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This paper reports on the development of compact surface plasmon resonance (SPR) sensors formobile robot olfaction.Underwater
robots benefit from olfactory sensing capabilities in various tasks including the search for unexploded ordnance and undersea
wreckage. Although the SPR-based chemical sensor is a promising sensing platform, the cumbersome optical setup has been
limiting its use on mobile robots. The proposed sensor employs a periodic metal structure formed on a self-assembled layer of
polystyrene particles of 200 nm in diameter. With the grating of this size, SPR can be excited even with a simple LED light source.
The change in the absorbance is simply measured using a photodiode. Demonstration of the proposed SPR sensor is provided by
mounting the sensors on an underwater crayfish robot that autonomously searches for a chemical source. The fabricated sensor
shows linear response to ascorbic acid for a concentration range from 20 to 80mM. Responses of the bare and thiol-coated gold
nanostructure to different chemical substances are presented to show the change in the selectivity of the sensor by the coating.
Discussions are made on the importance of sample collection for the sensor to attain sensitive chemical detection on a mobile
robot.

1. Introduction

To protect the marine environment and to reduce the risk
of hazards, any object containing hazardous and/or toxic
chemicals must be localized and removed. The examples
of such chemical hazards include heavy oil leaking from
undersea wreckage and unexploded ordnance left in the
sea [1]. Although searching for those chemical hazards is
an extremely laborious task for human divers, underwa-
ter robots could be used to accomplish the search-and-
removal task if equipped with appropriate sensors. Since the
distinctive characteristics of the chemical hazards are the
chemical substances they contain, chemical sensors provide
more direct evidence of the existence of the chemical hazards
than any other types of sensors. If 2,4,6-trinitrotoluene (TNT)
is detected, at least some explosives surely exist in the vicinity
even though no visual sign is obtained with a camera.

Despite the wide range of potential applications, only a
handful of research works were reported on the use of chem-
ical sensors for guiding underwater robots toward the sources

of chemical substances. Grasso et al. developed RoboLobster
[2, 3]. Lobsters have keen sense of smell and use it to search
for odor sources, for example, food and mates. The primary
intention of the authors is to study the olfactory search
behavior of lobsters through the process of replicating the
animal behavior in the robotic system. Li et al. implemented
a moth-inspired chemical plume tracing algorithm in an
underwater robot called REMUS and succeeded in locating a
source of fluorescent dye from 100m [1].We chose crayfish as
a model animal and have been investigating their behavioral
mechanism to develop chemical source localization robots.
The crayfish robot developed in our group is equipped with
active flow generators to enhance the chemical reception
and to facilitate the source localization under stagnant flow
conditions [4].

However, such robotic applications are extremely chal-
lenging for chemical sensors. Ideally, fast sensors with high
sensitivity and selectivity are desirable to accomplish the
navigation of the robots, although a compromise has to be
made in reality at least for some aspects of the sensors.
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Moreover, the chemical sensors must meet the space and
power constraints of the mobile robot platforms. In the
preceding works on underwater chemical sensing robots, the
focuses were mostly placed on the development of effective
navigation strategies.Therefore, the sensors and the detection
targets were chosen solely for the ease of use in the experi-
ments. RoboLobster was originally equipped with a pair of
conductivity sensors whose size and spacing were matched
with those of antennules of a lobster [2]. The detection target
used in the experiments was salt water released in a fresh
water flume. The recent version of RoboLobster is equipped
with optical sensors that detect a fluorescent dye (fluorescein)
released in water [3]. The target chemical for REMUS robot
in the experiments reported in [1] was again a fluorescent dye.
A fluorometer was mounted on the robot to detect a trace
amount of Rhodamine dye dissolved inwater. As described in
[4], amperometric sensors were used on our crayfish robot to
detect an electrochemically active marker [5]. Ascorbic acid
(vitamin C) was chosen as the detection target because of its
biocompatibility. It can be mixed in the food for crayfish so
that the behavior of the robot can be compared directly with
the behavior of the animal in the same experimental setup.
To the best of our knowledge, however, none of the robots
reported so far is equipped with sensors that can detect a
specific chemical substance relevant to real-life applications.

This paper reports on the development of surface plas-
mon resonance (SPR) sensor to be used for underwater
chemical sensing robots.The selectivity of the SPR sensor can
be tuned to various chemical substances by placing a coating
with an affinity specific to the target chemical [6]. Molecular
imprinted polymers are the popular materials for the coating
[7]. Antibody-antigen interaction can be also used to provide
the sensor with high selectivity [8, 9]. A highly sensitive TNT
sensor is proposed in [8] based on this technique. However,
a conventional SPR sensor using a flat gold film is generally
cumbersome due to the complicated optical setup and a
large built-in temperature regulator. In the most popular
optical setup called the Kretschmann configuration, the light
must be shed on the gold film through a prism at an exact
angle to excite SPR [6]. Metal nanostructures enable the
excitation of SPR with much simpler optical setups and,
therefore, lead to miniaturization of the whole sensor setup
[10–12]. Although the easy excitation of SPR also often results
in inferior sensitivity of the sensor to its surface change,
nanostructure-based sensor can still find many applications.
Here we report a compact SPR sensor consisting of a periodic
gold nanostructure, an LED light source, and a photodiode.
This paper is an extended version of the work presented at the
Seventh International Conference on Machine Learning and
Applications [13]. The fabricated SPR sensors were mounted
on the crayfish robot, and their chemical sensing capabilities
were compared with those of the amperometric electrochem-
ical sensors. The results indicate that not only the sensitivity
of the sensors themselves but also how water samples are
collected to the sensors greatly affects the chemical sensing
capability of the robot. In this paper, a discussion is made
on this issue. The fabricated sensor can be also used to
test various coatings to tune the selectivity of the sensor
for specific applications. The change in the selectivity of the
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Figure 1: Schematic diagram of the SPR sensor.

sensor for a thiol coating is presented in the paper as an
example.

2. Experimental

2.1. SPR Sensor. The proposed SPR sensor employs a gold
nanostructure to achieve the compactness necessary for
mobile robot applications. The schematic diagram of the
sensor is shown in Figure 1. The gold nanostructure was
prepared using the method described in [12]. Firstly, aqueous
suspension of polystyrene particles (200 nm in diameter)
was applied on a glass substrate. As the water evaporated,
the polystyrene particles were aligned and a self-assembled
monolayer was formed on the glass substrate. The periodic
metal nanostructure was then prepared by depositing 10 nm
of chromium and 90 nm of gold over the polystyrene par-
ticles. When the light is shed on the gold nanostructure, a
partial component of the diffracted light propagates along the
gold nanostructure. SPR is excited when the wave number
of the diffracted light matches the wave number of the
plasmon. SPR excitation occurs even with an uncollimated,
unpolarized light, and, therefore, a simple light source, for
example, an LED, can be used. The way of SPR excitation
changes when polystyrene particles with a different diameter
are used.However, it was reported in [14] that the SPR sensors
made with 202 nm and 356 nm polystyrene particles showed
almost similar response to water vapor.

To confirm the excitation of SPR, the absorbance spec-
trum of the gold nanostructure was measured using a
tungsten-halogen lamp (LS-1, OceanOptics) and a spectrom-
eter (USB4000, Ocean Optics). The fabricated gold nanos-
tructure was placed in a flow-through cell with a volume
of 94.2 𝜇L. The white light from the light source was shed
through a transparent Plexiglas ceiling of the flow-through
cell. The incident angle of the light, 𝜃, was set to 20∘. The
measured absorbance spectra are shown in Figure 2.The peak
in the absorbance spectrum corresponds to the wavelength
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Figure 2: Absorbance spectra of the gold nanostructure. The
vertical dashed line indicates the wavelength of the LED at which
the change in the reflectance was measured.

at which SPR is excited. The change in the refractive index of
thematerial in contact with the gold surface causes the shift in
the wavelength of the SPR excitation.When the flow-through
cell was filled with water, SPR was excited at 610 nm. When
the water was replaced with aqueous solution of ethanol, the
absorbance peak was shifted to a longer wavelength because
of the larger refractive index of ethanol.

When the gold nanostructure is exposed to varying
concentration of the analyte, the refractive index of the
solution in the flow-through cell changes accordingly. This
results in the small change in the actual incident angle of
the light to the gold nanostructure and the slight shift in the
location of the light spot. Moreover, a coating is placed on the
gold nanostructure to improve the selectivity of the sensor.
Therefore, it is desirable to measure the absorbance spectrum
from the backside of the gold nanostructure. However, the
absorbance spectrum measured from the backside shows a
complicated behavior. The absorbance peak caused by the
SPR excitation is overlapped with the peaks and dips caused
by Bragg diffraction at the polystyrene particles. The varia-
tion in the analyte concentration causes the change in the
refractive index of the solution that penetrates into the small
gaps between the polystyrene particles and the glass substrate.
When the absorbance spectrum was measured from the
backside, the change in the SPR excitation wavelength was
masked with the shift in the dips and peaks of the absorbance
spectrum caused by Bragg diffraction. For this reason, the
absorbance was measured in the experiments from the front
side of the gold nanostructure.The influence of the change in
the optical path due to the variation of the refractive index is
so far indiscernible in the experimental results.

Figure 3 shows the fabricated SPR sensor. In the SPR-
based humidity sensor reported in [12], the shift in the
absorbance spectrum of ametal nanostructure wasmeasured
using a halogen lamp and a spectrometer. To realize an even
smaller sensor, the sensor shown in Figure 3 uses an LEDwith
a wavelength of 640 nm as a light source. The concentration
of a chemical substance is measured by detecting the change
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Figure 3: Compact SPR sensor for underwater chemical sensing
robot.

Figure 4: Crayfish robot equippedwith electrochemical sensors and
active fanning devices.

in the intensity of the reflected light using a photodiode.
As shown in Figure 2, the increase in the concentration of
a chemical substance causes the increase in the absorbance
at 640 nm. Therefore, the intensity of the reflected light
decreases with the concentration of the chemical. In the
experiments, the SPR sensors were mounted on a crayfish
robot, and ascorbic acid was used as the detection target as
in the previous paper [4]. The gold nanostructure was coated
with a hydrophilic self-assembled monolayer of 11-mercapto-
1-undecanol to enhance the affinity to organic molecules.
The flow-through cell was constructed by placing a flow
channel made of PDMS (polydimethylsiloxane) on the gold
nanostructure.The size of the sensor setup shown in Figure 3
is 40mm × 23mm × 20mm.The water sample is led into the
flow channel at a rate of 0.8mL/min by a small peristaltic
pump (12mm × 30mm × 14mm). The volume of the flow
channel is 14 𝜇L. The water sample can be quickly replaced
even with a small flow rate.

2.2. Crayfish Robot. Two SPR sensors were fabricated and
mounted on the crayfish robot shown in Figure 4 to test
their responses. This 350mm long robot had accomplished
chemical source localization by using the amperometric
electrochemical sensors [4]. In the original setup, four carbon
rods (𝜙 0.9mm × 60mm) were placed at the front part of the
robot head and were used as the working electrodes. They
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Figure 5: Head part of the crayfish robot. The upward water
currents (black arrows) generated by waving the maxilliped arms
induce inflow (gray arrows) that draws water samples from the
surroundings to the sensors.

were numbered from the left to the right of the robot, as
shown in Figure 5. A silver reference electrode and a stainless-
steel counter electrodewere placed on the bottomof the robot
head and shared by the fourworking electrodes.The potential
of the working electrodes against the reference electrode
was set to 0.7 V, and the current caused by the oxidation of
ascorbic acid was measured.

The crayfish robot has a pair of arms mimicking the
maxillipeds of a crayfish and actively generates water currents
by waving them. Crayfish (Procambarus clarkii) which prefer
to live in still water search for food by using their olfaction.
Odor molecules released from food stay in the vicinity of
the food under stagnant flow conditions [15]. Since the smell
of food hardly reaches their chemoreceptor organs (anten-
nules), crayfish generate water currents by waving their fan
organs (exopodites of maxillipeds) to draw odor molecules
[15, 16]. A crayfish has three pairs of maxillipeds around the
mouth opening under the antennules. Upwardwater currents
generated bywaving of themaxillipeds induce inflow of water
samples from the surroundings to their antennules. Similarly,
the crayfish robot actively generates upward water currents
by waving the maxilliped arms vertically by 90∘ at 5Hz using
the step motors. The inflow induced by these water currents
draws water samples from the surroundings to the sensing
electrodes. If a source of a chemical substance is placed at the
left of the robot, the chemical drawn from the source mostly
reaches sensors 1 and 2 in Figure 5. When the source is at
the right of the robot, the chemical is drawn to sensors 3 and
4. Consequently, the direction of the chemical source can be
determined by comparing the responses of the four sensing
electrodes. The crayfish robot had accomplished chemical
source localization by simply comparing the sensor responses
and moving in the direction of the sensor with the largest
response.

In the experiments to test the SPR sensors, the four
electrochemical sensors were replaced with two SPR sensors.

(C)(B)(A)

Figure 6: (A) Carbon electrode of the amperometric sensor. (B)
Suction tube of the SPR sensor. (C) Suction tube with a metal mesh
tip.

A water sample was sucked into each SPR sensor using a
pump through a PTFE (polytetrafluoroethylene) tube with
an inner diameter of 0.8mm and an outer diameter of
1.6mm (Figure 6). The inlet of the suction tube for the left
sensor (sensor L) was placed at the same position as the
lower tip of sensing electrode 1. Similarly, the inlet for the
right sensor (sensor R) was positioned at the location of
sensing electrode 4. The distance between these tubes was
25mm, and their tips were pointed downward. Similarly to
other adsorption-based chemical sensors, the changes in the
temperature cause variations in the SPR sensor response.
The amount of chemical substances that adsorbs on to the
SPR sensor surface decreaseswith temperature. Conventional
SPR equipment generally has a built-in temperature regulator
to achieve precise measurement. However, the temperature
regulation may not be always required for the robot. As long
as both sensors are exposed to the same ambient temperature,
the direction toward a chemical source can be determined
by the left-and-right comparison of the sensor responses. We
fabricated several sensors and they all show similar responses.
In the experiments, the change in the photocurrent of each
SPR sensor from its baseline was measured in order to
alleviate the problems of the temperature dependence of the
sensors, the individual differences between the sensors, and
their baseline drift. The baseline value of the photocurrent of
each sensor was recorded immediately before the start of each
experiment.

3. Results

3.1. Response of SPR Sensor to Ascorbic Acid. The calibration
curve of the SPR sensor was measured before testing the
sensor on the crayfish robot. Figure 7 shows the sensor
response to ascorbic acid. Aqueous solutions of ascorbic acid
with different concentrations were prepared in vials. A three-
way solenoid valve was used to switch the solutions, and the
short-circuit photocurrent of the photodiode was measured.
The inlet tubes of the solenoid valves were first put in the vials
containing distilled water and 20mM ascorbic acid solution.
After switching the valve from water to 20mM solution, the
tube used to suck the distilled water was moved manually to
the vial containing 40mM ascorbic acid solution. When the
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Figure 7: Time course of the SPR sensor response to ascorbic acid
solutions with different concentrations (0–80mM).
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Figure 8: Dependence of the SPR sensor response on ascorbic acid
concentration obtained from four repeated measurements.

valve was switched from 20mM solution to 40mM, a small
amount of the distilled water that remained in the tube was
first sucked into the flow channel of the sensor. The small
increase in the photocurrent observed when switching the
solutions was caused in this way.The rest of themeasurement
was conducted similarly.

The same measurement was repeated four times, and the
results are shown in Figure 8. The sensor response, ΔI, was
defined as the change in the short-circuit photocurrent of
the photodiode from the initial state in which the sensor
was exposed to distilled water. The sensor showed good
reproducibility, and its response was found to be linear in this
range of concentration.

3.2. Detection of Chemical Substance Released in Water. To
compare the responses of the amperometric electrochemical
sensors and the SPR sensors, the crayfish robot was placed
in a water container (500mm × 500mm × 155mm) made of
transparent Plexiglas. Since a certain amount of supporting
electrolyte is required for proper operation of the electro-
chemical sensors, the container was filled with salt water up
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Figure 9: Responses of the amperometric electrochemical sensors
observed when the chemical source was placed at the right front of
the robot.

to a depth of 100mm. The concentration of salt (sodium
chloride) was adjusted to be in the rage of 0.1M to 0.485M
[4]. When the SPR sensors were used in the experiments,
the container was filled with fresh water to the same depth.
Ascorbic acid solutionwas released from a stainless-steel tube
with an inner diameter of 4.0mm and an outer diameter of
4.6mm. A small amount of a fluorescent dye (10mg/L of
Rhodamine 6G) was added to the ascorbic acid solution to
enable the visual observation of the ascorbic acid distribution.

The responses of the amperometric electrochemical sen-
sors are shown in Figure 9. The tube for the chemical release
was placed 20mm to the front from sensor 4. The tip of
the tube was pointed upward, and ascorbic acid solution
with a concentration of 10mM was released at a height of
30mm. The release rate was set to 1mL/min. The chemical
release was started when the waving of the maxilliped arms
and measurement of the sensor responses were initiated.
The released chemical was drawn from the source to the
sensors by actively generating water currents. In Figure 9,
the response of sensor 4 started to increase at 14 s after
the start of the waving of the arms. The sensor response
of 50 𝜇A corresponds to the ascorbic acid concentration of
approximately 0.05mM. The patch of the released chemical
is mostly drawn to the sensor closer to the source. Therefore,
the largest response was obtained from sensor 4.

In the experiments for testing the SPR sensors mounted
on the crayfish robot, the concentration of ascorbic acid
solution was increased to 1.5M due to the lower sensitivity of
the SPR sensors. Because of the increased concentration, the
mismatch in the density between the ascorbic acid solution
and the background water became larger. Therefore, the tip
of the tube for the chemical release was tilted by 50∘ to the
robot andwas raised to a height of 70mm.The inner diameter
of the tube was 4mm and the outer diameter was 6mm.The
rate of chemical release was set to 1.9mL/min. At this flow
rate, the distribution of the released chemical was found not
affected by the orientation of the tube for the chemical release.
The released chemical was spilling out from the tip of the
tube and was flowing down vertically. The chemical release
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Figure 10: Responses of the SPR sensors observed when the
chemical source was placed in front of sensor L.

was again started after the measurement of the SPR sensor
responses and waving of the maxilliped arms were started. In
the experiments presented in this paper, the SPR sensors were
powered not by the batteries on-board the robot but by an
external DC power supply. Future work should be addressed
to see if stability of the same level is attained for the LED light
sources of the sensors when powered by the batteries. The
flow-through cells and the electronic circuits of the sensors
were placed in metal mesh shields to protect them from the
noise induced by the motors of the maxilliped arms.

Figure 10 shows a typical sensor response curves obtained
when the tube for the chemical release was placed 20mm to
the front from sensor L.The response to the released chemical
was observed only from sensor L. When the chemical was
released from a point 20mm to the front from sensor R, the
response to the chemical was observed only from sensor R, as
shown in Figure 11. The experiment was repeated five times
for each source location, and the sensor response was always
observed only from the sensor closer to the chemical source.
In this simplified situation, the direction of the chemical
source can be easily determined by comparing the left and
right sensor responses. The photocurrent of 2 nA in Figures
10 and 11 corresponds to the ascorbic acid concentration
of approximately 20mM. Ascorbic acid solution with a
concentration of 1.5Mwas released from the source. To detect
this chemical, however, the robot had to draw the released
chemical to its sensors with the help of the water currents
generated with the maxilliped arms. Moreover, the chemical
had to be drawn into the suction tube to be delivered to the
SPR sensor.The released chemical was significantly diluted in
those processes.

3.3. Sampling of the Released Chemical. The results presented
in the previous section imply that collecting water samples
efficiently to the sensors is also a key to enable the detection
of trace chemicals dissolved in water. The electrochemical
sensors mounted on the crayfish robot have carbon rod
working electrodes. Each electrode responds if the chemical
reaches any point on the large surface area of the electrode.
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Figure 11: Responses of the SPR sensors observed when the
chemical source was placed in front of sensor R.

The robot was able to draw and detect the chemical substance
from almost all directions. When the SPR sensors were
mounted on the crayfish robot, the robot succeeded in
detecting the chemical for two source locations as shown in
Figures 10 and 11. However, no sensor response was observed
if the sourcewasmoved by a fewmillimeters to one side or the
other, although the chemical was successfully drawn by the
actively generated water currents to the vicinity of the suction
tubes of the sensors. It was found from visual observation
of the released chemical that the SPR sensor was collecting
the water sample only from a small volume around the tip
of its suction tube.Therefore, experiments were conducted to
quantify the size of the suction volume.

Firstly, the suction tube of the SPR sensor and the tube for
the chemical releasewere placed as shown in Figure 12(a).The
tube for the chemical release has an inner diameter of 4mm
and an outer diameter of 6mm. 1.5M ascorbic acid solution
containing a small amount of Rhodamine 6G dye (10mg/L)
was released at a rate of 1.9mL/min. The response of the
SPR sensor was measured while changing the position of the
suction tube. Visual observation confirmed that a plume of
ascorbic acid with a width of 1mmwas extending down from
the tip of the tube due to the higher density of the solution.
If the tip of the suction tube was out of the plume, that is, if
𝑑a > 0.5mm, no sensor response was observed. Secondly, the
suction tube of the SPR sensor and the tube for the chemical
releasewere placed as shown in Figure 12(b). 150mMascorbic
acid solution was released at the rate of 1.9mL/min. The
released solution came to a height of 1mm up from the tube
for the chemical release. The sensor response was obtained
only when the tip of the suction tube was brought close
enough to the chemical source (𝑑b < 2mm). From the fluid
dynamics perspective, the tip of the suction tube can be
regarded as a point sink. In this case, the inflow generated
by the suction becomes almost spherically symmetric. The
flow velocity decays as the inverse square of the distance
from the point sink. Therefore, the volume over which the
sensor can collect water sample is extremely small. The size
of the volume or the area over which the sensor can collect
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Figure 12: Schematic diagrams of the experimental setups for examining the sampling volume of the SPR sensor. (a) 1.5M ascorbic acid
solution was released from a tube tilted by 50∘. The suction tube of the sensor was placed horizontally. (b) 150mM ascorbic acid solution was
released from a tube with its tip pointing upward. The tip of the suction tube of the sensor was pointed downward. Gray arrows indicate the
flow of the ascorbic acid solution.

chemical information turns out to be an important feature
for the underwater chemical sensing robot.

One way to increase the volume of chemical reception is
to use ameshed tube.The tube shown in Figure 6(C) was fab-
ricated by attaching a roll of a stainless-steel 400-mesh screen
to the tip of a PTFE tube. Visual observation confirmed that
the chemical patch reaching at any point of the stainless-steel
mesh was sucked into the tube and delivered to the flow-
through cell. We expected that the SPR sensor equipped with
this mesh suction tube would have better chemical reception
capability. However, when the same experiments as those
described in Section 3.2 were conducted, no sensor response
was obtained due to the dilution of the sucked chemical.
The width of the chemical plume was only a few millimeters
whereas the length of the mesh tube was 20mm. Even when
the plume was touching the mesh tube, the chemical was
sucked togetherwith surrounding freshwater andwas diluted
before delivered to the SPR sensor. Increasing the flow rate for
water suctionwould also bring a similar result. A small sensor
mounted in a flow-through cell has an inherent disadvantage
over a sensor with a large surface area.

3.4. Change in the Selectivity of the Sensor by Coating. One
of the virtues of the SPR sensors is the capability of tuning its
selectivity by depositing a selective coating on it. As described
in Section 2.1, the gold nanostructure in our sensor was
coated by 11-mercapto-1-undecanol. The response of the SPR
sensor before and after the deposition of this thiol coating
is compared in Figure 13. Eight chemical substances listed in
Table 1were used in the experiments. 10mMaqueous solution
of each chemical substance was prepared, and the response
of the SPR sensor was measured by sucking the solution into
the flow-through cell. For isobutyric acid, propionic acid, and
ascorbic acid, the concentration of the solution was increased

Table 1: Eight chemical substances used to test the selectivity of the
thiol coating.

Symbol Name
A Trans-2-hexenal
B Isobutyric acid
C Ethyl valerate
D Propionic acid
E 1-Hexanol
F 1-Butanol
G Butyl propionate
H Ascorbic acid

to 20mM. The experiments were repeated three times for
each chemical substance. As shown in Figure 13, the response
of the SPR sensor to acids (isobutyric acid, propinonic acid,
and ascorbic acid) was increased by putting the thiol layer
on the sensor surface whereas the response to other chemical
substances was decreased.These changes are attributed to the
hydrophilic hydroxyl group on the surface of the thiol layer.
There are ways to further improve the selectivity of the sensor,
for example, coating the sensor with a molecular imprinted
polymer and immobilizing antibodies on the sensor surface.
The fabricated sensor can be used as a test bed to try various
coatings.

4. Conclusions

Compact SPR sensors were developed. The proposed sensor
uses a gold nanostructure for SPR excitation and reacts
reproducibly to the changes in the concentration of a target
chemical. The size of the fabricated sensor was 40mm ×
23mm× 20mmand can be easilymounted on a small mobile
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Figure 13: Response of the SPR sensor to eight chemical substances listed in Table 1. Each bar shows themean photocurrent for three repeated
experiments. Error bars show the minimum and maximum of the three measurements. (a) Bare gold nanostructure. (b) Gold nanostructure
coated with a self-assembled monolayer of 11-mercapto-1-undecanol.

robot. The indication of the direction of a chemical source
was successfully obtained from the responses of the SPR
sensors mounted on the crayfish robot. Future work will be
addressed to increase the sensitivity of the sensor by using a
stronger light source as a laser diode. Various sensor coatings
will also be tested to attain better sensitivity and selectivity.

The measurements obtained with the sensors on the
crayfish robot suggest that not only the sensitivity of the
sensor but also the method for sample collection affects the
sensing capability of the robot. Although the water currents
generated by the maxilliped arms brought the water samples
containing the target chemical to the vicinity of the suction
tube, only those coming within a small radius from the tube
opening were sucked to the SPR sensor. On the contrary,
the electrochemical sensor showed at least some response
whenever the chemical was drawn to the vicinity of any part
of the electrode because of its large surface area. This implies
that better chemical sensing capability is attained by having a
chemical sensor with a large surface area rather than trying to
collect large volume of water samples to the sensor housed in
a flow-through cell. An array of small sensors distributed over
the robot body would also have a large effective surface area.
It would be interesting to further investigate its biological
relevance since some aquatic animals are known to have
chemoreceptors distributed over their bodies [17].

Despite the difficulties in attaining sensitive chemical
detection, the flow-through cell has several advantages, for
example, better sensor protection. If an array of several
sensors is placed in a single flow-through cell, those sensors
are exposed to the same water sample. Recognition of the
response patterns and therefore the discrimination of the
detected chemical would become easier compared to the sen-
sor array distributed over the robot body. Using multimodal
sensors might be a practical solution. An underwater robot
can use electrochemical sensors to track a chemical trail.
When the robot comes close enough to the chemical source,
the SPR sensors housed in a flow-through cell can be used to
analyze the detected chemical substance in more detail.
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