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Abstract  
 

Copepods are small crustaceans that rely on their mechanoreceptors which are 

biologically linked to setae present on the first antennae of copepods to carry out daily activities 

such as predating and escaping from prey. Mechanoreceptors of copepods detect hydrodynamic 

disturbances induced by other organisms in the surroundings by bending of setae on the first 

antennae which triggers a neural signal to elicit a reaction. The process of detection is very 

efficient and most of the studies on mechanoreception focus only on the relationship between 

a copepod’s physiological and behavioural responses, but lacking in the physical threshold 

aspect. 

This experimental study aims to investigate the stiffness of setae by studying the 

physical threshold of setal deformation when subjected to hydrodynamic disturbance in the 

form of artificial stimulus. The current work using Pseudiaptomus annadalei as the specimen 

has shown significant experimental results for this study’s progress. Morphological 

observations are similar to past studies, finding two types setae present on the first antennae, 

smooth and long, as well as short and tapered. The first antenna’s length measures at 1040 µm 

approximately and the smooth and long type of seta has an average length of 84 µm. To produce 

artificial stimulus, a syringe pump is used in conjunction with a tubing line which connects to 

a syringe tip that is submerged in the same medium as the specimen. The syringe then injects 

water through the tubing line to the syringe tip outlet which creates hydrodynamic disturbance 

in the same medium as the copepod. This hydrodynamic force is subjected onto setae on the 

first antenna perpendicularly, to achieve setal deformation in both directions, towards the distal 

tip of the antenna and proximally towards the body are observed.  

The purpose of the siphon flow device is to fix the outlet position which is connected 

to the syringe pump to better define the artificial stimulus and setal deformation. This device 

is able to produce a constant and quantifiable flow as the artificial stimulus as compared to past 

studies, in order to attain more accurate measurements of setal deformation. These experiments 

will then be translated to quantify the deformation of setae on the first antenna, based on the 

flow velocity that each seta is subjected to. A simple spring model which depicts the resistance 

at the setal root utilizes the flow velocities, deformation and morphological results, based on 

the Resistive Force Theory, to estimate the spring constant of the long and smooth type of seta.  
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1 Introduction  
 

1.1 Background of Copepods  
 

Copepods are a group of small crustaceans that live in most freshwater and saltwater 

habitats.  A typical copepod can grow up to 1 to 2 millimetres across various species and are 

known for a teardrop shaped body with long antennae as seen in Figure 1-1 (a). Figure 1-1 (b) 

shows the positions of the copepod appendages relative to the copepod body. The first antennae 

are attached at the top of its head which contains sensory structures [1] to detect nearby prey 

and predators [2]. The feeding appendages beat in the frequency ranging from 20 Hz to 80 Hz 

[3] to form a feeding current to pull the prey towards its mouthpart. The swimming appendages 

kick sequentially for copepods to move around the habitat and escape from predators.  

 

Figure 1-1 a) Image of Tigriopus califoricus viewed under a microscope b) Schematic drawing of a calanoid 

copepod’s external morphology, showing its first antenna, feeding appendages, mouth parts and swimming 

appendages. Adopted from Koehl et al. [4] 

 

Copepods grow in several stages with gradual development of their features and body 

size. Their life cycle in made up of 14 stages, as shown in Figure 1-2 [5], with the main phases 
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starting from an egg that hatches to a nauplii, growing into a copepodite and finally an adult.  

A nauplii is characterized by head and tail segments without significant thorax or abdomen. As 

the nauplii develops into a copepodite, some of its swimming and feeding appendages grow 

along with its first antennae. Moreover, a copepodite moults several times before it reaches the 

adult stage. At the adult stage, the copepod’s first antennae are fully grown, with an additional 

pair of both feeding and swimming appendages which are lacking in the copepodite stage. A 

full development process of copepods can range from a week to a year depending on the 

species, and they can live up to six months to a year.  

 

Figure 1-2 Copepod Life Cycle. Adopted from Koehl et al. [4] 

 

1.2 Sensory Structures of Copepods  
 

Copepod reacts with the environmental cues through the sensors known as setae. The 

copepod setae are hair-like structures [6] that protruding from the first antennae and other 

appendages. Setae are classified into two types in terms of their functionalities, 

chemoreceptional and mechanoceptional [7]. The former senses pheromone trials or plumes 

left behind by the female [8], while the latter responds to hydrodynamic disturbances created 

by prey or predators nearby [9]. The two types are distinguished by proliferation of 

microtubules in the distal dendrites between chemo- and mechanosensory neurons [10].  This 
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report focuses on the role of the mechanoreceptional setae on the first antennae in sensing 

hydrodynamic disturbances [11]. The mechanosensory process which triggers copepod’s 

various behaviours is shown in Figure 1-3 [12]. The mechanoreception of seta starts when the 

hydrodynamic disturbance induced by the environment/organisms surpasses the physical 

threshold of seta deformation [13], which bends the seta to certain extent. This causes a neural 

signal to be triggered [14] and when this signal exceeds the physiological threshold, a 

behavioural response is elicited based on the type of signal produced . 

  

 

Figure 1-3 A copepod's sequence of process for behavioural response. Adopted from Fields. [12] 

 

The mechanosensory capabilities of copepods allow them to acquire information from 

the surroundings and trigger certain types of behaviour. Copepods generally have three 

common behaviours which are, predating, escaping from predators and mating [15]. When in 

search for potential mates, the males rely on chemoreception to follow the trail left behind by 

females [16]. Mechanoreception allows copepods to detect the hydrodynamic disturbance 

created by either prey or predators. The mechanosensory mechanisms can translate these 

signals to tell the size of its prey/predator, and even the three-dimensional location [17]. Thus, 

the copepod reacts accordingly by eliciting an attack on its prey or an escape response away 

from predators [18]. These behavioural processes show that copepods rely heavily on their 

mechanoreceptors which are setae on its first antennae for their survival.  



17 
 

 

1.3 Research Objectives and Scopes  
 

 This study aims to investigate the mechanical properties of setae on the first antennae, 

by utilising a flow to analyse setal deformation’s threshold which triggers the predatory 

and escaping behaviours of copepods. The above-mentioned objective is achieved by,  

1) Experimentally quantify the morphologies of setae on the first antennae  

2) Experimentally determine the deformation of setae subjected to siphon flow  

 

1.4 Report Organization  
 

 This report is organized into a few chapters. Chapter 2 covers literature review on 

copepods’ sensory system, structure and properties and mechanical properties of structure and 

appendages. Chapter 3 covers the experimental method and set up used to investigate and attain 

results to quantify the deformation of setae. Chapter 4 lays out the morphological results, 

focusing on the first antennae and setae on it. Next, Chapter 5 discusses the deformation results 

obtained through the experimental runs. Lastly, Chapter 6 compares the estimated spring 

constants among setae in the three main segments of the first antenna, before ending the report 

with a conclusion of this study. 
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2 Literature Review  
 

In this chapter, previous work on capabilities of mechanoreceptors of copepods, and 

investigations of the bending mechanics of setae are reviewed in this section.  

 

2.1 Siphon Flow 
 

A siphon is a device which is used to transport fluid from one source and displaced to 

another location. Traditionally, siphons are used to transport fluid upwards with the use 

of a pump for suction, then the fluid flows downwards in the lower section of the pipe 

or hose that utilizes the force of gravity. This application has been used for centuries, 

with one of the oldest applications was used to extract wine from a large barrel to 

separate the wine from impurities at the bottom of the barrel.  

  

The Siphon Effect is governed by the Bernoulli’s equation as an approximation to an 

idealized siphon flow, 

                                 
𝑣2

2
+  gy +  

𝑃

𝜌
= C  (2-1) 

 

where 𝑣 is the fluid velocity, ρ, g , y and P are the fluid density, gravitational acceleration, 

elevation and pressure, respectively.  

 

With the application of a siphon flow, the flow in the siphon device can be defined in an 

experimental study. 
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2.2 Morphology of the First Antenna  
 

 It is important to establish the morphology of a copepod to understand its reactions and 

behaviours. The copepod’s morphology has been studied thoroughly for many years. For a 

typical first antenna of a copepod, the antennal segment can be divided into three parts, 

proximal, middle and distal. The types of setae along the antenna also differs depending on 

the species. There can even up to four types of setae on the first antennae, such as : 1) 

feathered shape 2) short with rounded tip 3) short and tapered (< 100 microns) 4) long and 

tapered (200 – 500 microns) [19].  A past study investigates the mechanoreceptors on the 

first antennae of a calanoid type copepod, Pleuromamma xiphias (P. xiphias), using 

Transmission Electron Micrograph, established good structure-function relationships of 

these mechanoreceptors [20]. In Figure 2-1, P. xiphias has a first antenna with 23 smaller 

segments. The proximal section of the first antenna is usually more densely filled with 

setae. In reference to Figure 2-1, in the middle section of the antenna, the setal arrangement 

becomes more regular with two to three setae on each small segment. The distal tip can 

contain a few types of setae, generally, with longer types that can be up to 1 millimetre long 

[19, 21, 22]. Past studies have also found that for the same species of different sex, their 

setal arrangement can differ on the different smaller segments on the first antenna [19]. 

Lengths of individual setae differs for different species, and some calanoid copepods have 

setules grown on the spiniform setae [10]. Figure 2-2 shows the first antenna of another 

species, Gaussia princeps, capturing setae present on individual segments along the 

antennae from the proximal to the distal side [23]. For this species, the proximal segment 

is not too densely populated with shorter setae, and the other segments have only about one 

seta at each individual segment, with exceptionally long setae at the distal tip [23]. 

Comparing the two species of copepods above, it is clear the morphology on the first 
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antennae can differ significantly with the types of setae [24] and how they are populated 

on the antenna.  

 

 

 

Figure 2-1 First antenna of Pleuromamma xiphias showing individual segments and attached setae. Adopted 

from Yen et al. [19] 

 

 

 

Figure 2-2 First Antenna of Gaussia Princeps, showing setae present on from proximal to distal sections. 

Adopted from Fields et al. [23] 

 

 

2.3 Anatomy of Sensory System   
 

 The anatomy of the mechanoreceptors of copepods have been studied to understand 

how their neurological cycle works, in relation to a stimulus or disturbance encountered in 

their natural habitat [25]. Through investigations, the study claims the rigidity of the 
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receptor limits the elasticity, where compliance between seta which is movable and the 

stationary antennal segment is decreased [26], enabling the copepod to pick up high 

frequency signals. Through their study [20], they found that the distal dendrites are linked 

with four accessory cells, scolopale, anchor, inner and outer sheath cells as illustrated in 

Figure 2-3. Each sensory seta contains a scolopale and two other sheath cells that surrounds 

the dendrites. The anchor cell nay be shared by several sensory setae. One of the significant 

morphological features is the large number of microtubules surrounded by the scolopale 

tube and is firmly anchored to the cuticle. These microtubules fill the distal dendrites which 

are within the first antennae, where the scolopale tube completely encloses and is firmly 

attached to the cuticle. 
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Figure 2-3 Elements of Mechanoreceptors of P. xiphias a) TEM of the longitudinal section of the antennal 

segment b) Schematic drawing showing antennal mechanoreceptor and the positions of sensory dendrites and 

enveloping cells. Adopted from Weatherby et al. [20] 

 

A scolopale tube is made up of fibrillar, electron-dense substance with anti-actin anti-

bodies, similar with other crustaceans. The scolopale tube contributes to the rigidity as a 

supporting structure partly due to the thickness, geometry and length of the tube. In 

addition, the firm anchoring of the scolopale to the cuticle of the antenna, with microtubules 

attachments, further ensures the rigidity [20].  

 

Morphological studies have substantiated that the setae on the first antennae are 

important sensory structures that has mechanoreceptive capabilities [27], with the presence 
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of sensory cells in the first antennae [28]. In the morphological study by Yen et al. 1992 

[19], muscle tissue was found to be present along the antenna, suggesting that calanoid 

copepods can control the movement of the antenna to a certain extent. Further studies on 

the behaviour and neural responses are also done to understand the mechanosensory system 

of copepods, and to establish a structure-function relationship.  

 

2.4 Mechanosensory Mechanism  
 

 Mechanoreceptors of copepods are found mainly on their first antennae, which are 

responsible to detect any fluid signal indicating nearby planktonic prey, predators or 

potential mates, where they react accordingly. Copepods operate in the range of millimetres 

and milliseconds, thus, their sensorimotor performance exceeds most of the arthropods  [19, 

29, 30]. In the calanoid order of copepods, they detect predators using multiple 

mechanosensory setae on their first antennae  [29, 31, 32]. The setae attached on the 

antennae pivots on a basal hinge and bending of the setae triggers the mechano-gated ion 

channels which are part of the sensory neuron’s membrane [10]. These mechano-gated 

channels are claimed to be connected by linking proteins inside and outside of the sensory 

cells [33]. When setae bends, a tension is formed on the links which open the channels 

which excites a behaviour according to the signal received [10]. Thus, a copepod relies on 

its mechanoreception capability to detect fluid disturbances in the surroundings [34] [35] 

by their mechanoreceptors linked to the setae found on the first antennae  [20]. 
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Figure 2-4 Model of a Copepod's Mechanosensory System. Adopted from Weatherby et al. [10] 

 

 Figure 2-4 above portrays a model for a copepod’s mechanosensory system based on 

ultrastructure and analogy to molecular mechanisms in other systems [36]. These features 

such as the sensory dendrites are within the first antennae, which terminates at the root of 

its setae [20]. Within the seta, sensory dendrites are enclosed by inner and outer sheath 

cells, which terminates together with its microtubules by firmly anchoring to the setal 

cuticle. The support from the microtubules and attachment to the cuticle gives rise to the 

rigidity of each seta. Rigidity of the receptor may limit its elasticity and decreases the 

movement of setae, which enables detection of high-frequency giving it enhanced 

mechanical sensitivity [10].  
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2.4.1  Directional Sensitivity  
 

From Figure 2-5 below [37], the model explains that the bending of setae in 

either direction can cause tension on and dendritic membrane to elicit a neural signal. 

Predating and making escapes from predator do not only require detection of the 

magnitude of the hydrodynamic disturbance, but the direction matters as well. A 

proximal and distal deflection of the setae results in an asymmetry response 

physiologically, shows a certain extent of directional specificity [12]. Morphological 

features on the first antennae may be the cause of these effects. For a case where the 

cuticular socket which holds the seta restricts motion in a certain direction can elicit a 

response which is directionally biased [38, 39]. These features can result in seta having 

higher rigidity in one direction than the other. Setae with single innervation are unlikely 

to detect accurately in relation to directional signals with a single seta [12]. A single 

mechanoreceptor depends on both magnitude and direction of the hydrodynamic 

disturbance, and different combinations of these two factors can elicit the same neural 

response [1, 40]. However, detection from various setae eliciting signals can be a good 

mechanism for spatial location [12]. The delays in trigger of the neural signal of 

adjacent setae can evaluate the speed of disturbance and its direction, as the order of 

the triggered signal from each seta distinguish the direction [41].   

 

2.4.2 Physical Response  

 

 Understanding a copepod’s mechanosensory behaviour requires analysis of the 

physical response of the sensor when subjected to a fluid disturbance. An experimental 

study on a species Gaussia princeps [41] uses water jets to stimulate response from the 

copepod’s mechanosensory setae. Different setae on the distal segment of the first 
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antennae was monitored by subjected to the water jets. Displacement of its setae was found 

to increase with increasing speed of the water jet. However, each seta has different amount 

of resistance to motion, thus, their angular displacements differ when subjected to fluid 

disturbances. The morphology of setae affects the physical response when subjected to 

water jets at different directions. For G. princeps, angular displacement towards the distal 

direction was found to be two times the displacement when displaced towards the proximal 

direction at the same speed. However, not all setae showed the same difference of 

displacement in these directions. This explains not all setae have a directional bias in terms 

of physical response.  

 

2.5 Experimental Quantification of Setal Sensitivity 
 

 It is important to quantify setal sensitivity by means of experimental studies that 

observed displacements of setae of the first antennae either through methods of artificial 

stimulus [42] or using live prey. Copepods are highly dependent on their ability to adapt to 

their surroundings, reacting to nearby prey, potential mates and approaching predators [43, 

44].  They rely on ambush feeding most of the time to capture their prey which explains 

the high success rate, where mechanoreception is the main mechanism for this process [43]. 

Most studies focus on the setae of copepods which have mechanoreception capability 

because they are significantly affected when they are subjected to hydrodynamic 

disturbances near the body and setae.  
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Figure 2-5 Proposed model for Seta Deformation and Transduction Process. Adopted from Shen et al. [37] 

 

 Setae on the first antennae are subjected to hydrodynamic disturbances which causes 

bending of the setae, a transduction process occurs in the mechanosensory dendrite that is 

attached to the cuticle at the setal root [10, 20]. In Figure 2-5(a) above, it depicts the sensory 

dendrite within the antenna which terminates at the setal root that is attached to the inner 

wall of the cuticle. The microtubules within these dendrites are connected to the cuticle 

through fibers and dendritic membrane which are represented by the spring labels. (Figure 

2-5(b)) When the setae is bent due to hydrodynamic disturbances, it causes the cuticle to 

displace and the dendritic membrane is pulled in tension [37]. (Figure 2-5(c)) Thus, this 

results in the opening of mechano-gated channels which triggers a neural signal for the 

copepod to react. Similarly, in Figure 2-5(d), when the setae are bent in a curved manner 

to the left, it compresses the left cuticle and the right cuticle is pulled. This leads to a shear 

displacement of the cuticle, resulting in tension of the dendritic membrane. Generally, when 

seta bends and causes a displacement of the cuticle, the tension on the dendritic membrane 

causes an ionic flow across the mechano-gated channels and triggers a neural signal. Thus, 

the sequence of events for a behavioural response starts from a hydrodynamic disturbance, 



28 
 

which leads to the deformation of setae that is enough to trigger a neurological signal for it 

respond as depicted in Figure 1-3 [12] . 

 

2.5.1 Artificial Stimulus  
 

 Experimental studies have been carried out to understand the behavioural and 

neurological responses of copepods when setae on its first antennae are subjected to 

hydrodynamic disturbances. One of the first studies on this used recording of the nerve 

impulses transmitted along the first antennae of calanoid copepods. This neural signal is 

elicited with the forceps connected to a transducer causing vibrations [19]. This method 

was adopted again but improved to induce a natural stimulus onto its setae without direct 

contact with the transducer. The transducer has an extra connection of a sphere 

submerged into the same medium as the copepod’s antenna. A dipole pattern of water 

displacement is created to stimulate its mechanoreceptors. (Figure 2-6) The copepod was 

held by a forceps electrode and submerged into mineral oil, leaving the distal and middle 

portion of the antenna in sea water beneath the plastic ring. The oil prevents current flow 

where the body and proximal portion of antenna is submerged in. As the transducer 

causes hydrodynamic disturbance in the sea water, the electrical potential across the 

electrode and seawater which is grounded, is induced by a neural signal elicited due to 

the disturbance is recorded by their recording system.  From the experimental study by 

[45], it shows clearly that setae on the first antennae are sensitive to hydrodynamic 

disturbances which elicits neural activity.   
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Figure 2-6 Schematic Diagram of Experimental Set up using a transducer to induce vibrations that elicit 

response from the copepod. Adopted from Yen et al. [19] 

 

 

Figure 2-7 Experimental Results of Mechanical Stimulus to elicit neural response from calanoid copepod, 

Pleuromamma xiphias' first antennae setae. Adopted from Lenz et al. [45] 

 

In Figure 2-7 above, it shows the neural activity when subjected to mechanical stimulus 

from the transducer’s vibrations in terms of displacement of the stimulator. The neural activity 

is proportional to the displacement of the stimulator, recording a peak 4000 μV at a 

displacement reading of about 2 μm at 0.015s with the stimulator vibrating at a frequency of 

300 Hz.  
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In another experimental study, individual setal deformation was successfully recorded 

for the first time, belonging to the first antenna of Gaussia princeps. This study was able to 

capture the angular displacement of four individual setae and investigated its physiological 

response when stimulated by a water jet [41]. Setal displacement is shown clearly in Figure 2-

9 when subjected to the water jet stimulus, showing the original position A to its maximum 

displacement position. Each labelled position is the displacement recorded at intervals of 2 ms 

for the period when the valve remains open. In this experiment (Figure 2-8), amputated 

antennule was used instead of the whole copepod which was easier to position. Water jets were 

used to stimulate the individual seta by a micro-injection system (Picosprizter II) which shot 

jets out of the pipette by compressed air at a pressure of 344 kPa. The timing and speed of the 

water jet was controlled by a timer which opens and closes the solenoid valve. In Figure 2-10, 

the water jet only exits the mouth of the pipette after being triggered for approximately 20 ms. 

It accelerates upon exiting and the head speed increases to its maximum after some distance 

from the pipette mouth. Subsequently, it decreases in speed due to interaction with the 

stationary fluid. The physiological responses were recorded as setae were subjected to these 

water jets proximally or distally by the forceps grasping the antennule which is connected to a 

neural signal detection system [41].  
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Figure 2-8 Schematic Drawing of Experimental Set up using Water jet to stimulate suspended antennule. 

Adopted from Fields et al. [41] 

 

 

 

Figure 2-9 Individual Setal Angular Displacement of first antennule of Gaussia Princeps. Adopted from Fields 

et al. [41] 
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Figure 2-10 Time Series of Water Jets shot out of Pipette , showing water expelled out of mouth only after 16 to 

2ms (Recorded at 2000Hz using Schlieren optical pathway) Adopted from Fields et al. [41] 

 

As seen from graphs A & B in Figure 2-11, Seta #8 (Distal) shows ultra-sensitivity with 

a strong response although subjected only to a small water jet speed. A shorter Seta #7 (Figure 

2-12(a)), is not sensitive to hydrodynamic disturbances as does not provide consistent 

responses. This study was able to characterise the responses from individual seta when 

subjected to respective water speeds.  
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Figure 2-11 Physiological Response of individual mechanoreceptors subjected to water jet stimulus. A: 

Response as a function of Angular Displacement B: Response as a function pf water jet speed. Adopted form 

Fields et al. [41] 

 

2.5.2 Stimulus by Real Prey  

 

Copepods use their mechanosensory mechanisms to detect prey that are nearby. 

A past study has observed prey attacks executed by Acartia tonsa (A. tonsa) and 

Oithona davisae (O. davisae). Figure 2-12 shows the captured images of attacks and 

capture of its prey. In part A, it shows time frames of O. divasae detecting its prey as 

pointed by the arrow and making its approach to its capture. Parts B & C shows A. tonsa 

making its capture of its prey, the white image depicts the predator’s initial position and 

reorients by a quick attack to its final position shown by the black image. Part D shows 

O. divasae doing a capture as well. Through observations, prey attacks are elicited when 

prey comes within approximately 0.2 mm of the first antennae. This distance quantifies 

the sensitivity of these 2 species where the flow disturbance created by the prey is 

picked up by bending of the setae on the first antennae within this distance [17].  
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Figure 2-12 A: Frames of copepods attack and capture of it prey , B-C : White image represents before its attack 

jump, and the black image shows its orientation after attacking (A&D:O .divasae , B&C:A. tonsa)  Adopted 

from Kiorboe et al. [17] 

 

 The key to a successful attack of a copepod is to be able to identify the 3-Dimensional  

(3-D) position of its prey. Copepods are generally blind and rely on their mechanosensory setae 

on the first antennae to detect motile prey [46]. These setae are spread out along the antennae 

and these sensors allow the copepod to detect signals to determine the 3-D position of its prey, 

and even its velocity through hydrodynamic disturbances. When it attacks during the first few 

milliseconds, it is unlikely to be able to sense new information as signal sent through the 

antenna can about 2-10 milliseconds. Thus, its sensors are sensitive enough to give a precise 

position on the initial attack [47].  

 

2.6 Numerical Models of Mechanical Properties  
 

This section discusses some past studies which utilise numerical models to estimate 

mechanical properties of setae on a copepod’s first antenna. 
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2.6.1 Estimating Young’s Modulus 
 

Many studies have investigated a copepod’s physiological and behavioural responses, 

numerical studies also add on substantiate results from past work. A numerical study by [48], 

attempted to evaluate if mechanosensory setae on the first antennae of copepods can detect 

pressure changes by estimation of mechanical properties. Additionally, a biomechanical model 

(Figure 17) was used to estimate the deflection of seta at a certain pressure difference. The 

Young’s Modulus (E) of seta was estimated based on values of Young’s Modulus of protein 

present in copepods from past studies [49]. One of the values was based on keratin, Ekeratin = 3 

x 103 MN/m2 [50], and the other based on resilin, Eresilin= 10 MN/m2, where these values differ 

more than a hundred folds [48]. Thus, the estimated value based on a seta that is 2 – 5 μm thick, 

Eseta,estimated= 100MN/m2 , which was in between the values of the two types of protein. The 

estimated value was then used to find the value of Shear Modulus (G) as well, 

Gseta,estimated=3.85MN/m2 . In conjunction with these estimated values was a design of a 

biomechanical model as shown in Figure 2-13, to find the minimum pressure difference that 

will trigger a neural response. Through their analysis and model, in order to detect a 50 μm 

particle, the seta would have to be 2 m long. Therefore, the study concluded that the 

mechanoreception capability of copepods was unable to detect pressure difference, together 

with the assumption of an inadequate biomechanical model used for the analysis [48].  
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Figure 2-13 Biomechanical model of seta deformation with pressure change. Adopted from Yen et al. [48] 

 

 The experimental studies discussed above focused mainly on behavioural and 

physiological responses which were elicited based on artificial stimulus. The relationship 

between hydrodynamics disturbance and neural response was characterised in these studies 

with different experimental methods, such has quantifying neural response at different water 

displacement [51], and characterising physiological response of individual seta when subjected 

to an angular displacement [41]. For the study based on numerical analysis [48], it was the first 

to estimate mechanical properties of seta on copepods. However, there are some limitations to 

these investigations. Firstly, there was lack of focus on the physical threshold displacement of 

setae to trigger a neural signal. Secondly, an estimate of mechanical properties of seta based 

on two types of protein that is present in a copepod is not an accurate representation. Thus, the 

work described above is not adequate to explain the physical deformation threshold limits of 

setae and its mechanical properties.  

2.6.2 Quantifying Setal Deformation  

 

Displacement of setae on the first antennae can be quantified by two ways, 1) Angle 

between its initial and final position, 2) Distance it has displaced from the original position. 

Firstly, when seta on the first antenna bends with a certain degree of curvature (Figure 2-8(d)), 
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the difference of the initial and final angle can be quantified. Secondly, seta may only bend at 

its base without any curvature (Figure 2-8(c)), so it is possible to quantify the displacement 

distance from the seta’s initial to final position [37]. A past study by Shen et al. 2020 [37], 

defined numerical models based on Resistive Force theory to find forces on seta due to 

hydrodynamic flows, as well as Euler beam theory to find the deformation of seta when 

subjected to those forces.  

 

2.7 Responses to Prey and Predator 
 

Many studies have been done to understand a copepod’s behaviour, especially on ambush 

feeding and escape responses from approaching predators. These studies [52] help to establish 

an understanding of their common behaviours in their natural environment.  

 

2.7.1 Motile and Non-Motile Prey 

 

There are different types of prey that copepods go after which may be moving or 

stationary. Small cruising zooplankton like copepods rely on remote prey detection and 

capturing of active prey for satisfactory feeding [43]. In a study of prey detection, it presents a 

novel mechanism for prey detection in a moving copepod. Both motile and non-motile prey 

can be detected by the cruising copepod, but the two types were detected at different positions 

from the copepod. The two types of prey used in this study, 1) Copepod Nauplius (Motile Prey) 

2) Dinoflagellates (Non-Motile). In Figure 2-14(a), shows a situation of the predator, Metridia 

longa (M. longa), detecting the prey which is the nauplii of Acartia Tonsa. The prey tries to 

make an escape jump and the predator picks up the hydrodynamic disturbance that elicits an 

attack jump, subsequently using its feeding appendages to draw in the prey for successful 



38 
 

capture. For a case of non-motile prey (Figure 2-14(b)), the dinoflagellate was only detected 

by the predator after passing it, and the attack was only triggered when it was near the feeding 

appendages or second antennae of M. longa. Thus, the predator detects motile prey through 

hydrodynamic disturbances that copepods are sensitive to when it makes an escape jump, and 

for non-motile prey, it has to be in the region of motion of the feeding appendages or second 

antenna that is about 1 mm wide [43]. This study explains how cruising copepods survive in 

their habitats with these feeding modes.  

 

Figure 2-14 Time Frame for Detection of Prey a) Copepod Nauplius b) Dinoflagellate. Adopted from Kiorboe. 

[43] 

 

2.7.2 Predators  

 

Predating is another main behaviour of a copepod, however, they are not always the 

predator in some cases. Zooplankton feeding at the food-rich surface layers of the ocean are at 

higher risk of exposure to its predators [53]. Many animals are both positions of being the prey 
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and predator of others, thus, the gain from predating has to be compared with the risk of being 

eaten [54]. The general pattern that shows is that the copepod tends to elicit as escape response 

[55] when it detects a flow disturbance produced by a bigger organism. How this process 

happens is when the predator approaches the copepod and the which causes a fluid disturbance 

and becomes entrained in this feeding current [54]. The mechanosensory system of the copepod 

picks up this deformation and a neural signal is triggered for escape behaviours. Once a 

predator is detected, they are capable of sequentially using their swimming legs to accelerate 

off up to a velocity of 500 body lengths per seconds within milliseconds. Thus, a copepod is 

able is detect the distance and speed of its predator from the fluid signal, and once the 

deformation is above its threshold rate [56], it elicits an escape response.  

 

2.8 Research Gap  
 

The studies done till date have focused much on investigating the physiological responses 

of copepods when setae on the first antennae is bent due to hydrodynamic disturbances. There 

is a lack of experimental study on the physical deformation threshold rate of setae when 

subjected to hydrodynamic disturbances. Thus, it would be feasible to set up an experimental 

study by subjecting the setae on the first antennae to a Siphon Flow.  
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3 Experiment Set Up   
 

This chapter discusses the current experimental method, including a culture set up of copepods 

as a source of specimen for experimental purposes and to explain the experimental process 

utilizing necessary devices and apparatus.  

3.1 Copepod Culture and Preparation  
 

The specimen used in this experimental study is Pseudiaptomus annandalei 

(P.annandalei) is cultured for future experimental purpose. P.annandalei is a type of calanoid 

copepod with adult size ranging from 800 to 1000 micrometres, which is feasible for this 

study’s experiment. P.annandalei is obtained from a local supplier that farms copepods locally.  

The culture is maintained and cultured as shown in the basic set up in Figure 3-1.  

 

Figure 3-1 Culture delivered into a small plastic tank  

 

The original source of P. annandalei is transferred to an open tank where the fresh culture 

is kept in, exposed to LED light which is necessary for copepods to grow and reproduce for 12 
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to 16 hours a day. A small air pump is kept running for 2 to 3 hours each day to supply the 

water medium with air at a low rate with 1-2 bubbles/second. Approximately 5 mL of 

phytoplankton is introduced on alternate days as their food source. The culture is maintained 

by rinsing the existing eggs, nauplii and adult specimens into a tank of fresh filtered seawater 

on a bi-weekly basis.  

 

3.2  Experimental Design & Set Up  
 

A simple set up is utilised to establish certainty of setal deformation which can be 

observed under the microscope. The design of this experiment is kept to minimal apparatus, 

with the focus to capture deformation of setae on the first antennae of P.annandalei.  The main 

apparatus used for this set up consists of a syringe pump, 10 mL syringe with tubing of 0.51 

mm diameter, microscope, petri dish with water and a pair of forceps (Figure 3-2). The pair of 

forceps has a small tip of 0.1 mm as it requires much precision to accurately grasp the body of 

the adult P.annandalei which is barely visible to the naked eye. 

 

Figure 3-2 a: Experimental Set-Up consisting of 1) syringe pump, 2) petri dish containing water, 3) forceps 

holding tube connected to syringe on the syringe pump 4) objective of microscope to observe setal deformations 

5) forceps tip holding body of copepod specimen Figure 3-2 b: Forceps with 0.1mm tip to pick out copepod 

specimen contained in a petri dish Figure 19c: Forceps successfully grasped onto body of copepod 
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Figure 3-3 Schematic Drawing of Experimental Set-Up showing the connections between the syringe pump and 

running tube to the petri dish on the microscope stage, with the specimen clamped by forceps in line with the 

objective lens  

 

 

Figure 3-4 a: Schematic Drawing of Tube direction showing flow output perpendicular to orientation of setae of 

the first antennae from the copepod specimen, with its position affixed by a pair of forceps. Figure 3-4 b: 

Observation under the microscope showing flow direction perpendicular towards setae present on first antennae 

of copepod clamped by forceps 

  

 

In Figure 3-3, it shows the schematic illustration of the experimental set up where the 

left of the image shows a 10 mL syringe attached to the syringe pump with a running tube. A 

pair of forceps holds the end of the tube outlet to adjust the direction of output when submerged 

in water contained by the petri dish. The end of this tube is submerged into water contained 

into the petri dish, where the setae on the first antennae will be subjected to this flow. On the 
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right of the microscope’s stage, the copepod specimen is clamped by a pair of forceps holding 

the body down and submerged into the water. The rubber tube connected to the syringe ends 

with a syringe tip termination seen in Figure 3-4(a), which is fixed onto the top cover of the 

petri dish to ensure the position of the outlet is constant in each experimental run. Half of the 

cover of the petri dish is cut out to allow space for the forceps to place the copepod specimen 

in the water contained within the petri dish.  

 

 

3.3 Experiment Process 
 

The experimental setup above aims to investigate deformation of setae on the copepod’s 

first antenna when subjected to an artificial stimulus (Figure 3-3). Firstly, the copepod is 

aligned such that the seta on the first antenna is perpendicular to the flow from the outlet 

submerged in the same medium, where this flow causes the seta of interest in that particular 

run to bend towards the distal end of the first antenna. The syringe pump holds a 10 ml syringe 

containing water, pushing this water out through the termination tip to provide artificial 

stimulus. The flow rate through the outlet is controlled by configurations in the syringe pump’s 

software. 

After setting up the flow rate and pattern as shown in Figure 3-5, the deformation 

process of seta is observed and being recorded using a PCO high-speed camera. The 

deformation process is recorded in frames at 60Hz so the displacement of the seta can be 

thoroughly analysed. The deformation is observed at different output flow rates of 10mL/min, 

15ml/min and 20ml/min. Figure 3-5 depicts how the flow is introduced into the same medium 

where the copepod is submerged in as an artificial stimulus. For example, for the flow rate of 

10 mL/min, the flow linearly increases to the desired flow rate in the first 3 seconds, then held 
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for 5 seconds to allow setae to be displaced to its final and steady position, and decreases 

linearly to 0 in the last 3 seconds. This method of injecting flow from the syringe is conducted 

for each flow rate. After capturing the distal bending for the three flow rates, the same steps 

are repeated to observe proximal bending of the same seta. This is done by placing the specimen 

on the other side of the outlet, taking reference from the initial position for distal bending. The 

two directions of deformation are observed to analyse and define directional sensitivity of setae 

on the first antennae. The flow rates adopted for observing both proximal and distal bending 

are the same to allow a fair comparison.    

 

Figure 3-5 Flow Rate (Q) vs Time (T) Graph depicting output flow rate from syringe pump, taking the first 3 

seconds to reach the desired flow rate and held for 5 seconds, and gradually decreases to 0 in the last 3 seconds 
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4 Morphological Quantification 
 

4.1 Setal Morphology 
 

 In this section, the author quantifies the morphology of a group of adult P. annandalei, 

specifically its first antennae and the lengths and types of setae present on the first antennae 

(Figure 4-1). This species was chosen based on its body size and antennule length for the 

feasibility of this experimental study as the body size needs to be large enough to be grasped 

with a pair of forceps. The observations show that the prosome length of an adult 

P.annandalei is 0.8 mm on average of sample specimens from the culture tank, and the 

length of the adult’s first antennae with an average of at least 1.04 mm, having a standard 

deviation of 49 µm, with a diameter of ranging approximately from 47 µm on the proximal 

end to 20 µm on the distal end. (Figure 4-2). These observations are similar to previous 

literatures that have quantified the morphology of P. annandalei [57]. There are two types 

of seta found on P. annandalei, the smooth and long type, as well as short and tapered ones. 

Most of these setae can be clearly seen on the first antennae. There are almost the same 

number of each type of seta present on the first antennae, where the smooth and long ones 

are present along the antennae, and the short and tapered seta are found mainly on the 

proximal and middle segments. The smooth and long setae at the proximal segment of the 

first antennae has been observed to have a maximum length of approximately 90 μm 

(Figure 4-4). Yen et al reported that P. xiphias [19] has four types of seta, where P. 

annandalei is observed to have only two types. The difference shows that different species 

of copepods have different setal morphology. Moreover, from observations during the 

experimental process, the first antennae of P. annandalei is at least 1 mm in length which 

is longer than its prosome (Figure 4-1). The long antennae allow the copepod to have a 

larger area of sensing for hydrodynamic disturbances in its surroundings.  
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Figure 4-1 Live Specimen of P. annandalei observed under the microscope, as a sample taken from the culture 

 

 

 

Figure 4-2 a) Left Image: Copepod clamped by forceps, showing both sides of first antennae and proximal setae. 

b) Right Image: Setae on the first antennae on proximal, middle and distal sections, labelled #1 to #4 for the four 

main long type of seta  

 

In Figure 4-2(a), the copepod is grasped by a pair of forceps, showing both sides of the 

first antennae, and Figure 4-2(b) shows the four main long type of seta on the first antenna. 

These four setae are similar and regular that spread out along the proximal, middle and distal 

sections of the first antennae in this manner for the breed of P. annandalei. As shown in Figure 

4-3 and Figure 4-4, shows measurements conducted on the specimens for the smooth and long 
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type of seta on the first antenna. The average length of the long type of seta on the first antenna 

is found to be 84 μm.  

 

 

Figure 4-3 Setae along the first antenna, with measurement of long seta on the middle segment 

 

 

 

Figure 4-4 Setae on different segments of the first antennae; with measurement of long setae at the proximal end 
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4.2 Long & Smooth Type Seta 
 

This study focuses on the long and smooth type of seta among the array of setae 

belonging to the first antennae of the P. annandalei. There are four main setae belonging 

to the long and smooth type that are quantified for the morphological section. For each 

seta of the four long type of setae, the setae are measured from five different specimens 

to gain a better insight of these lengths. Figure 4-5(b) shows a summary of the lengths 

for the four setae from each individual specimen. Seta #1 shows a significant range of 

lengths, ranging from 75 μm to 90 μm. The adjacent proximal seta, Seta #2, has a much 

smaller variation, with length measurements of 82 μm to 87 μm. The middle seta, Seta 

#3, does not have a large variation as well, ranging from 75 μm to 83 μm. Seta #4, which 

is the distal seta is similar to Seta #1, having a larger range of 76 μm to 90 μm.  

Seta #1 and #4 shows larger variation in terms of length from the five sample 

specimens, and both setae have shown in the measurements to have the longest possible 

length on both ends. Other the other hand, Seta #2 and #3 have smaller variations from 

the measurements and tend to have a shorter length as compared to Seta #1 and #4.  
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Figure 4-5 Sample Specimen Measurements of Long and Smooth Type of Seta 

 

5 Setal Deformation  
 

5.1 Quantifying Setal Deformation  
 

The purpose of subjecting setae to an artificial stimulus using the syringe pump is to 

observe setal deformation, simulating hydrodynamic disturbances encountered in a copepod’s 

natural habitat. The current experimental setup allows precise quantification of setal 

deformation and morphology present on the first antennae of P.annandalei. The copepod 

specimen is placed above the objective to view its setae on the first antennae. Before subjecting 

the setae to any flow, the morphology of the adult specimen is analysed by taking snap shots 

and recordings of the copepod’s movements. With snap shots of setae from the first antennae, 

a scale bar is set on the microscope’s software to take measurements of lengths of setae. 

Similarly, with recordings of the deformation of setae, the images can be processed to measure 

the displacement of a particular seta from its initial position to the final position when subjected 

to a hydrodynamic disturbance. The captured images from the high speed camera are used to 
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compare the initial position and the final displacement position of seta subjected to artificial 

stimulus at each flow rate. This process is done to analyse the maximum displacement of seta 

on the first antenna, and to analyse between proximal and distal bending of setae.  

After each run is completed, the copepod specimen is removed without adjusting the 

position of the objective. The syringe is then replaced with another 10 mL syringe with a 

mixture of water and microbeads. Thus, when repeated with the same flow rates conducted 

with the specimen, the high speed camera is able to record the microbeads in this flow. The 

images are used to analyse the flow from the displacement of the microbeads. This process 

allows verification of the experimental flow conducted on the specimen.  

 

 

5.2 Determine Flow Velocity by Microbeads  
 

The exact flow velocity at the area where the seta or first antenna is, is determined by 

injecting microbeads into the flow. This is prepared by another syringe filled with water and 

microbeads, and these beads will flow into the siphon flow device. After observing the 

deformation of setae, the copepod specimen is removed but the objective remains in the same 

position. The syringe is then replaced with one that is prepared beforehand filled with 

microbeads. The same flow rates are executed by the syringe pump and the high speed camera 

will capture the microbeads that flow past the same position where the seta was. This gives an 

accurate depiction of the velocity or flow that the seta was subjected to during the deformation 

phase. The high speed camera allows different frame rates to be set to capture the flow process, 

thus by finding the distance between frames with the duration known, the velocity of that 

particular flow rate at the exact position can be determined by this method.  
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Figure 5-1 shows a superimposed image of a micro bead flowing pass at the focused 

position and depth across 5 frames, for one of the experimental runs belonging to the distal 

deformation segment. This process will be repeated three times for each flow rate for every 

experimental run to find the average velocity to increase the accuracy of this process. By 

finding the flow velocity, this result can translate into other findings such as finding the force 

subjected onto setae at a later stage.  

 

Figure 5-1 a) Superimposed image of microbeads flow in 5 frames captured by high speed camera b) 

Quantification of microbeads velocity from each flow rate 

 

5.3 Capturing Setal Deformation 
 

 The focus of this experiment is to successfully capture the displacement of setae on the 

first antennae when subjected to a hydrodynamic disturbance. For each copepod specimen, the 

seta of interest is subjected to three flow rates from the set on the syringe pump at 10 mL/min, 

15 mL/min and 20 mL/min to observe an effective range of deformation. Multiple runs are 

done with the defined flow rates to observe deformation of setae on different segments of the 
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first antenna. Figures 5-2 and 5-3 show each of the experimental runs for distal and proximal 

bending. Figure 5-2 shows the long type of seta being displaced from the seta’s starting position 

to the final position. Similarly, the specimen is then placed on the opposite side of the flow 

outlet such that the flow is perpendicular to the seta to observe proximal bending (Figure 5-3), 

the three defined flow rates are executed for the proximal bending segment as well. When 

comparing deformation between distal and proximal direction, the seta displaces much lesser 

when bent towards the proximal direction. This shows a certain extent of bidirectional 

sensitivity when subjected to a disturbance which bends the seta towards the distal section.  

 

Figure 5-2 Deformation of long seta on first antenna when subjected to flow from syringe pump towards distal 

direction, showing initial and final positions of seta 
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Figure 5-3 Deformation of long seta on first antennae towards proximal end when subjected to artificial stimulus 

by syringe pump, showing individual positions of displacement 

 

5.3.1 Deformation Quantification  

The three defined flow rates of this experimental study are chosen to observe an 

effective range of displacement on the smooth and long type of seta on the first 

antennae, as well as to compare the deformation as the flow rate increases for both distal 

and proximal bending (Figures 5-4 to 5-9).  

 

Figure 5-4 Distal bending of long seta on the distal end, when subjected to flow of 10mL/min 
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Figure 5-5 Distal bending of long seta on the distal end, when subjected to flow of 15mL/min 

Figure 5-6 Distal bending of long seta on the distal end, when subjected to flow of 20mL/min 
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In one of the experimental runs, a long and smooth type of seta is observed and 

captured to compare the deformation when subjected to different flows. In Figure 5-4, 

is a superimposed image between the starting position of the observed seta and the final 

position, showing significant deformation of 15 μm in the distal direction when 

subjected to a flow of 10mL/min. When subjected to a higher flow rate of 15mL/min, 

the seta is displaced even more from its initial position, having a displacement of 28 μm 

towards the distal end (Figure 5-5). At the highest of the defined flow rate set out in this 

experiment, the deformation is found to be greatest at 41 μm towards the distal end 

when subjected to a flow of 20mL/min (Figure 5-6). 

 

Figure 5-7 Proximal bending of long seta on the proximal end, subjected to flow of 10mL/min 
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Similarly, proximal bending is observed under the scope to compare the distal 

bending deformation of the smooth and long type of setae. Firstly, when subjected to a 

Figure 5-8 Proximal bending of long seta on the proximal end, subjected to flow of 15mL/min 

Figure 5-9 Proximal bending of long seta on the proximal end, subjected to flow of 20mL/min 
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flow of 10mL/min, minimum bending is observed as seen in Figure 5-7, with a 

displacement of 9μm. Secondly, when the seta is subjected to the next higher flow rate 

of 15mL/min, a greater displacement is observed of 20μm (Figure 5-8). Lastly, the 

greatest displacement towards the proximal end is observed at 40μm when subjected to 

a flow rate of 20mL/min (Figure 5-9).  

5.3.2 Comparison of Deformation of Setae  
 

The experimental runs focus specifically on the smooth and long type of seta on the 

first antennae, such that a fair comparison can be made from the different flow rates 

and between distal and proximal bending. For each flow rate in each experimental run, 

the exact velocity of the flow subjected on the seta is verified, making use of the 

microbeads method so the position changes of the specimen for every run will not affect 

the comparison of the deformation data. The deformation results are compared among 

setae from each segment of the first antenna. The results represented in the figures 

below belong to deformation data from Seta #1, Seta #3 and Seta #4, and they originate 

from the proximal, middle and distal segments respectively. Moreover, since both Seta 

#1 and #2 belong in the proximal segment, the deformation experiments focuses on Seta 

#1 for the proximal seta. 
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Figure 5-10 Flow Velocity (cm/s) vs Deformation (μm) for Distal Deformation of Distal Seta (Seta #4) 

 

Figure 5-11 Flow Velocity (cm/s) vs Deformation (μm) for Distal Deformation of Middle Seta (Seta #3) 
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Figures 5-10(b) to 5-12(b) reviews the deformation data for Seta #1, #3 and #4 when 

subjected to a flow to observe the distal deformation of these setae. These data are 

obtained from five experimental runs on each seta, belonging to five individual 

specimens that are shown in these plots. Although the flow rates are fixed for each 

experiment, the actual flow velocities subjected onto the setae are calculated and 

verified through the microbeads method for a more accurate comparison due to the 

variability of the specimen’s position in the siphon device.  

Firstly, to compare the distal deformations among the three setae, for the distal seta, 

which is Seta #4 in this study, the data shows rather close figures for the respective 

velocities with respect to distal deformation (Figure 5-10(b)). As the flow velocity 

increases, there is a trend showing an exponential increase in deformation from the 

seta’s original upright position. The minimum deformation observed from Seta #4 is 7 

Figure 5-12 Flow Velocity (cm/s) vs Deformation (μm) for Distal Deformation of Proximal Seta (Seta #1) 
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degrees from its original position, and a maximum of 58 degrees. Figure 5-11(b) 

represents the distal deformation data plotted against the flow velocities of Seta #3. The 

data shows a similar exponential trend as compared to the data from Seta #4. However, 

the exponential increase in deformation with increase in velocity is more gradual in for 

Seta #3. The smallest deformation observed is 5 degrees and almost 30 degrees for the 

largest deformation in this case. In Figure 5-12(b), it shows the distal deformation data 

for Seta #1, which is the long and smooth type of seta that is closest to the proximal 

side of the first antenna. The data shows a wider range of variation of distal deformation 

observed from the experimental runs, with a similar gradual exponential trend. The 

minimum deformation at the lower velocities has larger variations, and it is similar at 

the higher end of deformation towards the distal direction. For the lower end, it is 

observed to vary from 6 degrees to 20 degrees, and it varies from 18 degrees to 42 

degrees when subjected to higher flow velocities. The variation could be due to its 

biological variance of each seta belonging to individual specimen, and this will be 

further discussed in the next section.  

 Figures 5-10(c) to 5-12(c) represent the proximal deformation data against the flow 

velocities of Seta #1, #3 and #4. Figure 5-10(c) shows the proximal deformation data 

plotted against the flow velocity for Seta #4. The proximal deformation of the distal 

seta deforms more gradually as compared to its distal deformation (Figure 5-10(b)). 

The plot shows a wide range of proximal deformation from 4 degrees on the lower end 

and 31 degrees on the higher end. For Seta #3 in the middle segment of the antenna 

(Figure 5-11(c)), the results from the proximal deformation shows a more gradual 

exponential trend in terms of deformation against flow velocity, as compared to its 

distal deformation (Figure 5-10(b)), which is similar to Seta #4. Seta #3 shows a range 

of deformation across the velocities from 6 degrees to 29 degrees, having a slightly 



61 
 

smaller range as compared to Seta #4. For the proximal seta, Seta #1, Figure 5-12(c) 

shows a rather large range of deformation over the increasing flow velocities, from 7 

degrees to 39 degrees, which also has the largest range of deformation among the three 

setae. Seta #1 has a wider range of proximal deformation as compared to its deformation 

towards the distal direction (Figure 5-12(b)).  
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6 Estimating Spring Constant  
 

6.1 Seta Spring Model 
 

This section explains the process of estimating the spring constant value by a simple model 

depicting deformation of seta as it is subjected to a force by the flow in the experimental runs 

as it is attached to its setal root. This is achieved by using the experimental results attained in 

this project, and adopting the resistive force theory to eventually estimate the spring constant 

for each type of seta. The Resistive Force Theory [58] is manipulated in this case assuming the 

flow is uniformed and the force is perpendicular, that is subjected onto the seta of interest,  

                𝐹 = 𝐶⊥𝑣  𝐿                (6-1) 

where F is the force subjected on the subject seta, C is reported to be the normal drag 

coefficient, v is the velocity of the flow and L is the length of the subject seta.  

Assuming a cylindrical seta with length L and radius R, the normal drag coefficient [59] is 

found to be,  

                                                𝐶⊥ = 4𝜋𝜇[ln (0.18 
𝐿

𝑅
) + 0.5                                         (6-2) 

where 𝜇 is the viscosity of water, L is the length of the seta and R is the radius of the seta. 

The moment M on seta caused by the flow force onto the seta is given by, 

                                                      𝑀 =  ∫ 𝐶⊥ 𝜈 𝑙 
𝐿

0
𝑑𝑙                                                    (6-3)         

where 𝐶⊥ is the normal drag coefficient, a specific flow velocity v, and l is the length of the 

subject seta.        

Assuming a uniform flow, and a perpendicular force is subjected on the middle of the seta,         

                                                                  𝑀 = 𝐹 
𝐿

2
                                                     (6-4) 
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where M is the moment caused by the force F on the halfway position of the seta’s length.   

The moment of seta subjected by the flow force is given by,                             

                                                                   𝑀 = 𝑘 𝜃                                                        (6-5) 

where k is the spring constant of modelled spring of seta and 𝜃 is the angle of displacement  

In                (6-1), it depicts how the force subjected on seta is calculated. Thus, after 

calculating the drag coefficient value in equation (4-2), and with the data of the flow velocity 

and seta length, the force value is found using equation (4-1). Equation (4-4) is manipulated 

from equation (4-3), with the assumption that the flow subjected onto the seta is uniform. Thus, 

the moment caused by the force onto the seta is calculated using equation (4-4), also with the 

assumption the force is subjected on to middle of the seta (Figure 6-1(a)). Finally, with the 

displacement angle value in equation (4-5), the spring constant, k, is estimated using the 

experimental results of deformation in the previous chapter.  

 

 

Figure 6-1 a) Left Image: Simple Spring Model representing seta and illustrating the force subjected onto seta 

by a uniform flow. b) Right Image: Seta displaced by the force from the uniform flow 
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The seta spring model in this study is based on the following assumptions. Firstly, a 

uniform flow is assumed to be subjected onto the seta using first order approximation of the 

flow velocity. The force from the flow is also assumed to be perpendicular to the seta and 

acting on the middle of the length of the subject seta. Next, the viscosity of the water is 

assumed to be constant throughout the experiment process, as there is no addition of other 

fluids into the petri dish. Low Reynolds number is assumed of the flow, and justified from the 

experimental data. Lastly, the force distribution is proportional to the local lateral velocity 

difference between the seta and the hydrodynamic flow as the subject specimen remains 

static. 

 The artificial stimulus in this study uses a siphon flow, which realistically is not 

uniformed at different radius points from the center of the syringe needle outlet. However, it is 

considered uniform across the length of the seta the flow is subjected on. Over the length of 

seta, the change in flow over the flow velocity is so small it is negligible, we take it as uniform 

flow over the length of seta.  

           𝑢 =  
𝑄

2𝜋𝑟ℎ
                                                           (6-6) 

 

where 𝑢 represents flow velocity along the radius of flow from the center of the flow output 

the seta’s position, Q is the flow rate depicted in the experiment and controlled by the syringe 

pump and r represents the distance from the center of the output flow to the position of subject 

seta, h is the height of the water present in the petri dish.  
 

 

                                                            ∆𝑢 =
𝑄

2𝜋𝑟ℎ
− 

𝑄

2𝜋(𝑟+𝐿)ℎ
                                                     (6-7) 

 

= − 
𝑄

2𝜋𝑟2ℎ
 𝐿  

 

∆𝑢 represents the change in flow velocity along the length of subject seta, L is the length of the 

subject seta  
 

                                                                  
∆𝑢

𝑢
=  

− 
𝑄

2𝜋𝑟2ℎ
 𝐿 

𝑄

2𝜋𝑟ℎ

                                                           (6-8) 

 

=  − 
𝐿

𝑟
  

∆𝑢

𝑢
  represents the fraction of change in flow velocity compared to the original flow velocity  
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The equations above, 4-6 to 4-8 verifies the assumption of a uniform flow the subject seta is 

subjected to. Equation 4-6 depicts the flow velocity in relation to the distance from the center 

of the flow outlet, and equation 4-7 shows the change in flow velocity in relation to the length 

of seta. Thus, in equation 4-8 shows that the change in flow velocity as compared to the original 

flow velocity is negligible, so a uniform flow is assumed in this case.  

 

6.2 Discussion on Estimated Spring Constants 
 

A simple seta-spring model (Figure 6-1) is used to illustrate the deformation of setae as a 

spring model at the setal root, to estimate the spring constant values of Seta #1, #3 and #4, 

utilizing the experimental data and the above methods. In Figure 6-1(a), the force subjected 

onto seta by the uniform flow, is assumed to be at the halfway point of the length of the seta. 

Figure 6-1(b) shows the final position after it has been displaced by a certain flow, depicting 

the resistance at the root with a spring concept to estimate this spring constant as most of the 

deformation happens at the root.  

 

Figure 6-2 Spring Constant vs Flow Velocity for Seta #4 from both Proximal and Distal Deformation 
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Figure 6-3 Spring Constant vs Flow Velocity for Seta #3 from both Proximal and Distal Deformation 

 

 

Figure 6-4 Spring Constant vs Flow Velocity for Seta #1 from both Proximal and Distal Deformation 
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In the above Figures 6-2 to 6-4, plots the data of the estimated spring constants attained 

through experimental and morphological results. Using the concept of Resistive Force Theory 

and Equations 4-1 to 4-4, the spring constant values are estimated using the deformation and 

setae data for each seta in different segments of the first antenna. The experimental runs were 

carried out on five specimens for each of the three segments on the first antenna, for both 

proximal and distal deformation. The purpose of these plots are to compare the spring constant 

values for each seta among different specimens.  

In Figure 6-2, it shows the estimated spring constant values of Seta #4 as the flow velocity 

increases for both proximal and distal deformation. There is a significant difference in range 

between the spring constants estimated in the distal deformation and proximal deformation 

phase. From the distal deformation results (Figure 6-2(b)), the spring constants are much lower 

which have values below 5 × 10-6  Nm/rad. On the other hand, the spring constants obtained 

from the proximal deformation results (Figure 6-2(c)) are significant higher, ranging from 6 to 

23 × 10-6  Nm/rad. This shows there is a certain extent of directional sensitivity or biasness for 

Seta #4 in this case as the seta is less stiff when deformed towards the distal direction.  

The estimated spring constants for Seta #3 are shown in Figure 6-3. For Seta #3, the spring 

constants obtained from both proximal (Figure 6-3(c)) and distal deformation (Figure 6-3(b)) 

results do not differ significantly and are found to be within the range of 9.5 to 19 × 10-6 

Nm/rad. However, there are slightly different trends among the middle setae. A gradual linear 

increment is observed when Seta #3 is formed proximally as the flow velocity increases. 

Generally, Seta #3 is observed to have a higher spring constant than Seta #4.  

Lastly, the estimated spring constants for the proximal seta, Seta #1 are seen in Figure 6-

4. Most of the spring constants obtained are seen to be within the same range between 5 to 15 

× 10-6 Nm/rad, which has the similar range value but lower in this case as compared to Seta #3. 



68 
 

Most of these setae are observed to have constant or gradual change in the spring constant value 

as the flow velocity increases. The estimated spring constants from the distal deformation data 

shows a very gradual linear decrease as the flow velocity increases. On the other hand, the 

spring constant from the proximal deformation results are observed to be a rather constant 

throughout.  Seta #1 has lower spring constants as compared to Seta #3 for most of the setae, 

which means Seta #1 is less stiff and deforms more easily than Seta #3 when subjected to the 

same flow force. Seta #4 has the lowest spring constant when deformed towards the distal 

direction, which means it deforms easily distally which may give rise to a stronger neuro signal 

which affects the outcome of the copepod’s behaviour, and on the other hand, Seta #3 is the 

stiffest when deformed towards the proximal direction.  

 

7 Conclusion & Future Work 
 

7.1 Conclusion  
 

In the preliminary observations, the external morphology was established to be similar 

to past studies and also showed that setal deformation on the first antennae can be achieved 

with artificial stimulus with the current experimental set up. Through the experimental runs, 

it is observed that the smooth and long type of seta has a certain extent of bidirectional 

sensitivity [60], with higher stiffness towards the proximal direction to a certain limit. Seta 

#4, in the distal segment, has the lowest spring constant when deformed towards the distal 

direction, thus, this property helps in sensitivity to a certain extent when subjected to 

hydrodynamic disturbance towards the distal end. Seta #3, in the middle segment, showed the 

most consistent spring constant results, with most setae being in the same range of spring 

constants for both proximal and distal deformations, and observed to be generally stiffer than 

Seta #4. For Seta #1, in the proximal region, most of the proximal setae has shown that it 
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deforms more easily towards the proximal side as compared to the distal direction. Thus, Seta 

#1 is considered to be less stiff than Seta #3 for proximal deformation. The differences 

between the three setae investigated in this study in terms of estimation of its spring constant 

values, suggest that individual seta has its own function and sensitivity, to be able to decipher 

the hydrodynamic disturbances from its source in terms of distance and direction from the 

copepod itself.  

Nonetheless, the current work showed that with the presence of hydrodynamic 

disturbance, the displacement of setae can be analysed accurately with this experimental 

device and set up. These results can be considered in the future for further research to study 

its mechanical properties with appropriate numerical models.  

7.2 Future Work  
 

At this stage of the study, with the assumptions of the induced hydrodynamic flow and 

the properties of setae, it can only be concluded that the spring constant of seta increases 

with increasing flow velocity. Further studies will have to be done to find out if the 

spring constant varies differently under different parameters. Additionally, using the 

spring constant results obtained in this study, another future study can focus on whether 

the proximity between setae affects the spring constant, which can be an estimation of its 

abilities in relation to the proximity. 
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