming, and expensive. Thus, the proposed fabrication was able to fabricate the PDMS 

without the complex processing. 
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7.2.2 Optical properties evaluation of the SOT-FIA optical device 

The proposed optical device coupled with the FIA system using 20 cm of reaction 

coil (from the same company as in Chapter 5) and the compact LED detection of Ushio 

absorbance meter was evaluated the optical properties of improvement of the sensitivity and 

reduction of noise effect. The improvement of the sensitivity was investigated by varying the 

weight percentages of W-PDMS from 0 to 5 wt.%.  The transmittance of 100 µg L−1 of a 

standard iron(II)-phenanthroline solution (Fe(II)-phen complex) which the preparation of the 

solution was described in next part was obtained at different weight percentages of W-PDMS. 

Also, the 3 to 7 mm of detection length was investigated the transmittance of 100 µg L−1 of 

the standard Fe(II)-phen complex solution to observe the improvement of the sensitivity of 

detection. Moreover, the reduction of the noise background from the outside light which was 

the specific optical properties of the developed optical device were evaluated. The different 

percentages of the red-green-blue (RGB) signals of the LED detection between a light room 

and dark room were performed using blank air sample to confirm there is no effect of the 

noise signal from the measurement environment. 

7.2.3 Application of the SOT-FIA optical system: colorimetric determination of 

iron(II) 

The determination of iron content in drinkable tap water samples was performed 

through a colorimetric assay using proposed SOT-FIA optical system. In this work, the 

analytical grade chemicals and the deionized water from Direct-Q system (from the same 

company as in Chapter 5) were used to prepare the solution. 0.1 mg of iron(II) chloride 
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tetrahydrate (from the same company as in Chapter 5) was dissolved in 100 mL of 0.01 M 

HCl solution (from the same company as in Chapter 5) to prepare a stock solution of Fe(II) 

1.0 mg L−1. The series of Fe(II) concentration in the range of 10 to 150 µg L−1 were prepared 

for quantitative analysis of iron by diluting the stock solution. The reagent of colorimetric 

assay of iron was prepare by mixing of 0.025% w/v o-phenanthroline (from the same 

company as in Chapter 5) and 2% ascorbic acid (from the same company as in Chapter 5) in 

a phosphate buffer solution pH 4.0 (from the same company as in Chapter 5). The reagent 

solution was flowed in the FIA system at an optimum flow rate of 1.0 mL/min at ambient 

condition. The standard iron solution or the sample (100 µL) was injected into the reagent 

mixture stream. The orange color of Fe(II)-phen complex was formed using FIA system. The 

change in color of the solution was observed the change of the blue (B) signal of the simple 

and compact Ushio LED detection system which observed wavelength from 400 to 540 nm 

(the company mentioned in the Chapter 2). The recorded B signal was repeated 3 times and 

the average B signal correspond to the iron concentration was calculated. The tap water 

samples collected from the local tap water supply were investigated the iron contents in the 

samples. 0.5-μm PTFE membrane (from the same company as in Chapter 5) was used to 

prepared the sample by filtering the sample solution before injecting instead of the Fe(II) 

standard solution. The analytical performance including linearity, dynamic range, detection 

limit as LOD and quantification limit as LOQ, were evaluated. The precision of the proposed 

optical system was confirmed by the inter-day and intra-day variations of the iron analysis in 

the samples. the accuracy was also confirmed by the percentage of iron recovery. The 

validation method using traditional spectrophotometry at λ=510 nm (from the same company 
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as in Chapter 5) was performed to compare with the developed optical system under the same 

conditions.  

 

7.3 Results and discussion 

7.3.1 Optical properties evaluation of SOT-FIA module 

7.3.1.1 Effect of W-PDMS on the optical intensity enhancement 

Normally, the optical properties of titanium oxide (TiO2) particle dominate in high 

refractive index and strong visible light scattering. The TiO2 in size of micron range by the 

special rutile modification was used for fabrication of white pigment [11] which the light 

scattering can be occurred when the particle is larger size than the detected wavelength. Thus, 

to confirm the optical propertied of scattering light of the TiO2 white pigment, the 

microscopic study of TiO2 particle dispersed in PDMS (W-PDMS) was achieved using the 

scanning electron microscopy image (company mentioned in [15]). Figure 7.2 a) shows the 

microscopic image of 5 wt.% W-PDMS film (500 µm of thickness). The image could confirm 

that the size of white particles of TiO2 pigment was range of 1 to 5 µm on the PDMS surface. 

Figure 7.2 b) shows a simulation of the light that propagated through the W-PDMS. The TiO2 

in the micron size can scatter the light which effected to the enhancement of the light intensity 

that propagated through the detector or LED sensor. While the inclined incident light and the 

outside light was absorbed by the K-PDMS optical trapping layer. Thus, the suppression of 

the noise signal from the optical tapping layer of K-PDMS can also help to enhance the 

sensitivity of the detection. 
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Fig. 7.2 a) SEM image (×50) of the surface of a W-PDMS film (500 µm thick). White spots 

indicate TiO2 rutile particles. b) Illustration of the propagating light through the W-PDMS 

layer. 

 

 

 

 

 

 

 

 

Fig. 7.3 Light propagation through W-PDMS 

b) a) 
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 The propagation of light through W-PDMS was proposed showed in Figure 7.3. The 

multiple scattering was observed in case of TiO2 particle dispersed in PDMS. The light 

intensity or the transmittance was supposed to increase in case of increase in TiO2 particle 

contained in PDMS. Thus, there are 2 factors of W-PDMS that effected to the increase in 

light scattering. One is the weight percentages of W-PDMS and another one is the length of 

detection that can improve the light scattering of TiO2 particle. 

100 µg L−1 of the standard Fe(II)-phen complex solution were measured the blue 

intensity of RGB signal by using the 5 mm length of detection of the proposed optical module 

with different weight percentages of W-PDMS of 0, 0.25, 0.50, 1.0, 2.5, and 5.0 wt.%. The 

calculated transmittances (T) of the standard solution at different conditions of W-PDMS; 

according to the equation T = I/I0, mentioned in [15] were showed  in Table 7.1 Addition of 

white pigment of TiO2 could obtained the higher B signal of the proposed optical device 

compared to no adding of the W-PDMS (0 wt.%). Moreover, increase in the percentages of 

TiO2 pigment provided an increase in the transmittance of the standard solution which means 

that the sensitivity of the proposed optical device was increased, However, no difference of 

the observed transmittance was presented when the weight percentage of W-PDMS was 

higher than 1.0 %.  This must be the results from the limitation of the LED light source energy. 

Thus, 1 wt.% of W-PDMS was selected for further study because high sensitivity of 34% 

transmittance of the Fe(II) solution and lowest substrate of TiO2 white pigment provided the 

most beneficial over the other conditions.   
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Table 7.1 Transmittance test of the standard iron solution using the proposed optical device 

for different percentages of W-PDMS  

 

7.3.1.2 Effect of detection length on the sensitivity of detection 

100 µg L−1 of Fe(II) standard solution was tested at different detection lengths of 3 

mm, 5 mm, and 7 mm that was the distance between both optical channels. The obtained B 

intensities of RGB signal were also calculated the transmittances via the previously 

mentioned equation and then plotted in the function of detection length shown in Figure 7.4 

a). The transmittances were decreased when the length of detection increased. The 

absorbances (A) at different detection lengths of the proposed optical device were then 

calculated by using –log10T. The effective length (cm) as l in the Beer-Lambert’s law 

equation; A = εcl, mentioned in [15] was calculated using the observed absorbances of a 100 

µg L−1 standard Fe(II)-phen complex solution with ε = 1.1 × 104 M−1cm−1 of the Fe(II)-phen 

complex and iron concentration of the 1.8 × 10−6 M that equals to 100 µg L−1.  
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Figure 7.4 b) shows the results of the effective lengths plotting in the function of the 

different detection lengths of the proposed optical device. The effective lengths which is the 

ideal length from the calculation were 38 to 46 times higher than the real detection length 

from the experiment. Thus, this meant the sensitivity of the optical detection was improved 

by the developed optical device. The increasing sensitivity of the proposed optical device 

attained by increasing the detection lengths. In this work, 5 mm of detection length of the 

proposed optical system was selected for using in the real application because of the highest 

enhancement of the sensitivity for 46 times. 

 

 

 

 

 

 

 

 

a) 
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Fig. 7.4 a) Transmittance plotted as a function of detection length observed by the proposed 

optical device. b) Relationship between realistic length from the experiment versus effective 

length calculating via Beer-Lambert’s law equation. 

7.3.1.3 Reduction of noise effect of the proposed SOT-FIA optical device 

The special optical property of the developed optical device for blocking any 

undesired light as noise effect was evaluated. The optimized optical device using 1 wt.% of 

W-PDMS with 5 mm of detection length was used to observe the RGB signals of the free air 

measuring in light room and dark room conditions for 2 minutes. The signal measurements 

were repeated 3 times to calculate the average signals. Then, the results of the average RGB 

signals between the light room and dark room were compared by calculation of the 

percentage difference of LED intensity. Table 7.2 presents that percentage differences of 

RGB signals between the light room and dark room was lower than 1% in all cases. Thus, 

b) 
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there was no effect of the noise background form the light room showing the success of 

trapping the external light of the proposed optical device. This indicated that the proposed 

optical device was confirmed its optical properties of low interfering noise signal which 

provided highly sensitive optical detection. Hence, the proposed optical device was able to 

use for chemical applications of trace analysis. 

Table 7.2 Noise effect results obtained by the proposed optical device using with the simple 

LED detection system. The RGB signal of blank air sample were compared measuring in 

light room versus dark room. 

 

Table 7.3 PTFE tube scattering effect by the proposed optical device using with the simple 

LED detection system. The RGB signal of blank air sample were compared measuring with 

a PTFE tube versus without a PTFE tube.  
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The PTFE tube was entered into the flow channels of the developed optical device 

without any joining material due to the adjustability of the proposed optical device. Thus, the 

effect of insertion of PTFE tube to the scattering light was observed.  The free air sample was 

used to measure initial RGB signals with and without the PTFE tube. Table 7.3 shows the 

different percentages of RGB signals under condition of with and without PTFE tube. The 

results showed that the effect of PTFE tube could be negligible caused lower 1% of the 

percentage difference.  

7.3.2 SOT-FIA optical system for Fe(II) determination in real sample  

Quantitative analysis of iron in drinkable tap water samples were evaluated using the 

compact SOT-FIA optical system. 100 µL of 10 to 150 µg L−1 Fe(II) solution was injected 

to mix with the reagent stream of 0.025% w/v o-phenanthroline at a flow rate of 1 mL/min. 

The B intensities of the RGB signal at different Fe(II) concentration were measured 3 times 

repeatedly to calculate the average B intensities at different Fe(II) concentrations. The 

average B signals was then calculated the absorbances via the previously mentioned equation. 
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Fig. 7.5 a) Flow profiles of colorimetric determination of iron using the proposed optical 

system. b) Calibration curve of standard iron concentration obtained by using the proposed 

optical system. 

Figure 7.5 a) presents the flow profile of 50, 75, and 100 µg L-1 of the Fe(II) solution 

using the proposed optical device within 90 seconds of analysis time. Figure 7.5 b) shows 

the calibration curve of iron analysis by plotting the Fe(II) concentration with the absorbance 

using the developed optical system. The analytical characteristics, precision, accuracy, and 

method validation were evaluated to confirm the ability of the proposed optical system. 

7.3.2.1 Analytical characteristics of the developed method 

From the calibration curve of the Fe(II) colorimetric determination presented in 

Figure 7.5 b), the linearity of  quantitative analysis of Fe(II) was ranged from 10 to 150 µg 

L−1 of iron concentration. The linear equation was y = 0.0048x - 0.0195; R2 ≥ 0.99 (n = 3, 

standard deviation ≤ 1). The results of analytic parameters of the developed method such as 

b) 
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working range, detection limit (LOD), and quantification limit (LOQ) are presented in Table 

7.4 with comparison the previous spectrophotometric method for iron determination using o-

phenanthroline in tap water [14]. Also, the developed optical device was compared with the 

SOT optical device that was the same design without 1 wt.% of W-PDMS. The results 

showed that the wider working range was observed and LOD and LOQ of the developed 

optical system were 20 times lower than the previous method and the previously proposed 

K-PDMS optical device.  

Table 7.4 Comparison of analytical parameters of previous spectrophotometric method, the 

proposed optical device using K-PDMS, and this proposed W-PDMS optical device. 
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The power of LED light source in the detection system limited the enhancement of 

sensitivity that cannot reach increase for 46 times as mentioned above. However, the 

proposed method can improve the sensitivity for 20 times presenting in the LOD values. 

Thus, the iron determination using this developed optical system was better analytical 

performance compared to the previous research. 

7.3.2.2 Accuracy of the developed method   

The percentage of iron recovery was normally used for assessing of the accuracy of 

the method. 50, 75, and 100 µg L−1 of Fe(II) standard solution were added into 6 tap water 

samples and % recovery was calculated by comparison of the observed Fe(II) concentration 

recovered from the sample and nominal concentration. 

Table 7.5 Percentage recovery of iron determination from drinkable tap water samples. 
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The results in Table 7.5 showed that % recovery was ranged from 98% to 114% which 

indicated that the results from the proposed method was accurate and reliable due to 

observing high % recovery. 

7.3.2.3 Precision of the developed method  

The precision of the method was assessed using intra-day variation which is the 

measuring results in the same day and inter-day variation which is the results on different 

conservative days. The six tap water samples were evaluated 5 times a day and 5 conservative 

days for intra-day and inter-day studies. % relative standard deviations (%RSD) were 

calculated for each replicate and the results are shown in the Table 7.6.  

Table 7.6 Intra-day and inter-day variation of iron determination from drinkable tap water 

samples.  
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The %RSD of lower than 2% were presented in all cases of samples. Thus, the 

precision of the method was confirmed the stability and reproducibility of the proposed SOT-

FIA optical system that can utilize in the chemical application. 

7.3.2.4 Method validation  

Table 7.7 presents the results of iron contents in the samples that were evaluated using 

the proposed method and the traditional spectrophotometric method (λ = 510 nm). The results 

from two methods were compared to the % deviation which showed that lower 3.5% of the % 

deviation was observed. Thus, there is no significant different results between the developed 

method and the conventional method.  

Table 7.7 Validated results of the iron contents in drinkable tap water samples observed by 

the proposed optical system and a traditional spectrophotometric method. 
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This showed that the proposed optical system was validated and was able to use 

instead of the conventional spectrophotometric method with benefits of compact and 

potentially on-site analysis.  

 

7.4 Conclusion 

The rapid and simple on-demand fabrication using digital 3D printing with casting 

PDMS method was successfully demonstrated for development of the SOT-FIA optical 

device. The SOT structure of core transparent PDMS and cladding of carbon dispersed 

PDMS was enhanced the sensitivity of detection via adding the light scattering layer of the 

TiO2 pigments in micron size dispersed in PDMS. The optical alignment for FIA system and 

the compact LED detection system was created and then printed via 3D printer to obtain the 

3D printed mold and frame for fabrication of the developed optical device. The white pigment 

of the TiO2 resulted in improvement of the optical sensitivity due to the scattering light effect 

of the TiO2 particles. Also, the increase in detection length could enhance 38 to 46 times of 

the sensitivity of the detection. Due to the SOT concept, the ability of reduction of noise 

effect was confirmed that the interfered signal from the noise background of the measurement 

environment was lower than 1% in cases of comparison of the light room and the dark room. 

The proposed optical system using the handheld LED detection system was applied in real 

application of the FIA system for colorimetric determination of iron in drinkable tap water 

samples. Good analytical performances included wide chemical analysis range, low detection 

limit, and low quantification limit showed the developed optical system was highly sensitive 
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detection for trace chemical analysis. The abilities of high accuracy, good precision, and 

validation were also confirmed. This compact, simple fabricated, inexpensive, portable, and 

flexible optical device was achieved for chemical analysis application in trace level.  
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Trend of devices in analytical chemistry has become small, portable, low cost, and 

versatile for on-site and real-time measurement applications. Thus, in this work focused on 

development of the miniaturized optical system using in the real applications of chemical and 

biological analysis. Based on the knowledge of silicone optical technology (SOT), the 

compact, lightweight optical device using for on-demand and on-site analysis with the optical 

properties of trapping the stray light and reduction of noise effect were proposed in various 

designs for the applications. The 3D printing technique with a simple coating and casting 

method was developed to fabricate the simple core/clad structure of SOT optical device.  

Thus, the SOT technology with digitally rapid fabrication of 3D printing was chosen for 

developing and improving of the FIA optical system to provide the benefits over the issues 

of large package, complex prototyping, and unavailable for on-site measurement. Hence, the 

objectives of this work are to develop SOT optical device for FIA system (SOT-FIA optical 

device) based on SOT concept, to evaluate the performance of SOT-FIA optical device as a 

low noise detection device, and to apply in FIA system for chemical and biological analysis.  

The proposed compact microplate reader device was fabricated that consists of a 24 

LED light sources, and 24 color sensors, and the SOT spatial filter in Chapter 3. The 24c-

CMPL device was designed in the dimensions of culture microwell plate and fabricated by 

corresponding to SOT. The optical properties of the SOT spatial filter was investigated, and 

the results showed that the SOT spatial filter performed excellent ability to absorb the tiled 

incident light as interfered light form outside and the near LED light providing the low noise 

level detection. Thus, this device could perform monitoring of the culture environment in 

real time without any noise effect from the measurement environment by detecting changes 
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of cell behavior based on absorbance of 24c-CMPL device with high accuracy. The pH of 

the culture medium, changes in cell activity, and the ammonium concentration during the cell 

culture were successfully monitored without changing the culture cell environment using the 

fabricated device for biological application.  

The first-time fabrication of a small, light-weighted, and flexible optical device by 

combining 3D printing and SOT-QSF planting for using in the analytical chemistry 

application to FIA system was proposed in chapter 4. The rapid and digital fabrication of 

silicone optical module was demonstrated by using 3D printable UV-cured-PDMS frame and 

injection coating of optical trapping layer. The facile coating method was demonstrated using 

syringe dispenser and the results of physical properties of coated surface showed proper and 

satisfied properties which able to use as the surface of optical channel. A simply fabricated 

SOT optical modules from 3D printed frame and coated quasi special filter showed 99.9% 

trapping performance on tilted light incidence, by introducing black PDMS internal baffles. 

This proposed SOT optical device provided the new idea for fabrication of the newly 

developed optical device using for FIA system. 

In chapter 5, the design of SOT-FIA optical module was developed for more suitable 

use in real chemical analysis application by using a rapid digital 3D printing fabrication. The 

UV-curable silicone 3D printing was used for printing the optical module for the FIA system. 

A simple injection coating method performing the carbon black dispersed PDMS or black 

PDMS cladding and hand injecting method performing the transparent PDMS core were used 

to create the core and clad structure of the SOT theory. The coated surface of the black PDMS 
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was investigated that the coating process using syringe dispenser could provide the smooth 

and uniform surface that was suitable and appropriate to use as the optical channel. The 

optical properties of the fabricated optical module were confirmed that a 99.8% trapping 

efficiency for trapping tilted incident light was observed in case of  adding black PDMS 

internal baffles and the noise effect was reduced to 0.5% observing in different environment 

of light room and dark room. The proposed optical device coupled with FIA system and 

compact LED detection system was applied in real application of iron determination in the 

natural water. The SOT-FIA optical device was ensured the robustness and chemical 

resistance with acid, base, and organic solution. The colorimetric assay of iron using o-

phenanthroline reagent was performed showing good analytical performances with accurate 

chemical analysis. The proposed method was validated with the conventional 

spectrophotometric method. The results can indicate that the proposed SOT-FIA are potential 

use for chemical analysis with benefits of compact device for on-site measurement with low-

noise detection. 

The SOT-FIA optical module fabricated by following chapter 5 method was used as 

the optical device for biological application for determination of 3-phenoxybenzoic acid 

(3PBA) with its monoclonal antibody (anti-3PBA mAb) in chapter 6. A flow competitive 

enzyme-linked immunosorbent assay (ELISA) was proposed using enzymatic reaction of 

polyaniline in the presence of H2O2 and HRP benefited in shorten analysis time. The lighr 

absorption detection was demonstrated using the previous proposed optical device providing 

the advantage of low noise level detection. The absorbance changes by the enzymatic 

reaction was depended on the HRP concentration. In addition, the FIE competitive ELISA 
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was successfully investigated to confirm the ability of quantitative analysis of the 3PBA in 

range of 0.2 to 2 ppm concentration. The matrix effect of artificial urine showed no 

significant effect on the antigen-antibody interaction. 

In chapter 7, the newly rapid and simple fabrication of SOT-FIA optical device was 

successfully developed using 3D printing and a simple casting method of PDMS. The 3D 

printing was used to fabricate the frame and mold for casting the SOT structure for 

application in FIA system. The TiO2 pigment dispersed PDMS was used to create the optical 

scattering layer which could confirmed its optical property for enhancing the sensitivity of 

the detection. Also, the carbon black dispersed in PDMS as the optical trapping layer was 

used to cover the developed optical device for reducing the noise background. The sensitivity 

of the developed optical device was increased from 38 to 46 times compared to the 

calculation form Beer-lambert’s law. The noise signal was lower than 1% assessing by the 

different signals between light room and dark room. The colorimetric determination of iron 

in drinkable tap water samples was investigated using the proposed optical device integrated 

with the FIA system and the handheld LED detection. It was confirmed that the developed 

optical system was able to monitor the iron contents in trace level analysis which good 

analytical characteristics overcome the previous spectrophotometric method. In addition, the 

accuracy and the precision of the method were guaranteed. The results of the iron contents 

in real samples were validated with conventional spectrophotometric method. The proposed 

compact and highly sensitive optical device was useful in real chemical application.   
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