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Chapter 1   Introduction 

1.1 Odor information 

Chemical substances which can deliver a large amount of invisible information are 

used by many creatures with olfactory senses for cognition, exploration, crisis 

management, and communication. The human olfactory system detects various gas 

molecules in the air, leading us to perceive different odors (1,2). Generally, what we refer 

to as ‘smelling’ is actually the detection of specific gaseous chemical substances 

associated with an odor. The study of "Odor sensor" to reproduce the olfactory sense of 

living things is more complicated than the other four senses that are more easily quantified 

because there is no primary sense of smell (3). In addition, there are hundreds of 

thousands of substances that produce odors, which greatly increases the difficulty of 

classifying odor substances (4). Odor information, which is the combination of volatile 

chemical mixture components, potentially contains a vast amount of information. Odor 

information is divided into three aspects in this research: type, concentration, and spatial 

distribution. 

Type of odor information: Identifying the type of odor substance is fundamental in 

many scientific fields. In environmental science, distinguishing natural odors from 

pollutants helps in assessing air quality and identifying sources of contamination. In the 

food industry, recognizing specific odors is essential for quality control, as it can indicate 

freshness or spoilage of products. In medical diagnostics, certain diseases emit 

characteristic odors; for instance, the sweet smell of acetone in breath can indicate 

diabetes (5). Thus, understanding type of odor substance is crucial for environmental 

monitoring, food safety, and health diagnostics. 

Concentration of odor information: The concentration of odor information is also 

important in human daily life. In environmental monitoring, the concentration of certain 

chemicals in the air can signal the presence and severity of pollution. High concentrations 

of harmful gases like sulfur dioxide or ammonia can have dire health and ecological 

consequences (6). In the perfume industry, the concentration determines the strength and 

longevity of a fragrance. In occupational health, monitoring the concentration of volatile 

organic compounds in workplaces is critical to ensure worker safety. Therefore, 

measuring and analyzing odor concentration is vital for environmental protection, product 

formulation, and health and safety regulations. 

Spatial distribution of odor information: The spatial distribution of odor information 

provides invaluable insights across several areas. In urban planning, mapping odor 



2 
 

sources helps in designing cities that minimize residents' exposure to unpleasant smells. 

In ecology, understanding how odors disperse in an environment can reveal animal 

behavior patterns, such as how predators track prey or how plants attract pollinators (7). 

In disaster response, mapping the spread of chemical odors can guide evacuation and 

containment strategies (8). Consequently, the spatial distribution analysis of odor 

information is essential for urban development, ecological research, and emergency 

management. 

Particularly, unlike sound waves or light, odor information has the unique feature of 

adhering to the site and recording past events (9). The identification of things through 

gaseous substances via volatile chemical substances, is promising in terms of non-contact, 

non-destructive, and remote detection through obstacles. Leading with optical imaging 

sensors and accelerometers, physical sensor systems connected to computers have 

become indispensable technologies in modern society. On the other hand, the use of 

chemical sensors for detecting chemical substances is still under development. To 

extensively utilize this "odor information," it often relies on specially trained animals in 

many cases. In various commercial applications and disaster rescue operations, the 

olfactory system of dogs remains the most advanced detection and identification system. 

The development of artificial olfactory systems, which could reduce the significant time 

and cost required for acquisition and training, is a challenging task from scientific and 

industrial perspectives. However, even with a powerful olfactory system like a dog, its 

spatial resolution is limited to about 10 cm around the nose, and it does not obtain visual 

shape of distribution information. To capture the spatial distribution of odor traces, 

existing gas sensors used in spatial scanning with mobile robot lack the speed of 

information acquisition and spatial resolution, and the visualization measurement of odor 

trace itself has not been realized. 

1.2 Gas detection methods 

Gas sensors play an indispensable role in the field of odor/gas detection (10-13). In 

this section, mechanism of gas sensors, which are capable of gathering spatial distribution 

data of odors using mobile robots, will be introduced. 

1.2.1 Semiconductor gas sensor 

Semiconductor gas sensor is the most widely used gas sensor. The structure of 

semiconductor gas sensor is shown in Figure 1.1. Gas molecules adsorbed on the surface 

of semiconductors undergo chemical reactions with the semiconductor material. These 

reactions cause changes in the conductivity (resistance) of the semiconductor material. 
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For reducing gases (such as carbon monoxide and hydrogen), these gas molecules capture 

oxygen ions on the semiconductor surface, thereby reducing the number of carriers and 

increasing the material's resistance. For oxidizing gases (such as nitrogen oxides), 

additional carriers are released, lowering the resistance (14,15). Furthermore, the 

resistance change is related to the target gas concentration, so the target gas concentration 

can be calculated by measuring the change in resistance. Although the semiconductor gas 

sensor has a high sensitivity, but the low response speed will still be a limit for high-speed 

sensing and its lack of selectivity and high operating temperature are also not suitable for 

complex environment (16). 

1.2.2 Quartz Crystal Microbalance gas sensor 

A schematic diagram of a typical Quartz Crystal Microbalance (QCM) based gas 

sensor is shown in Figure 1.3. Based on the sensitivity of the piezoelectric quartz substrate 

to the mass change, the target gas absorbed by the sensing film deposited on the electrode 

will change the frequency of quartz substrate and can realized the detection of target gas 

(17). The selectivity of QCM gas sensor can be controlled by the sensing film on the 

electrode or the electrodes themselves can be made of a material which is selective to 

target analytes (18, 19). However, there is a disadvantage that it is necessary to wait for 

desorption of adsorbed molecules after adsorption and detection, so it cannot be used for 

measurement of gas concentration change in a short time. Moreover, QCM sensor is 

easily affected by environmental changes (such as temperature, humidity, and pressure) 

and relatively high price. 

 
Figure 1. 1 Schematic diagram of semiconductor gas sensor. 
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1.2.3 Photoionization detector 

The Photoionization detector (PID) uses an ultraviolet light as light source (Figure 

1.3). When the target gas absorbs high-energy ultraviolet light, the gas molecules are 

temporarily excited by ultraviolet light to lose electrons into positively charged ions. The 

gas ions are detected on the electrodes of the detector, and the gas concentration is 

calculated according to the potential generated by the electrodes (20, 21). After the 

detection, the ions quickly combine with the electrons to reconstitute the original gas 

molecules, so the PID sensor shows a high speed in response and recovery speed 

(typically 1 second or less). However, the energy of the ultraviolet source limits the type 

of gas that can be ionized, and the ionization of the impurity gas affects the accuracy of 

the detection. 

 
Figure 1. 2 Schematic diagram of a typical QCM sensor (a) top view and (b) side view. 

 
Figure 1. 3 Schematic diagram of a conventional photoionization detector (PID). 
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1.3 Localized surface plasmon resonance 

 
Figure 1. 4 Principle of gas sensing with Au-LSPR gas film 

Localized Surface Plasmon Resonance (LSPR) is a phenomenon based on the 

resonance of electrons on the surface of metal nanoparticles (22, 23). When metal 

nanoparticles, such as gold or silver, are exposed to light, the free electrons in the metal 

interact with the electromagnetic field of the incident light. This interaction causes a 

collective oscillation of the electron cloud on the surface of the nanoparticles relative to 

their positively charged background. Localized Surface Plasmon Resonance occurs when 

the frequency of the incident light matches the natural oscillation frequency of the 

electrons on the surface of the metal nanoparticles. This resonance results in the 

nanoparticles exhibiting strong light absorption and scattering at specific wavelengths. 

The characteristics of LSPR, such as resonance wavelength and intensity, are highly 

dependent on the size, shape, and material composition of the nanoparticles. Under 

resonance conditions, the local electromagnetic field near the metal nanoparticles is 

significantly enhanced. The LSPR properties of metal nanoparticles are extremely 

sensitive to the permittivity of the surrounding medium. Therefore, when the medium 

around the nanoparticles changes, the resonance characteristics also change accordingly. 

This makes LSPR an effective tool for chemical sensing, as it can detect changes in the 

surrounding environment through shifts in its resonance properties (24, 25). Figure 1.4 

shows detecting principle of gas detection using LSPR using a glass substrate with Au 

nanoparticles on its surface. Polarization P(ω) can be calculated as follow:  

𝑃(𝜔) =
3

4𝜋

𝜀௠(𝜀(𝜔) − 1)

𝜀(𝜔) + 2𝜀௠
𝐸଴ 

Where 𝜀௠ is permittivity of surrounding media, 𝜀(𝜔) is dielectric function of NPs, 𝐸଴ is 
external electric field. The resonance appears when 𝜀(𝜔) = −2𝜀௠, denominator becomes 

its minimum. 
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1.4 Method for Detecting the Spatial Distribution of Odor 

Traces 

1.4.1 Gas sensor with mobile robot 

Research on obtaining spatiotemporal distribution information in odor plumes using 

mobile robots equipped with gas sensors has been very popular over the past decade. 

These odor robots are not only capable of measuring the gradient changes in concentration 

within odor plumes but can also use concentration differences to localize the source of 

the odor. This research is particularly notable for its imitation of biological olfaction and 

can make significant contributions in areas such as disaster relief. Figure 1.5 shows a 

typical robot equipped with semiconductor sensors (26). This robot detects the start of 

response and the beginning of recovery by monitoring the relative changes in the output 

of each gas sensor, enabling it to track and locate plumes. This approach overcomes the 

inefficiency issues caused by the slow response speed of traditional semiconductor gas 

sensors. 

 
Figure 1. 5 Photograph of mobile robot 26 

1.4.2 Odor visualization 

Gas plume visualization with gas sensor array 

The concentration distribution of gas plume on a sensor array is visualized as a 

grayscale image, shown in Figure1.6 (27). Therefore, if the gas sensors respond quickly 

enough, the direction of gas flow can be obtained from visualizing the movement of the 
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gas plume. This method not only provides the distribution of gas within a local range but 

also enables gas monitoring information at specific locations within a larger scale, like a 

city, by adjusting the distribution of the sensor array. However, due to the limitations of 

sensor size and their own response times, especially in local ranges, the resolution of the 

acquired image information is relatively low. 

 

 
Figure 1. 6 gas flow visualization with gas sensor array 27. 

Odor visualization with Enzyme 

Enzymes, serving as catalysts in chemical reactions, can facilitate these reactions by 

lowering the activation energy required (28). Alcohol dehydrogenase (ADH) is an 

enzyme that catalyzes the oxidation of ethanol, converting it into acetaldehyde (29,30). 

In this process, ADH assists in transferring hydrogen atoms from ethanol to the coenzyme 

NAD+. In the reaction mediated by ADH, NAD+ is reduced to NADH. NADH has the 

characteristic of emitting fluorescence at a specific wavelength, whereas NAD+ does not 

possess this characteristic (). The concentration of ethanol vapor can be accurately 

deduced by measuring changes in fluorescence intensity and comparing these with a 

standard curve of known ethanol concentrations. In reported enzyme-based alcohol 

sensors, the enzyme is uniformly dispersed on a cotton net. By using a high-sensitivity 

CCD camera to capture the fluorescence intensity on the cotton net, the spatial 

distribution of alcohol can be detected (31). This method shows a high sensitivity and 

selectivity in gas detection. 
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Figure 1. 7 Ethanol vapor visualization measurement system using a biofluorescence method 31. 

 

1.5 Purpose and novelty 

Currently, spatiotemporal distribution information of odor traces is primarily 

acquired through gas sensors located at fixed points or by mobile robots equipped with 

gas sensors performing one-dimensional scanning. However, the performance of the 

sensors is a major limitation on the operational speed of the robots during information 

collection. Additionally, although there have been attempts to visualize the two-

dimensional spatial distribution of odor traces using reactions between fluorescent 

substances and chemicals in odors, the limitations in response time and spatial resolution 

still limit the realization of real-time visual measurement of odor traces. 

The purpose of this research is to develop a gas sensor device based on the plasmon 

resonance of metal nanoparticles that enables the utilization of spatial distribution 

information of on-ground odor trace and to establish methods for processing this kind of 

information. 

The research was conducted in 3 steps: 1. Development of high-speed plasmonic gas 

sensors and mount the sensor on mobile robot for collecting spatial information from on-

round odor source; 2. Development of high-speed two-dimensional odor trace 

visualization system; 3. Collecting real-time distributions of odor traces with 

visualization system and evaluating its performance. 

Novelty:  

1. Development of odor robot with one-dimensional LSPR gas sensor for collecting 

spatial odor Information from on-ground invisible odor sources at a high speed. 
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2. Development of two-dimensional odor trace visualization system with high spatial 

resolution. 

3. A calibration method has been developed to determine the optimal time while 

capturing images from on-ground odor traces and reproduce the shape information of 

odor trace through visualized images. 

 

1.6 Thesis organization  

The organization of this research is as follow: 

Chapter 1 introduces the background of the study. It includes the significance of odor 

information, sensors and methods for detecting odor information, and research on the 

visualization of odor traces. Finally, the research objective: to acquire spatiotemporal 

distribution information of odor information. 

Chapter 2 proposed an odor robot for collecting spatial distribution of on-ground odor 

traces with high speed LSPR sensor module. 

Chapter 3 describes the design and fabrication of a two-dimensional odor trace 

visualization system by combining an LSPR substrate with a CCD camera. It validates 

the feasibility of LSPR imaging through differential image analysis of gas flow images 

obtained by transmission type and odor trace images obtained by reflection type. 

Chapter 4 tested the performance of two-dimensional odor trace imaging system for 

on-ground odor trace acquisition. The angle of the camera was adjusted in the two-

dimensional trace visualization system to obtain visualization images based on scattered 

light, avoiding the impact of the camera body leaving traces in the reflective images on 

the final imaging results. At the same time, through control experiments, it verifies the 

imaging effects of the LSPR substrate relative to non-LSPR substrates and establishes a 

method for determining the best time to capture images that can reflect the shape of the 

odor traces. 

Chapter 5 summarizes the content of chapters 2, 3, and 4 and provides an outlook for 

future work. 
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Chapter 2   Collecting spatial odor information 

from on-ground odor sources using an odor robot 

with high-speed LSPR gas sensor module 

2.1 Introduction 

As introduced in Chapter 1, using mobile robots equipped with gas sensors to actively 

scan and acquire spatial distribution information of odor traces is an effective method. 

Over the past two decades, there has been a significant achievement on research aimed at 

emulating biological olfactory tracking mechanisms (1-2) through the use of mobile 

robots equipped with artificial olfactory systems for the proactive localization of gas 

sources (3-7). In contrast to passive gas-sensing systems, this active sensing approach is 

capable of odor detection, tracking, and source localization. In early work, many groups 

reported that odor robot can track a gas plume in the air and find odor sources using a 

semiconductor gas sensor and search algorithms. (8-11) In mapping the gas distribution, 

the spatial resolution is determined by combining the sensor response speed and speed of 

motion of the gas plume (12-14). A variety of methodologies have been employed to 

enhance the efficacy of odor-detecting robots, including the deployment of a multi-robot 

olfactory system (15-18), the implementation of bioinspired robotic designs (19-21), and 

the integration of different sensor types (22-24). Some of the research focused on the 

improvement of tracing algorithm (25-32). Most of these robots were designed for odor 

source localization. The response speed of commercially available semiconductor gas 

sensor based on a chemical reaction, which is commonly used for these robot systems, is 

not high (typically longer than 10 s). The response speed of the sensor is a major limit to 

improving the operating speed and promoting the application of a gas-sensing robot for 

collecting spatial distribution from odor source. 

The application of localized surface plasmon resonance (LSPR) in gas sensing 

presents a promising approach for the development of high-speed gas sensors for mobile 

robots (33-35). LSPR occurs when the frequency of incident light matches the frequency 

of the electromagnetic resonance of the noble-metal nanoparticle, and it causes strong 

light absorption and scattering (36). Light absorption due to LSPR is a physical 

phenomenon that changes with the permittivity of the surrounding medium, such as gas 

environment, and it responds quickly to gas exposure. This phenomenon is used in 

chemical sensors and biosensors by applying optical methods. (37,38) Methods have 
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already been developed to enhance the property of LSPR for biosensing. These include 

the integration of an optical waveguide system (39), the employment of specialized 

substrate surfaces (40), and the incorporation of hollow structural designs (41).  

Chen et.al has developed a simple method of fabricating an LSPR gas-sensor 

substrate by depositing Au nanoislands on a glass substrate (42). The fabrication process 

involves multiple cycles of Au sputtering followed by annealing at high temperatures, a 

procedure essential for the control of nanostructure of the Au nanoparticles. The accurate 

control of the size and particle density of Au nanoparticles proved to be effective in 

increasing the sensitivity of the sensor (43). Furthermore, molecular selectivity can be 

enhanced to the sensor through the application of a molecularly imprinted polymer 

coating on the LSPR substrate (44). 

This chapter present the development of an Au-LSPR-based high-speed gas sensor 

module. This module was integrated onto a crawler robot, resulting in a robot system 

capable of gathering data from on-ground odor sources with high spatial resolution. 

Distinct from other odor sensing robots, the detection target of this system is not 

atmospheric gas plumes, but invisible on-ground odor sources. These include footprints, 

artificial odor markers, or other residual traces on surfaces that carry information about 

past events. To demonstrate the capabilities of the robot, it successfully read spatial odor 

information from an arrayed odor source on the ground similar to the reading of a barcode 

and encoded byte data via the distribution of evaporated gas from odor sources. 

2.2 Experimental 

2.2.1 Concept of the On-Ground Odor Information Collecting Robot 

The concept of an on-ground odor information collecting robot is shown in Figure 

2.1. The target analytes of the proposed robot are gases that have evaporated from 

invisible odor sources on the ground, such as a footprint, adhered substances, spilled 

liquid or artificial odor marker. For the acquisition of high spatial resolution data 

regarding the distribution of these odor sources, the robot is equipped with fine tubing 

dedicated to gas sampling. This tubing is strategically positioned close to the ground to 

optimize the detection process. The gas from the odor source is suctioned into the LSPR 

gas sensor module by a vacuum pump. After detection, the gas is exhausted to the 

opposite side of the robot system to avoid contaminating the sampling spot.  

Figure 2.2 shows the developed odor robot with an LSPR sensor module. The LSPR 

gas sensor module is positioned in front of the shield of a crawler robot (Zumo Robot for 

Arduino, POLOLU, USA). Software was wirelessly uploaded to a microcontroller 
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(Arduino YUN, Arduino LLC, USA) to control the robot and obtain output signals from 

the sensor. The distance from the stainless-steel sampling tubing to the ground is about 1 

mm to ensure that the target gas reaches sensors quickly without polluting the tubing.  

 

 

 

 
Figure 2. 1 Concept of collecting spatial odor information from an on-ground odor source. 

 
Figure 2. 2 Photograph of a mobile robot with the LSPR gas sensing module. 
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2.2.2 Fabrication of the LSPR gas-sensitive substrate.  

A gas-sensitive Au nano-island structure was formed on a glass substrate with a size 

of 26 mm × 1.0 mm × 0.9 mm (S1126, Matsunami, Japan) as follows. The glass substrate 

underwent a sequential cleaning process with purified water, acetone and ethanol. After 

the drying process with a stream of nitrogen gas, the glass substrate was subjected to a 5-

minute argon gas plasma treatment using a plasma cleaner (Harrick, PDC-001K). The 

cleaned glass substrate was immersed in a 1:15 3-aminopropyltriethoxysilane (APTES) 

(LS-3150, Shin-Etsu Chemical, Japan) ethanol solution for 24 hours at room temperature 

to immobilize Au nanoparticles more strongly on the surface of glass substrate. 

Ultrasonication was then conducted in ethanol for 10 minutes to remove excess APTES 

molecules physically attached to the glass surface. Au nanoparticles were deposited on 

the APTES-treated substrate by sputtering (20 mA, 6 s) using a sputtering machine (SC-

701HMC II, Sanyo Denshi, Japan). The deposited Au particles are corresponding to a 3 

nm layer under this setting in amount. After sputtering deposition, the substrate is 

subjected to a heat treatment at 200°C for 1 hour, facilitating the agglomeration process 

to form the nano-island structure. To further enhance the density of the Au nano-islands 

on the substrate, the sputtering and heat treatment procedure was repeated. The LSPR 

substrates that were deposited once, twice, and thrice are referred to as 3-nm, 6-nm, and 

9-nm LSPR substrates, respectively. 

2.2.3 Fabrication of the gas-sensing module.  

The gas sensor module comprised a gas chamber fabricated using a three-

dimensional printer (Printrbot Play, Printerbot, USA) and a polylactic-acid-based 

thermoplastic (PolyMax PLA, Polymaker, China), light-emitting diode (LED) light 

source (MVR5373X, Stanley Electric, Japan), photodiode (S9648-100, Hamamatsu, 

Japan), Au LSPR substrate, and suction pump (modified from a YS-AIR-SMD01, YS 

Design Studio, Japan). Figure 2.3 shows the design of the sensor module body, with an 

overall size of 30 mm × 60 mm × 42 mm. Two pockets (with dimensions of 1.2 mm × 

26.5 mm × 10.5 mm in each) in the sensor module body held two pieces of LSPR substrate. 

The gas-sensitive surfaces of the substrates were oriented to face inward, separated by a 

partition plate featuring a through-hole with a diameter of 5.0 mm. A small gas chamber 

was formed by the hole and the substrates, with the top and bottom sides of the chamber 

being connected to a gas inlet and outlet, respectively. Cylindrical holes were present on 

the left and right sides of the module to accommodate the LED light source and 

photodiode, respectively. The optical system (LSPR substrate, light source, photodiode) 

functioned as a transmittance detector. The lid of the module was sealed with a silicone 
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gasket and secured using four screws The LED light source's wavelength peak was 630 

nm, which covered the maximum variation range of the LSPR substrates when exposed 

to air and ethanol environment. The gas pathway's total volume in the module, extending 

from the sampling tubing to the outlet, was 240 µL. Concurrently, the suction flow rate 

of the pump connected to the assembled module approximated 1700 µL/s. For this design, 

the time required for gas exchange in the chamber, a factor influencing signal delay, was 

estimated to be around 0.15 s. The signal obtained from the photodiode was amplified 20 

times with an instrumentation amplifier (AD620, Analog Devices, USA) and input to an 

analog input port of the Arduino microcontroller. 

 

2.3 Result and discussion 

2.3.1 Characterization of the Au-NP film and LSPR gas-sensing module.  

Figure 2.4A shows the photographs of the 3-, 6- and 9-nm (with SEM image) LSPR 

substrates for different sputtering conditions. Transmittance spectra of the fabricated 

LSPR substrates were measured by a spectrophotometer (UV-1800, Shimadzu, Japan) 

and results are presented in Figure 2.4B. Solid and dashed lines respectively show the 

transmittance spectra of the LSPR substrates when exposed to air and ethanol. A decrease 

in transmittance was observed when the LSPR substrate was exposed to ethanol from air. 

 
Figure 2. 3  LSPR gas-sensing module fabricated using a three-dimensional printer. Openings 
on left and right sides were used for an LED light source and photodiode to detect the change 
in intensity of light passing through the LSPR substrate when the gas environment changed. 
A suction pump was connected to the top of the module to create a gas flow path between two 
LSPR substrates. 
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Figure 2. 4 Characteristics of the fabricated LSPR gas-sensitive substrate. (A) Photographs of 
glass substrates sputtered with one, two, and three Au nanoparticle layers, respectively referred 
to as 3-, 6-, and 9 nm layers. SEM image shows the nano-island structure of 9 nm LSPR 
substrate. (B) Transmittance spectrum of the LSPR substrate. Solid lines represent the 
transmittance spectrum when the substrate was exposed to air; dotted lines represent the 
transmittance spectrum when the substrate was exposed to saturated ethanol gas. (C) 
Transmittance variation of the LSPR substrate when exposed to air and saturated ethanol gas. 
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Figure 2.4C shows the transmittance change of the three substrates for different 

sputtering conditions at wavelengths from 400 to 1000 nm. For the 3- and 6-nm substrates, 

the peak of transmittance variation was observed around 580 nm, exhibiting an amplitude 

of 7%. In contrast, the peak for the 9-nm substrate was observed in the range of 620 to 

730 nm, with a larger amplitude of 9%. 

The total transmittance change Ttotal, defined as the sum of difference of Tair (λ) and 

Tethanol (λ), at each wavelength in the range of 400 to 760 nm was used as an evaluation 

according to the following formula. 

𝑻𝒕𝒐𝒕𝒂𝒍  =   ∑ 𝑻𝒂𝒊𝒓
𝟕𝟔𝟎
𝟒𝟎𝟎 () − 𝑻𝒆𝒕𝒉𝒂𝒏𝒐𝒍()     ∙∙∙∙∙∙∙ (1) 

Ttotal was greatest for the 9-nm LSPR substrate (2288.8), followed by the 6-nm 

substrate (1704.0) and 3-nm substrate (1352.1). This result shows that the re-sputtering 

and re-annealing method improves the sensitivity of the Au LSPR substrate under the 

tested conditions. According to increasing of density and size of the Au islands by the 

process cycle, absorption cross section which contribute to the absorption change of the 

substrate and LSPR peak shift are occurred.43 

 

 
Figure 2. 5 Design of a high-speed gas exchange system for module evaluation. Two high-
speed valves were connected to the gas-sensing module, with one open and the other closed 
to create a gas switching environment. The openings in the cover had a 30° angle that ensured 
that the ejected gas aligned with the center of the chamber. 
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The sensor module was connected to two high-speed gas valves with another cover 

to evaluate the response speed of the LSPR substrate, as shown in Figure 2.5. Nozzles 

were placed close to the LSPR substrate to ensure that gas or air between two sensor 

substrates can be exchanged rapidly. The time courses of gas response were shown in 

Figure 2.6 (inset), with top and bottom signals respectively corresponding to sensors 

exposed to air and ethanol. The high-speed valves were switched every 0.2 to 0.02 s such 

that one was open and the other was closed, which means the sensor module tracked the 

gas switching frequency of the high-speed valves from 2.5 to 25 Hz. Figure 2.6 shows the 

relationship between the change in the sensor signal and the frequency of gas exchange. 

 

 
Figure 2. 6 Frequency response of the module. The gas exchange frequency was set to 2.5, 
5.56, 6.25, 7.14, 8.33, 10, 12.5, 16.67, and 25 Hz. Insets show time courses of the sensor 
output signal at 2.5 and 25 Hz. 
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With an increase in the gas switching speed, the output signal of the sensor only 

shows a decrease from 97.81 to 71.05 mV when exchanged from air to ethanol. This 

indicates the sensor's effective performance in rapidly changing gas environments. The 

waveform of the signal changed from a rectangular wave to a triangle wave, which 

explains drops at 5.56 and 6.25 Hz. When the frequency increased to 25 Hz, the peaks 

sharpened, and it was hardly possible to take the average with a sample size of 500 every 

second. This may contribute to the unpredicted increase in the signal variation at 25 Hz. 

The dependency of the sensor signal on ethanol gas concentration was also tested. The 

gas sampling tubing of the LSPR sensor module was connected to an airbag containing 

ethanol gas at concentrations of 5000, 10,000, 15,000, and 20,000 ppm. The results are 

shown in Figure 2.7. 

 
The change in the sensor signal from the signal measured for clean air has a 

proportional relationship with the gas concentration that is consistent with the theoretical 

model (45). Lower limit of sensing range of the module is approximately 4,300 ppm 

which calculated from signal noise ratio (S/N =1) with 20,000 ppm of ethanol gas. Figure 

S.1 shows the sensing performance of LSPR gas sensor module. Average response time 

and recovery time were 21.75 ms and 60.25 ms respectively (n=4). The evaluation of the 

sensor signal's repeatability was based on a series of gas pulse measurements. The relative 

standard deviations for the sensor signal with air and ethanol gas were found to be similar, 

approximately 0.34%. 

 
Figure 2. 7 Ethanol gas calibration plot for the LSPR gas-sensing module. 
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2.3.2 On-ground odor source detection with the robot.  

A series of basic experiments for on-ground gas source detection were conducted 

using a robot equipped with the developed LSPR gas-sensing module. All experiments 

with the robot were conducted on a clean flat table coated with melamine resin, in a 

windless room at room temperature.  

Figure 2.8A shows the experimental set up. Initially, we measured the sensor signal 

from the odor source placed at varying intervals, as indicated in course A. Eleven pieces 

of paper, each with a length of 50 mm and a width of 5 mm, were stuck to the experiment 

table at specific intervals. These intervals were set at 2.5, 2.5, 2.5, 4.5, 4.5, 4.5, 8.5, 8.5, 

and 16.5 cm, representing artificial markers for the odor or gas source. The start position 

of the robot was set 15 cm from the first odor source. Out of the eleven pieces, the final 

eight were wet with ethanol solution and served as the odor sources. Meanwhile, the first 

piece of paper was utilized as a marker of the starting position. The robot passed these 

odor sources at a speed of 10 cm/s. The sensor signal obtained during the experiment is 

shown in Figure 2.8B. Ten peaks appear at about 5.11, 20.98, 29.99, 38.57, 43.31, 47.53, 

51.77, 54.96, 57.32 and 59.96 cm. The differences between the measured values and 

actual distances are within 0.31 cm, which means the LSPR gas sensor module accurately 

reflects the positions of the gas sources to a certain degree of precision. Furthermore, the 

LSPR gas-sensing module responded quickly when the robot approached the gas sources 

and recovered quickly when the robot moved away from the gas sources. The time delay 

calculated from the results is 0.031 s. However, when the robot passed the first four gas 

sources, the sensor signal did not fully recover to the value corresponding to air. This 

suggests that at this travel speed, a distance of 2.5 cm is close to the spatial resolution of 

the robot system. Discriminating between odor sources can be challenging when the 

valley between signal peaks rises or is shifted by noise.  
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To clarify the spatial resolution of on-ground odor source detection, a 50% valley 

method was used as a criterion for discriminating two odor sources from signal peaks. 

This ratio is that of the peak signal value and valley signal value between peaks. The ratio 

can be calculated from a single peak. According to this method, the spatial resolution of 

the robot system was about 2.5 cm when moving past ethanol markers at 10 cm/s. In 

addition, we measured gas signals from the same odor marker 60 s after the first 

measurement in the same manner. The peak signal decreased to 41% of the first 

measurement (data not shown). This may due to the effect of ethanol evaporating from 

the floor material (i.e., paper) and shows that ethanol can be used as rewritable, invisible 

and biosafe odor marker; e.g., a multi robot system with pheromone marker 

communication can be used in an office or hospital. In the following experiments, the 

preparation of the ethanol marker is performed immediately before the robot is used to 

avoid the evaporation effect. 

To further investigate the performance of the robot with LSPR sensing module, the 

signal changes when robot passed gas sources at different speeds were obtained. Four gas 

sources were set using the same method as described earlier, with intervals of 15 cm, 

starting from a point 20 cm away from the first source (course B). The robot passed these 

odor sources at speeds of 6.33, 11, 15.7, 20.3, 25, 29.7 and 34.3 cm/s. The results are 

shown in Figure 2.9A. The peak positions shifted backward from the starting point 

 
Figure 2. 8 Robot courses of on-ground odor sources. (A) Photographs of robot courses with 
different arrangements of odor sources. Course A: intervals of ethanol gas sources were set to 
2.5, 2.5, 2.5, 4.5, 4.5, 4.5, 8.5, 8.5, and 16.5 cm. Course B: 20 cm interval after the start point 
and 15 cm intervals between other points. Course C: 6 cm intervals after the start point and 
before the end point, 2 cm intervals between other points. (B) Sensor response when the robot 
passed through gas sources of course A. 
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gradually owing to the sensor delay with gas exchanging in the chamber (taking around 

0.15 s) mentioned above. The relationship between the shift and robot travel speed was 

thus linear. Figure 2.9B shows the relation between robot travel speed and position shift. 

As the robot's speed increased, the average positional shift in four runs rising from 0.43 

cm to 5.38 cm. The negative extrapolated value of the position shift at zero speed indicates 

the width of a paper odor marker of 5 mm. Figure 2.9C shows the spatial resolution 

calculated from the same data for different travel speeds. As the robot's speed increases 

from 6.33 to 34.3 cm/s, the spatial resolution becomes worse, from 3.2 to 7.77 cm. The 

spatial sampling rate, which is connected to the spatial resolution, was determined by the 

fixed temporal sampling rate and travel speed of the system. However, the spatial 

resolution of around 3.2 cm seems to be a lower limit on the plotted curve. The limit may 

be due to the diffusion layer of ethanol gas for the marker dimensions used and the 

atmospheric conditions in the room. 

Also, we used different concentration of ethanol diluted with glycerin (80%, 60%, 

45%, 28%) as gas sources to verify the relationship between the signal change value and 

target concentration. The result was shown in Figure 2.9D. The response values were 

(relative values to 100% ethanol), 62.61%, 46.73%, 30.88%, 18.80%, respectively. The 

signal changes are deceased lineally with decreasing of ethanol concentration. 

Furthermore, acetone and hexane were also used as gas sources, and the signal change 

values were recorded as relative values to 100% ethanol. The response value of acetone 

and hexane were 93.89% and 58.35%, 5 times average, which means the sensor robot can 

response to different kind of volatile organic compounds.  
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2.3.3 Reading of digitized spatial odor information by the robot.  

An odor barcode reading experiment was performed as a demonstration. A total of 

34 pieces of paper were arranged, each with a length of 50 mm and a width of 5 mm 

(course C). Ethanol marks were made on the paper strips in the form of four eight-bit 

binary combinations to represent the word "ODOR" within the ASCII code framework. 

The first and last pieces of paper acted as marks of the start and end points. The distance 

between two adjacent pieces of paper at the start point and end point was set at 6 cm to 

 
Figure 2. 9 Dependence of odor source detection characteristics on the travel speed of the robot. 
(A) Responses of the LSPR sensor module when passing the first gas source of course C at 
different speeds; travel speeds were set to 6.33, 11, 15.7, 20.3, 25, 29.7, and 34.3 cm/s. (B) 
Positional shift of gas sources when the robot had different travel speeds. (C) Spatial resolution 
based on a 50% valley for different travel speeds. (D) Sensor signal change when passing 
ethanol gas sources with different concentration. (n = 5). 



26 
 

allow better recovery of the sensor. The distance between two adjacent pieces of paper 

except for the start point and end point was set at 2 cm because it has been confirmed that 

the LSPR gas-sensing module can accurately reflect the position of gas source at this 

distance. The pieces of paper that correspond to a value of “1” were marked with ethanol 

while those without ethanol corresponded to a value of “0” so as to create binary odor 

barcodes. The eight-bit binary combinations of 01001111, 01000100, 01001111 and 

01010010 were arranged in order to represent the letters O, D, O and R, respectively. 

The original output signal of the LSPR gas-sensing module is shown in Figure 2.10 

for the robot passing the barcodes. The signals were obtained every 2 cm from the graph, 

while the start point and end point were recorded as “Start” and “End” signals. A series 

of signal values of the odor source was created to demonstrate how the system can obtain 

binary data from sensor signals. When the value increased more than the threshold ∆S 

between two adjacent signals, the robot moved away from the gas sources and the sensor 

output recovered to that for air. In that situation, the current position was marked with the 

value “0”. When the value decreased more than ∆S, the robot moved towards the gas 

sources and the current position was marked with “1”. When the change was within ∣∆S∣, 

the robot was in the same condition as for the previous position. An up arrow, down arrow 

and right arrow in the figure respectively represent the sensor's recovery, response and 

holding. The translated binary combination was 01001111010001000100111101010010, 

which can be translated as the word ODOR according to ASCII code. With different kinds 

of binary combinations, the robot can record different kinds of digital information, such 

as a sign, a command or pictorial data, from the on-ground odor marker. The obtained 

results verified the proposed concept of a robot collecting spatial odor information from 

an invisible on-ground odor source. 
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Figure 2. 10 Robot reading binary odor barcode information on course C. Red points on the sensor 
signal represent the sampling position every 2 cm. The down arrow represents the sensor 
responding to gas sources, and the up arrow represents the sensor signal recovering to its value 
for air, while the right arrow shows that the sensor is in the same condition as previously. 

 

2.4 Conclusion 

In this chapter, a high-speed LSPR gas-sensing module was developed and mounted 

on a robot for collecting spatial distribution information from on-ground odor traces while 

moving at a high speed. The sensor module could respond to ethanol/air switching at a 

high speed of more than 25 Hz and had a positive correlation with the gas concentration. 

The robot's capability to detect ethanol odor markers on the ground was evaluated in three 

different courses. Using the LSPR sensor module, the robot was able to accurately 

pinpoint the positions of odor sources with an accuracy on the order of several centimeters. 

Furthermore, the robot can scan invisible digitized spatial odor information (i.e., a 

barcode comprising ethanol-marked paper strips) at a high travel speed of 10 cm/s. The 

recorded eight-bit binary combinations could be translated to a human readable message 

under the ASCII standard. The proposed robot system has great potential for application 

in the field of odor spatial distribution detection.  
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Supporting information for chapter 2 

 

 

  

 
Figure S. 1  Sensing performance of LSPR gas sensor. (A)Response of LSPR gas sensor to a 
series of ethanol gas pulses. (B)Response time of LSPR gas sensor exposed with ethanol gas. 
(C)Recover time of LSPR gas sensor from ethanol gas exposing. 
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Chapter 3 Characteristics of odor trace 

visualization system with two-dimensional LSPR 

sensor 

3.1 Introduction 

In Chapter 2, the high response speed of the LSPR sensor module is demonstrated, 

and the ability of the robot equipped with this module to obtain distribution information 

from multiple on-ground odor traces with high spatial resolution while moving at high 

speeds.  

However, the spatial distribution of chemical substances diffusing from odor traces 

continuously changes over time under the influence of the surrounding environment. It is 

a great challenge to describe the spatiotemporal distribution of these odor traces (1-4). 

Odor plumes and odor traces, while distinct, provide valuable insights into the 

spatiotemporal distribution of odor traces. An odor plume refers to the pattern of diffusion 

from the source, spreading out in a feather-like, fan shape, or irregular form. The plume's 

form and concentration change are influenced by environmental factors including wind 

speed and direction, temperature, and humidity. In environmental science and ecology, 

comprehending these odor plumes is vital for pinpointing and monitoring specific odor 

signatures, including those from pollutants (5-7). In contrast, odor traces refer to the 

residual trails left by a source on a surface, typically fading over time. This concept is 

vital in fields like forensic science, search and rescue, and animal behavior studies, where 

scent-tracking dogs are often employed (8-10). Specifically, the shape (spatial 

distribution) of an odor trace often intuitively indicates its source. 

Sensing in both the spatial and temporal domains of odor traces is complicated. 

Researchers tried to use different kinds of gas sensors to capture this odor information. 

For example, the widely used MOX gas sensor, known for its sub-ppm sensitivity, 

affordability, and simplicity in fabrication (11). The application of mobile robot platforms 

equipped with this kind of gas sensors for odor source localization, employing specific 

tracking methodologies, epitomizes the use of spatial distribution data (concentration 

distribution) of an odor plume (12). However, two-dimensional sensing with MOX 

sensors relies on an array of multiple sensors, making them unsuitable for direct two-

dimensional sensing. Moreover, these sensors are incapable of directly transforming 

sensitivity signals into visual formats for visualization, and their long recovery time 
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(several tens of seconds) makes it difficult in real-time detection. In contrast, biosensors, 

which can be deployed in a two-dimensional plane, allow for visual detection through 

fluorescent changes upon interaction with target substances. Recent advancements 

include camera-based imaging systems using gas-responsive materials for 2D gas 

visualization. Yoshioka et al. developed an odor imaging system based on multispectral 

fluorescence imaging, which visualized and discriminated components for a hand-shaped 

odor mark and airflow containing different odorants (13). Itani et al. developed a gas-

imaging system using alcohol dehydrogenase for detection of the concentration 

distribution of acetaldehyde in breath and transdermal vapor (14). Despite their high 

sensitivity at ppb level, these biosensors are limited to detecting fluorescent-responsive 

substances and their long response times restrict real-time monitoring of odor trace 

changes. 

Localized surface plasmon resonance (LSPR) is a phenomenon observed in 

nanomaterials, such as nanoparticles and nanorods, where electrons collectively oscillate 

in response to incident light (15). This resonance enhances the optical property change, 

like absorption of light at specific wavelengths. LSPR is highly sensitive to changes of 

permittivity of surrounding medium, such as the approach of gas molecules near the 

nanoparticles. LSPR is widely used in chemical sensors and biosensors based on optical 

signals (16-18). Controllable gold nano seeds can be fabricated by annealing a glass 

substrate sputtered with gold nanoparticles (19, 20). When AuNPs are irradiated with 

light, plasmons are excited and hot electrons are generated on the surface. As a result, 

Ag+ in the growth solution are reduced, and Ag nanoparticles grows on the surface of the 

Au nanoparticles. The growth of silver nanoparticles can be induced and controlled to 

form an Au/Ag core-shell structure through light exposure. The growth time can be 

adjusted to control the particle size and distance between nanoparticles to form different 

nano structure (21, 22). The fabrication technique for LSPR sensors shows its great 

potential as two-dimensional sensors and, owing to their ability to change optical 

characteristics in response to surrounding gas molecules, facilitate effective application 

for 2D odor trace visualization. 

This chapter presents an odor trace visualization system based on a two-dimensional 

LSPR substrate. Au nanoparticles were fabricated on a glass substrate as nano seeds 

through a simple sputtering annealing method. Au/Ag core shell nanostructure was 

fabricated by Light introduced Ag growth on the surface of Au nanoparticles. Two-

dimensional visualization images of an ethanol gas flow blown onto the substrate surface 

were obtained through changes in transmitted light. Visualization images of letter-shaped 

and strip-shaped odor traces were obtained through changes in reflected light. Moreover, 
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clear spatial distribution information (shape) of odor traces changing over time was 

obtained by differential images.  

3.2 Experimental 

Concept of odor trace visualization with two-dimensional LSPR gas sensing system 

Figure 3.1a shows the concept of odor tracing robot with two-dimensional LSPR gas 

sensor. The optical property of LSPR substrate can be easily affected by the approach of 

gas molecules, changing the permittivity of surrounding media. This change in reflected 

and scattered light from LSPR substrate in ethanol atmosphere (the odor trace at the 

bottom) will be present on the sensor substrate and can be obtained by camera. 

Fabrication of the two-dimensional LSPR gas sensing system 

Figure 3.1b shows the components of the two-dimensional LSPR odor visualization 

system. It includes a LSPR substrate, an LED light source and a CCD camera (ML4022, 

FLI, New York, USA). The spectrum of light sources covers the resonance peak of Au 

and Ag nanoparticles. The intensity and angle of incident light source can be adjusted to 

obtain better image quality. The sensor film of the LSPR comprises a dual-layered metal 

nanoparticle structure, consisting of Au nanoparticles and Ag nanoparticles. As gas 

molecules from odor traces reach the LSPR sensor film, there is a direct change in optical 

characteristics, which is then captured by the CCD camera, acquiring the visualization 

images of the odor trace (Figure 3.2). 

Fabrication of LSPR sensor substrate with Au/Ag core shell structure 

A sputter method was used to fabricate a 5 nm Au nanoparticles layer on a glass 

substrate (100 mm × 100 mm × 0.5 mm) and then annealed at 580℃ for 10 h for size 

control and immobilization. Solutions of silver nitrate (10 mM, 5 mL), trisodium citrate 

(100 mM, 4 mL), and pure water (11 mL) were mixed together before light exposure. The 

substrate with the Au nano-island structure was immersed in the mixed solution and 

exposed to light from a halogen light source (MHF-150L, Moritex, Kanagawa, Japan) to 

provide the power of 2.0 mW/cm2 to fabricate the Au/Ag core-shell nanostructure. The 

substrate was then washed with pure water and dried in nitrogen gas steam. Also, 9-h Ag 

growth sensor substrate was proved to have good sensitivity and lower transmittance for 

reflected type odor visualization system. 
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Figure 3. 1 Concept of odor tracing robot with two-dimensional LSPR gas sensor. (a) Odor 
tracking with visualized trace. (b) schematic of odor trails visualization system with LSPR sensor 
film 

 
Figure 3. 2 Principle of LSPR gas sensing using reflected and transmitted light. 
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3.3 Result and discussion 

3.3.1 Characterization of the Au/Ag nanostructure for LSPR gas 

visualization system. 

Photograph of fabricated sensor film with 9h Ag growth is shown in figure 3.3A with 

the scanning electron microscope image (SEM) (FE-SEM, SU8000, Hitachi, Japan) of 

the surface structure of the Au/Ag nanoparticles in Figure 3.3B. Compared with Figure 

2.4, the size of the nanoparticles after silver growth is significantly increased. These are 

caused by the growth of Ag nanoparticles on the surface of Au nanoparticles.  

Figure 3.4A shows the transmittance change of the Au substrate with different Ag 

growth time with 3 h, 6 h and 9 h. the result shows a significant decrease in the 

transmittance in LSPR substrate with Ag growth time increased which represent that the 

Ag growth effectively reduce the transmittance light as a large noise.  

In chapter 2.3.1, the SEM image of Au nano island structure on the glass substrate 

shows a particle size of about 30-40 nanometer. This nano island structure uniformly 

spread on the plane suggests that the substrate has the potential for high spatial resolution 

two-dimensional sensing, as each nanoparticle can be considered as an independent 

sensing unit. In this chapter, Au/Ag core shell nanostructure shows a particle size of about 

50-80 nanometers, which can be considered as the spatial resolution of the LSPR sensor. 

When the LSPR substrate and CCD camera together form a two-dimensional 

visualization system, the spatial resolution of the visualized images obtained by the entire 

system can be considered as determined by the size of the substrate and the number of 

pixels in the camera, which is approximately Tens of micrometers, due to the high 

resolution of the LSPR substrate. 

The substrates were exposed to ethanol gas to confirm their sensitivity change with 

Ag growth and the result is shown in Figure 3.4B. The response peak value of the 9-hour 

Ag substrate dropped to 4000 with the 3-hour growth Ag substrate has a 5000 response 

peak. This shows that Ag growth has a great influence on transmittance which can cut the 

noise and does not reduce the sensitivity of the substrate too much at the same time.  
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Figure 3. 3 Fabricated Au/Ag LSPR sensor substrate. (A) Photograph of Au/Ag LSPR sensor 
substrate. (B) SEM image of Au/Ag LSPR sensor substrate with 9-hour Ag growth. 
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Figure 3. 4 Optical property of Au/Ag LSPR sensor substrate. (A) Transmittance change in Au/Ag 
substrate with different Ag growth time (0 h, 3 h, 6 h, 9 h). (B) Reflection variation of the Au/Ag 
LSPR substrate when exposed to air and ethanol gas. 
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3.3.2 Gas flow visualization with two-dimensional LSPR gas sensor 

(transmission type) 

In the experimental setup, an ethanol gas stream was introduced from the bottom left 

corner of the LSPR substrate, while an air stream was blown directed from the middle of 

the substrate's bottom edge. Figure 3.5A shows the visualized gas image captured during 

the experiment, including a demarcated square area designated for analyzing the average 

change in transmitted light intensity. Figure 3.5B shows a cross-sectional plot 

representing the average changes in transmitted intensity across the substrate from Figure 

3.5A, specifically measured 1 cm from the bottom edge. Additionally, Figure 3.6 shows 

the temporal change of transmitted light intensity in the captured image, recorded at 1.5-

second intervals.  

After starting the measurement, a notable flow of the low luminance area in the 

visualized image was observed as the ethanol gas flow rate increased (Figure 

3.5A(a)→(b)) Furthermore, the introduction of the air stream from the bottom middle 

caused the ethanol gas stream to be blown away by the air steam ((b)→(c)). When the air 

stream stopped, the ethanol gas stream recovered to its original distribution ((c)→(d)). 

Figure 3.6 shows that the increase in the change of transmitted intensity value with the 

increase in the flow rate of the ethanol gas stream at 0 to 5 seconds and the decrease in 

the change value due to the blow of air at 5 to 10 seconds, changed in accordance with 

their time regions accurately.  

The results indicate that the LSPR gas visualization sensor possesses a time 

resolution suitable for near real-time observation, enabling the acquisition of time change 

distribution information. Additionally, the transmitted intensity values of the ethanol gas 

stream before and after the introduction of the air stream were found to be remarkably 

similar, suggesting that the two-dimensional LSPR gas sensor exhibits excellent 

reversibility in gas visualization. This experiment demonstrates that the LSPR-based 

visualization gas sensor can accurately measure both spatial and temporal distribution 

information of gases. The utilization of this sensor facilitates the real-time acquisition of 

gas distribution data, highlighting its potential in various applications. 
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Figure 3. 5 Gas flow visualization with Au/Ag LSPR sensor substrate. (A) Visualization of gas 
spatial distribution with two-dimensional gas sensor: visual image of ethanol gas flow blown for 
0 s (a), 1.5 s (b), 13.5s (d), Visual images of ethanol and air blown at the same time (d); (B) cross-
section plot of grey value of (a-d) 1 cm from the bottom. 

 

 
Figure 3. 6 Temporal change of average intensity value of selected area of captured picture. 
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3.3.3 Visualization of letter shape gas source with the sensor system 

(reflection type) 

Figure 3.7 shows the experiment set up for letter shape gas source visualization with 

9 h Ag growth substrate. Invisible odor trace shaped like letter “Q” and “U” written by 

ethanol solution was 1 mm below the LSPR sensor substrate, separately. an LED light 

source was positioned at a 45-degree angle relative to the substrate surface, while a CCD 

camera was aligned at a 90-degree angle to capture reflected light.  The invisible “Q” and 

“U” have a total size of 4 cm ×4 cm and a line width of 3 mm, which is an indication for 

the sensor’s high spatial resolution. The images were captured by CCD camera (exposure 

time 0.5 s) every 1 second. Background subtraction was applied during image processing 

to enhance visibility of the changes. 

 
Figure 3. 7  Experiment set up and concept of letter shape gas source visualization. CCD camera 
and LED light source were placed 90-degree and 45-degree to the sensor substrate separately. 
Gas source was 1mm below the sensor substrate. 

The result is shown in Figure 3.8. The odor source is more and more clearly imaged 

on the substrate over time, which may be due to the time required for gas to diffuse in a 

closed environment. The line width of visualized “Q” in Figure 3.8 are about 5 mm, 
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extended 1 mm to each direction compared with original odor trace, which shows a high 

reproducibility of the shape and distribution of odor source in this small scale. This 

indicated that the Au/Ag LSPR sensor has a far higher spatial resolution than array-type 

sensors using ordinary semiconductor gas sensors and can obtain the distribution of odor 

source by its shape at the same time. The temporal change of average intensity of five 

selected areas in “Q” from 0 s to 73.5 s is shown in Figure 3.9 for further investigation.  

The intensity difference between the “Q” part and the central blank area increases 

significantly over time. This was attributed to the slow diffusion of ethanol gas in the 

confined space beneath the sensor substrate. This result suggests the sensor's suitability 

for continuous monitoring applications, such as in an odor tracing robot. 
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Figure 3. 8 Visualized odor source in shape of “Q” and “U”. Visualized images show the intensity 
change on LSPR substrate of odor source every 9 seconds. 

 



45 
 

 
Figure 3. 9 Temporal change from 0 s to 73.5 s in the selected five areas(inset). 

To further investigate the sensor's spatial resolution, a polypropylene masking sheet 

with four rectangular openings of varying widths (1 mm, 2 mm, 3 mm, and 4 mm) and a 

constant length of 20 mm was used to create strip-like odor sources. The experimental 

setup was shown in Fig. 3.10a. The distance between the sensor substrate and the odor 

source was approximately 2 mm. The differential images of visualized odor traces are 

shown in Fig. 3.10b. The images show that the visualized odor traces corresponding to 

the 2 mm, 3 mm, and 4 mm wide sources expanded beyond their actual sizes, whereas 

the trace for the 1 mm source just started to become visible. Temporal changes in the 

sensor's response to these four odor sources are shown in Fig. 3.10c. In this figure, a plot 

profile through the image's center generated by ImageJ, reveals that initially, sharp peaks 

appear at the odor sources position (e.g., at pixel 1000), later shifting towards the edges 

of the sources position. The intensity at the edges remains high, while other areas show 

some recovery after long time exposure. 

The 1 mm width odor source was visualized later compared to the other three, with 

the 4 mm width source appearing earlier. This result suggests that the visualization speed 

is dependent on the size of the odor source. The most clearly observed peak, 
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corresponding to the 3 mm width odor trace, was used to calculate the imaging system’s 

spatial resolution using the half-peak method mentioned in chapter 2. This result shows 

that when observing a 3 mm scale odor source, the sensor system can recognize between 

two independent odor traces at a distance of up to approximately 6 mm. 

 
Figure 3. 10 Visualization of odor bar in different size. (a) Experiment up (b) differential images 
after 20 seconds exposed to ethanol. (c) Column average profile of reflected light intensity 
calculated from the selected area in (b). 

3.4 Conclusion 

In this chapter, a two-dimensional LSPR sensor substrate with Au/Ag core shell 

nanostructure was developed for visualization of spatial distribution information of odor 

traces. Ag growth on Au nanoparticles change the transmittance property but has less 

influence on the reflection property which was used as detection parameter in the 

experiment on reflection type. The spatial resolution of the substrate, determined by 

particle size and spacing, is tens of nanometers, while the spatial resolution of the 

visualization system, determined by the number of camera pixels, is tens of micrometers. 

The sensor system can detect the gas flow change with transmitted light change and 
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visualize odor traces with a 3 mm line width in letter shape of “Q” and “U” clearly with 

reflected light, which indicated the high spatial resolution of the sensor. The temporal 

change of the visualized part of odor traces showed a continuous change in intensity and 

can be expected for gas distribution change observation. The system's high response 

speed and high spatial resolution ensure that when it captures the spatiotemporal 

distribution of odor traces at close range, the changes in its images can be approximated 

as being determined by the natural diffusion of volatile odor substances. 
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Chapter 4   Odor Trace Visualization System with 

a Two-Dimensional Backside Scattering LSPR 

Gas Sensor for mobile robot 

4.1. Introduction 

Collecting spatial information from odor traces, for example, the one-dimensional 

robot system mentioned in chapter 2, and obtaining visualized images of odor trace in 2D 

information in chapter 3. We have successfully visualized ethanol gas flow (using a 

transmissive type of detector) and letter “Q” and “U” shaped odor traces (using a 

reflective type of detector) using a 2D-LSPR substrate on a fixed experimental platform. 

However, the transmissive type of detector cannot detect odor traces on the ground, and 

the reflective type of detector captures the camera lens in the image and the strong 

reflection of its substrate interferes with subsequent image processing. 

Chapter 2 demonstrated the high response and recovery speed of LSPR sensor. 

Chapter 3 demonstrated the high spatial resolution of two-dimensional odor trace 

visualization system with LSPR sensor. However, the ability of the visualization system 

to acquire the spatiotemporal distribution information of complex-shaped odor traces on 

the ground in real-world environments still remains to be developed. 

In this chapter, a mobile odor trace visualization system based on an Au/Ag LSPR 

substrate was developed for visualization of on-ground odor traces to obtain its 

spatiotemporal change. The performance of the visualization system was enhanced 

through adjustments such as LSPR substrate placement, capture time and camera shooting 

angle to eliminate reflective noise. The reliability of visualizing odors spreading from on-

ground odor traces was evaluated through a comparative experiment. Furthermore, by 

observing changes in the visualized images of the odor trace over time relative to the 

original shape of the odor trace, A method for reproducing the spatial distribution 

information of odor traces was established. 
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4.2. Experimental 

4.2.1. Visualization Concept and Principle of the On-Ground Odor 

Trace Imaging System 

Figure 4.1 shows the concept of the on-ground odor trace imaging system that 

visualizes the invisible realm of on-ground odor traces. These odor traces, imperceptible 

to the human eye, release volatile organic compounds (VOCs), and possess a unique two-

dimensional spatial distribution (shape). The system is composed of three key 

components: a charge-coupled device (CCD) camera, a LSPR sensor substrate, and a 

LED light source. The core of the system is the LSPR substrate, which has a high response 

speed to VOCs and converts the chemical information of these compounds into optical 

information. The LSPR substrate consists of a glass substrate and noble metal 

nanostructures fabricated on its surface. The optical properties of the substrate can be 

changed by gas molecules from odor traces approaching the nanoparticles on the substrate. 

Variance in optical properties on the LSPR substrate presents a visual pattern, which can 

be captured by a CCD camera. The visualized images produced by this system accurately 

represents the shape of the invisible odor trace. This accuracy is achieved by positioning 

the substrate just a few millimeters away from the odor source. Essentially, the system 

translates the chemical information contained within the odor trace into discernible 

optical images, effectively converting invisible chemical phenomena into visually 

interpretable data. This bridge from the chemical to the visual domain opens new avenues 

for understanding and analyzing the subtle world of odor. 

 
Figure 4. 1 Concept of collecting odor trace images (spatial information from an on-ground odor 
trace) with the two-dimensional (2D) localized surface plasmon resonance (LSPR) odor trace 
imaging system. 

Figure 4.2 shows visualization principle of the system. The optical property of the 

substrate is determined by the absorption and scattering properties of the Au/Ag core-
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shell nanostructure on its surface. These characteristics are closely linked to the 

nanostructure's size, shape, and the dielectric properties of the surrounding environment. 

When gas molecules approach the nanostructure, they influence the surrounding 

dielectric environment and/or the chemical nature of the surface of the nanostructure. 

Such changes in the dielectric properties of the surrounding media result in changes to 

the light scattering from the LSPR sensor surface, which can be observed and visualized 

using a CCD camera from the backside. The intensity of scattered light (S) is calculated 

as: 

S = I − R − T − A,     (1) 

where I represent the intensity of incident light, R is the intensity of reflected light, T 

is the intensity of transmitted light, and A is the intensity of absorbed light. 

 

 
Figure 4. 2 Visualization principle of the odor trace imaging system with an Au/Ag core-shell 
LSPR substrate that is based on changes in scattering and absorption captured by a charge-coupled 
device (CCD) camera when gas molecules approach the Au/Ag nanoparticles. 
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The visualized image of ethanol gas flow blown onto the LSPR substrate is shown in 

the right top of Figure 4.2. The chemical information of an ethanol gas flow is converted 

into changes in intensity (optical information) by the LSPR substrate and then captured 

by the CCD camera. Meanwhile, owing to the substrate's high response/recovery speed, 

it can recover to its original state once the ethanol gas disappears, leading to a 

response/recovery in the surrounding dielectric environment, such that the substrate can 

effectively record a rapidly changing gas environment. 

4.2.2. Fabrication of an LSPR Sensor Substrate with an Au/Ag Core-

Shell Nanostructure 

Silver nitrate and trisodium citrate were purchased from Wako, Japan. 

Au nano seeds were fabricated on a glass substrate with dimensions of 50 mm × 50 

mm × 1 mm. Firstly, the substrate underwent a cleaning process using pure water, acetone, 

and ethanol, in an ultrasonic cleaner, followed by drying with a stream of nitrogen gas. 

The glass substrate was then placed in a sputter machine (SC-701HMC II, Sanyu Denshi, 

Tokyo, Japan) for Au nanoparticle deposition through sputtering at 20 mA for 8 s. An 

annealing treatment was conducted in a programmable electric furnace (SMF-1, As One, 

Osaka, Japan) at 580 °C for 8 h to fabricate an Au nano-island structure on the glass 

substrate. 

For the growth of Au/Ag core-shell nanostructure, a mixed solution of silver nitrate 

(10 mM, 5 mL), trisodium citrate (100 mM, 4 mL), and pure water (11 mL) were prepared 

before light exposure. The substrate with the Au nano-island structure was immersed in 

the mixed solution and exposed to light from a halogen light source (MHF-150L, Moritex, 

Kanagawa, Japan) to provide the power of 2.0 mW/cm2 for Ag growth. The substrate was 

washed with pure water and dried under a nitrogen gas steam. 

4.2.3. Fabrication of a 2D LSPR Odor Trace Imaging System 

Figure 4.3 shows the photograph of the 2D LSPR odor trace imaging system. 

The frame of the imaging system is made of aluminum alloy and has dimensions of 

30 cm × 20 cm × 50 cm. The device's height is adjustable to maintain the LSPR substrate's 

measuring area in close distance to the odor trace in different experimental environments. 

The imaging system is covered with black cardboard to avoid the influence from ambient 

light. A CCD camera (ML4710-1-BB, FLI, New York, NY, USA) is set at the top of the 

sensor chamber to capture changes in intensity on the sensor substrate. A square hole is 

created in the chamber floor 15 cm below the camera for the placement of the LSPR 

sensor substrate. An LED light source (Ulanzi 96 LED Video Light, Ulanzi, Shenzhen, 

China) is set at the left side of the chamber. The angle between the light source and 
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substrate is set at about 30 degrees to avoid direct reflection. The wavelength range of the 

LED light source is 400 nm to 800 nm with its peak at 600 nm. An ice pack is placed next 

to the substrate to suppress the desorption of gas molecules on the substrate surface due 

to the internal temperature of the chamber being higher than the external temperature, a 

condition caused by heat dissipation from the camera. 

4.3. Results and Discussion 

4.3.1. Characterization of the Au/Ag Core-Shell LSPR Substrate 

Figure 4.4a shows both SEM images of the nanostructure on the surface of the 

substrate and photographs of Au and Ag nanoparticle growth for 3, 6, and 9 h. The 

substrate color transition from pink to dark brown as the Ag growth. The SEM image of 

the Au nanoparticle substrate shows a dispersed island nanostructure, with particle sizes 

ranging from 10–30 nm. The diameter of the nano-islands increases to approximately 50 

nm as Ag growth, and the distance between the islands decreases, resulting in a denser 

structure. 
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Figure 4. 3 Overview of the 2D LSPR odor trace imaging system (top) and photograph of the 
imaging system (bottom), comprising a CCD camera, light-emitting diode (LED) light source, 
and LSPR sensor substrate. 
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Figure 4. 4 Characteristics of the LSPR sensor substrate. (a) Scanning electron microscope image 
of the Au/Ag core-shell nanostructure. (i) Au nanoparticles only. (ii)–(iv) Au nanoparticle layers 
with growth at different times. (Insets) Photographs of the LSPR sensor substrates (b) Absorption 
spectra of the LSPR substrates exposed to air and ethanol gas. (c) Absorbance changes when the 
LSPR substrates were exposed to air and ethanol gas. 

Figure 4.4b shows the absorption spectra of each substrate under conditions of air 

exposure and saturated ethanol gas exposure. The solid line represents the absorption 

spectrum in air, whereas the broken line corresponds to the spectrum under ethanol gas 

exposure. With Ag growth, the absorption of visible light by the substrate increases and 

the intensity of transmitted light correspondingly decreases. This result shows that the 

Au/Ag core shell structure effectively reduces the effect of transmitted light from outside 

on imaging when used in the 2D imaging system. 
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To evaluate influence of Ag nanoparticles growth on substrate sensitivity, the 

substrates were exposed to air and ethanol gas switching environment at 30 second 

intervals. Figure 4.4c shows the absorption changes at 550 nm for substrates at different 

stages of Ag growth: Au nanoparticle substrate and substrates after 3, 6, and 9 hours of 

Ag growth, with absorption changes recorded at 0.002, 0.015, 0.015, and 0.016, 

respectively. This indicates an enhancement in substrate sensitivity attributable to Ag 

growth, alongside a maintained stability in absorbance change. The absorbance 

spectrum's red-shifted shoulder (Figure 4.4b) results from a resonance generated by 

coupling between the nanoparticles (2). The result shows that Ag growth effectively 

suppresses noise from transmitted light without compromising sensitivity. 

Prior research shows that the optical properties of LSPR substrates can be adjusted 

through controlled light exposure (i.e., growth time) (3). Although it is not able to create 

exactly identical LSPR substrates, those obtained with the same exposure time exhibit 

similar optical characteristics. As the reverse growth of controlled Au on Ag seeds is not 

achievable in this fabrication process, the susceptibility of the Ag shell to oxidation 

remains a challenge during data collecting. To reduce the influence of Ag oxidation on 

the experimental results, all data were collected within one week after preparation of 

LSPR substrates. 

4.3.2. Comparative Experiment of the Visualization of an A-Shaped 

Odor Trace 

As the optical properties of the LSPR substrate do not simply represent its 

performance in the odor trace imaging system, a comparative experiment was conducted 

for further analysis and evaluation. The LSPR substrate's response is significantly 

influenced by environmental changes such as temperature, humidity, and ambient light. 

Therefore, the experiment is thus designed to accurately obtain the differences in imaging 

results between the LSPR substrate and non-LSPR substrate under the same conditions 

for the same odor trace. 

The odor trace imaging system shown in Figure 4.3 was placed in a dark room. Two 

glass substrates, each with dimensions of 25 mm × 50 mm, were fabricated with a 5-nm 

Au layer and Ag growth for 9 h. The two substrates were placed on a poly(methyl 

methacrylate) (PMMA) frame, with the Au/Ag core-shell nanostructured side of left 

substrate facing downwards (sensor side) and the glass side of the other substrate also 

oriented downwards for a comparative experiment. As shown in Figure 4.5a, black 

cardboard with dimensions of 5 cm × 5 cm, treated with a hydrophobic solvent (Fluoro 

Surf, Fluorotech, Kasugai, Japan) outside an “A” shape area and dried for 10 min, was 
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coated within the “A” shape with 95% ethanol solution to create an A-shaped odor trace 

immediately before imaging. The LSPR sensor substrate was positioned approximately 

4–5 mm above the odor trace. The ethanol gas concentration directly above the odor trace 

at a distance of 5 mm, was approximately 7000 ppm, measured by a PID sensor 

(Phocheck+, Ion Science, Fowlmere, UK).  

The CCD camera was set to capture 200 images every 0.9 seconds over roughly 230 

seconds with an exposure time of 0.25 seconds, recording the intensity changes on both 

the LSPR and glass substrates induced by the A-shaped odor trace. After background 

subtraction with the first image as the reference image, differential images with a clear 

view of intensity changes were obtained and shown in Figure 4.5b. Initially, there was 

little to no observable change on both substrates within the first 57.5 seconds. By 

approximately 115 seconds, a slight intensity reduction was noted on the sensor side, 

leading to the gradual appearance of the "A" shape by around 140 seconds, and fully 

visible by approximately 200 seconds. In contrast, there were hardly any notable changes 

on the glass side during the capturing process. The overall change in intensity over time 

was clearer on the sensor side than on the glass side. It is speculated that the diffusion of 

ethanol gas resulted in the formation of a concentration gradient, extending from areas of 

high to low concentration. This gradient significantly influenced the substrate's 

absorption and scattering characteristics, as detected by the CCD camera. 

To further investigate the difference between the sensor side and the glass side, the 

intensity profile for specified area (Figure 4.5c) was plotted using ImageJ software (V 

1.52a), with a 20-pixel line width, as shown in Figure 4.5d. The line width of the profile 

is set in the longitudinal direction, and the average intensity over 20 pixels in the 

transverse direction is presented. The gray bar shows the position of the interface between 

the sensor side and the glass side. At approximately 3 and 7 mm to the left of the interface 

line on the sensor side, two clear valleys were observed, corresponding to the A-shaped 

odor trace. In contrast, at the corresponding positions on the glass side, there is hardly 

any change in intensity. This intensity profile on the two substrates area effectively shows 

the difference in intensity changes due to the odor trace on the LSPR substrate and glass 

substrate under the same external environmental condition over time. The result shows 

that the parts of the cardboard with and without the odor trace show differences on the 

substrate, creating a boundary. In the differential images, these differences produce a 

visible line which can reveal the shape of the original odor trace. 

Figure 4.5e shows the average differential intensity changes over time for both sides 

(sampling areas shown in inset image). the sensor side exhibited a notable normalized 

intensity change of 80 within approximately 160 seconds, whereas the glass side showed 
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a minor change of 20. At the location of the odor trace, owing to the diffusion of saturated 

ethanol gas that affects the optical properties of the substrate in the sampling area, the 

average intensity change increases over time. Meanwhile, the intensity change over time 

for the glass substrate serves as a background of environmental influences. 

In previous research, Au/Ag LSPR substrates were employed for visualizing various 

volatile gases volatile gases, including geraniol, pentadecane, piperitone, and eugenol (4). 

This experiment advances the capability to capture spatial distribution information (shape) 

and temporal changes of complex-shaped ethanol odor traces, demonstrating the LSPR 

substrate's enhanced sensitivity and specificity in odor trace imaging. 
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Figure 4. 5 Comparative experiment of odor trace visualization. (a) Experiment set up. (b) 
Differential images of the A-shaped odor trace on LSPR and non-LSPR substrates over time. (c) 
Intensity profile area. (d) Intensity changes on both sensor side and glass side in the differential 
image at 230 s. (e) The average change in intensity between the sensor side and glass side over 
time. The inset shows the two sampling areas. 
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4.3.3. Indoor Environmental On-Ground Star-Shaped Odor Trace 

Visualization 

Performance of the imaging system to capture shape information of on-ground odor 

trace was evaluated in an indoor environment at room temperature, as shown in Figure 

4.6a.  

A black mark was applied to indicate the sampling position of the imaging system 

before moving the system onto the carpet used in the experiment, ensuring that the LSPR 

sensor substrate was directly above the odor trace during the imaging process. A star-

shaped hole was created in a PMMA substrate with dimensions of 50 mm × 50 mm × 2 

mm, serving as a mask. The star opening's overall dimension was approximately 15 mm 

× 15 mm, with the distance from the center to each of the five exterior vertices being 7.8 

mm, and to each of the interior vertices being 3.9 mm. The mask was placed on the carpet, 

and the space between the carpet and the PMMA mask was saturated with ethanol 

solution to create a star-shaped odor trace, as shown on the right of Figure 4.6a. The 

distance between the odor trace and LSPR substrate was adjusted to approximately 4–5 

mm. The exposure time of the CCD camera was set to 0.5 second, capturing 100 images 

at intervals of approximately 0.88 second over a period of approximately 138 seconds. 

The different directions in the original star shape were marked with arrow to describe 

the different directions in the visualized images. As shown in Figure 4.6b, starting from 

the left side, the five exterior vertices were sequentially labeled as exterior vertices 1 to 5 

and the five interior vertices were labeled as interior vertices 1 to 5. Ten line arrows 

extending from the center of the star to the five exterior vertices and five interior vertices, 

were marked as line arrows V1 to V5 and C1 to C5, to investigate the intensity change in 

different directions of the image. The length of each line was approximately 15 mm (i.e., 

250 pixels in the image). 
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Figure 4. 6 On-ground star-shaped odor trace visualization in an indoor environment. (a) Experi-
mental setup. (b) Directions of intensity profiles in 10 directions. (c) Differential images of the 
star-shaped odor trace over time. (d) Intensity profile of the line V1 at different times. (e) Position 
shift of the visualized vertex 1 over time. 
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Differential images of the visualized star shape odor trace (with the background 

subtracted using the first image as the reference) are shown in Figure 4.6c. For the first 

13.8 seconds, notable change is not observed in the differential images. Around 27.6 

seconds, there's an increase in the brightness of the image's upper half, corresponding to 

the star-shaped odor trace. By approximately 41.4 seconds, distinct elliptical shadows 

start to appear at the upper three vertices position of the star shape. At 55.2 seconds, the 

entire star shape becomes visible, with the interior of the star shape appearing 

significantly darker than its exterior, and a clear decrease in brightness at the star's edges, 

creating a distinct star-shaped outline. From 69 to 124.2 seconds, the entire image 

continues to expand outward, gradually transforming into a pentagon before ultimately 

becoming an irregular shape, indicating the non-symmetrical and non-uniform dispersion 

of the odor across the area.  The rate of shape change is quicker in the V1, V2, and V3 

directions, with the shape maintaining its initial form longer in other directions. The edges 

of the star shape in visualized images and the subsequent changes indicate the complexity 

of the odor diffusion process. 

To more clearly show the changes and the movement of the odor trace's edge area 

during imaging, an intensity profile was plotted from the center O towards exterior vertex 

1, over a length of approximately 15 mm (250 pixels). The intensity changes along the 

arrow V1 at 13.8, 41.4, 69, 96.6, and 124.2 s are shown in Figure 4.6d. The line width 

was adjusted to 20 pixels to reduce the influence of noise. Each arrow marker shows the 

position of visualized vertex 1 at different time. At 13.8 seconds, negligible intensity 

change is observed along arrow V1, which is consistent with the result in Figure 4.6c. By 

41.4 seconds, a noticeable valley forms at roughly 6.7 mm, as highlighted by the black 

arrow. This valley progressively shifted outward to 8.6, 9.9, and 10.5 mm at subsequent 

intervals of 69, 96.6, and 124.2 seconds, respectively. At 124.2 seconds, a prolonged 

valley is observed between 10.5 and 12.1 mm, with two intensity decreases in the graph. 

This outward movement of the valley suggests a diffusion of the odor, expanding from 

its source. 

The differential images' intensity profiles were plotted along the V1 direction within 

a length of 15 mm. The position of the valley was recorded every 13.8 seconds from 41.4 

to 124.2 seconds. These recorded positions of valleys represent the outline of the images 

on the sensor substrate by the odor trace. Figure 4.6e shows the position shift of the valley 

corresponding to the start point of the edge of the visualized V1 over time. From 41.4 to 

82.8 seconds, the valley moves from 6.7 to 9.6 mm, indicating a significant outward 

movement. Between 82.8 and 124.2 seconds, the shift is from 9.6 to 10. 5 mm, indicating 

a lesser positional change. The outline's motion speed of the visualized odor trace in 
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differential images is approximately 0.07 mm/s from 41.4 to 82.8 seconds and 0.02 mm/s 

from 82.8 to 124.2 seconds. 

Figure 4.7a shows the change in intensity from the center of the star shape to each 

exterior vertex at 55.2 seconds. revealing a noticeable intensity change around 7.8 mm 

from the center, thereby highlighting the position of odor trace's edge in the images. Due 

to uneven diffusion in different directions, the positions of the valleys differ, but they are 

all near the positions of the exterior vertices. Exterior vertices 1, 2, 4, and 5 exhibit a more 

pronounced intensity decrease around the valleys, enhancing their visibility in the image, 

whereas V3 appears relatively indistinct. Figure 4.7b shows a similar result at 

approximately 4 mm from the center for the interior vertices of the star. 

 
Figure 4. 7 Intensity profiles in different directions. (a) Intensity profiles along V1 to V5 at 55.2 
s. The grey broken line represents the positions of the five exterior vertices. (b) Intensity profiles 
along C1 to C5 at 55.2 s. The grey broken line represents the positions of the five interior vertices. 

 

The distance between the LSPR substrate and the odor trace influences image quality 

in various ways. In this experimental setup, the minimum achievable distance is 4-5 mm. 
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Due to diffusion effects, a closer distance of the LSPR substrate to the odor trace enhances 

the concentration difference in the local area of the substrate, resulting in clearer images. 

Increasing distance leads to a greater influence of external light passing through the 

substrate on its visualization capabilities. Due to the fast response speed of LSPR 

substrates (20 ms, as observed in chapter 2), time costs were not considered to be a 

significant factor. The differential images captured at different times can accurately 

represent the real-time distribution of the traces left on the substrate. 

In examining the temporal changes in intensity, analyses were conducted across areas 

with a diameter of roughly 1.2 mm (20 pixels) at each exterior vertex. As shown in Figure 

4.8, before 41.4 seconds, there is a big increase in intensity in the differential images, 

ranging from 29.99 to 148.97. After 55.2 seconds, the intensity in these areas remain 

stable (between 122.65 and 139.52). These results suggest that from approximately 55.2 

seconds, the images derived from intensity variations due to the odor trace on the substrate 

provide comprehensive shape information about the odor trace. This method is thus 

considered effective for calibration in determining the optimal observation time under 

varying floor materials and experimental conditions. 

 

Figure 4. 8 Intensity changes at the five vertices over a period of 138 s. Red circles represent the 
five sampling areas of the vertices in the visualized images. 
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4.4. Conclusions 

In this chapter, a 2D odor trace visualization system was developed based on an 
LSPR substrate with Au/Ag core-shell nanostructure, focusing on the observation of light 
scattered from the substrate’s backside. This system was used to visualize on-ground odor 
traces. 

The raw images were obtained from a close range of 4–5 mm from odor traces on the 
ground. After background subtraction, they showed reasonably clear brightness changes 
due to the volatile gas ethanol diffused from the odor trace on the sensor substrate. The 
differential images provide an intuitive view of the spatial distribution information (shape) 
of invisible odor traces and their changes over time. A comparative experiment was 
conducted and clearly demonstrated the ability of the LSPR substrate to capture an odor 
trace compared to a non-LSPR substrate under the same environmental conditions. 

Indoor experiments demonstrated the system’s ability to capture an odor trace with a 
complex shape (star shape) set in real floor environments, such as a carpet. In addition, 
an experimental method was developed to verify the optimal observation time for the 
visualization images to match the original trace shape in real-world conditions. The 
optimal time for capturing a star-shaped odor trace was approximately 55 s after the 
imaging system stopped above the odor trace in an indoor experiment. This methodology 
holds potential for future applications, such as in robotics, where it can be utilized to 
acquire spatial distribution data of odor traces at specific locations. 
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Chapter 5 Conclusion and prospect 

5.1 Conclusion 

In this research, utilizing a sensor substrate with high response speed and high spatial 

resolution based on the LSPR principle, an odor robot and a two-dimensional odor trace 

visualization system based on LSPR sensors were constructed. This enabled the real-time 

detection and acquisition of visual images of the spatial distribution of odor information, 

which was previously difficult to obtain, and established methods for information analysis. 

Collecting spatiotemporal distribution information of odor traces through one-

dimensional high-speed LSPR sensor with mobile robot. 

Chapter 2 proposed a high speed LSPR gas sensor module utilizing the LSPR 

phenomenon, which converts chemical signals (odor molecules) into optical signals. The 

sensor module consists of an LED light source, a photodetector, and a gold nanoparticle 

LSPR substrate. This sensor is capable of responding to ethanol gas at high speeds, 

exceeding 25Hz, and can recover equally quickly after leaving the odor source. By 

integrating the LSPR sensor module with a mobile robot, we have achieved exploration 

of the spatial distribution of on-ground odor traces. Due to the sensor's rapid response, 

the odor distribution collected by this robot can be considered real-time spatial odor 

distribution information. In the test environment, even when the robot was moving at a 

high speed of 10 cm per second, it was still able to effectively record invisible digital 

spatial odor information (represented as 0 and 1 corresponding to the absence or presence 

of odor, respectively) that was artificially set on the ground, and translate it into readable 

information. 

Collecting spatiotemporal distribution information of odor traces through two-

dimensional LSPR sensor. 

Chapter 3 proposes a two-dimensional odor trace visualization system based on an 

LSPR substrate with an Au/Ag core-shell nano structure. The system consists of a CCD 

camera and LED light source and a two-dimensional LSPR sensor substrate. This system 

can capture the optical absorption differences caused by the concentration distribution of 

odor traces on the LSPR substrate using the CCD camera, thereby recording images of 

the odor traces. It obtains the spatiotemporal distribution information of odor traces that 

change over time by differential images from the first image (background). The tens of 

nanometers spatial resolution of the substrate itself endows the visualization system with 

an extremely high spatial resolution of about tens of micrometers. Since the high response 
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speed of about 20 ms of the LSPR substrate has already been validated in Chapter 2, the 

continuous spatial distribution images of odor traces captured by the system can be 

considered as real-time changes of natural diffusion. Through the transmission type 

imaging system, we recorded visualized images of ethanol gas flow blown on the 

substrate. Using the reflection type imaging system, we recorded images of odor traces 

in the shape of the letters "Q" and "U" and the time-varying images of bar-shaped odor 

traces. We also defined the minimum distance required to distinguish between two odor 

sources as the spatial resolution of the system, which is 6 mm. 

In chapter 4, we adjusted the angle of the CCD camera to prevent reflections from 

leaving traces in the images and fabricated an independent mobile two-dimensional 

imaging system. Due to the increased distance between the LSPR substrate and the odor 

source to 4-5mm, we conducted comparative experiments. By observing the differences 

in the differential images obtained under the same conditions with LSPR and non-LSPR 

substrates, we confirmed that the system still has the capability to clearly capture odor 

trace images at this distance. Furthermore, in indoor experiments, we confirmed the 

ability of this imaging system to capture complex odor trace images (such as stars) set on 

surfaces that simulate real environments, like carpets. Additionally, by comparing 

changes in the images with the original shape of the odor traces, we determined the 

optimal observation time for the visualized images, which, in this experiment, was 55 

seconds after the start of capturing. 

5.2 Prospect 

In chapter 2, although the one-dimensional LSPR sensor module can display different 

signal values for various odor substances such as ethanol, acetone, and hexane, it 

inherently lacks selectivity. This leads to the sensor responding to all environmental 

changes during data collection. Imparting selectivity to the LSPR sensor using 

Molecularly Imprinted Polymers (MIPs) has been proven to be an effective method (1, 

2). In future research, the response to specific odor substances will be enhanced by using 

LSPR substrates modified with MIP layers, as shown in figure 5.1. This will be achieved 

by employing various modifiers and multi-channel sensors to track specific odor 

substances. Using MIPs not only provides selectivity but also enhances the sensitivity of 

the sensor, as MIPs can efficiently enrich target analytes. 
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Figure 5. 1 Molecule recognizing LSPR sensor. 

Pixel patterns with varying degrees of Ag nanoparticle growth on the substrate can 

be formed by controlling the amount of light in different pixel areas using a projector. 

Figure 3a shows an LSPR gas sensor substrate with a 4-segmented pixel pattern (3). The 

response of the 4 segmented pixels varies, and their mixture ratios to different types of 

gas flow can be calculated through visualized images using changes in transmitted light. 

Figure 3b shows a colorized result with different mixture ratios in ethanol and acetic acid. 

Ethanol-rich areas and acetic acid-rich areas can be clearly separated for gas type 

identification. The method proposed by our team is capable of identifying different gases, 

while maintaining the sensor's versatility without being affected by the type of the 

sensitive material layers. In future experiments, the ability of this method to identify odors 

will be verified, based on visualized images of composite odor traces on the ground 

obtained through reflection and scattering light. 

 
Figure 5. 2 Identification of gas types with pixelated 4-segmented LSPR sensor. 3                                       

(a) LSPR substrate with 4-segmented pixel pattern. (b) analysis spatial gas flow distribution 
with 4 ch Au/Ag LSPR image sensor. 
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In Chapters 3 and 4, the visualization systems can clearly and noticeably record the 

spatiotemporal distribution information of odor traces as they change over time. However, 

In Chapter 3, the distance between the odor traces and the sensor substrate set on the 

experimental table can be very close, about 1-2 millimeters. In contrast, the visualization 

system for mobile robot developed in Chapter 4, the distance between the substrate and 

the on-ground odor substances increases to 4-5 millimeters, significantly increasing the 

optimal imaging time. As shown in Figure 5.3, the odor trace visualization system 

demonstrates changes in the differential images over time as it passes over odor traces. 

It's evident from the time sequence changes that there are significant imaging changes as 

the system pass through odor traces. However, the increased time required for these 

changes makes it difficult to determine the positional relationship between the 

visualization system and the odor traces during movement. In future research, the 

integration of the one-dimensional LSPR robot with the two-dimensional visualization 

system is planned. Leveraging the high detection speed of the one-dimensional sensor 

module for positioning will assist the two-dimensional visualization system in 

information gathering, enabling the robot to actively explore and map the distribution of 

odor traces. 

 
Figure 5. 3 image changes passing through odor trace.  
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