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Abstract 

Robotic design, especially in underwater robots, is critical to research, national defense, 

deep sea exploration and sea disaster rescue. Developing an advanced underwater robot, 

however, is complicated, as it involves propulsion, depth regulation, motion between 

propellers and other auxiliary system coordination, as well as sensing and feedback 

signals synchronization. Additionally, it is more challenging to manage the aquatic 

environment and guarantee the robotic design. In particular, the propulsion system could 

fit well in this environment and allow for efficient swimming. These challenges make the 

development of an underwater robot much more difficult, and finding the best solutions to 

building a robot in a standard and robust manner is critical to satisfying the large amount 

of requirements of the underwater robots in different perspectives. 

Aquatic creatures have developed swimming capabilities far superior in many ways to 

what has been achieved by nautical science and technology and have inspired alternative 

ideas of developing smart and advanced novel robotic mechanisms for propulsion in 

different fluid environments. Many bioinspired aquatic robots mimic the structure design, 

locomotion behaviors and even control method of their counterparts in nature and 

achieved great swimming performance. The further development of a more general design 

methodology for bioinspired underwater robots, however, has been impeded due to the 

diversity of biological sources for underwater propulsion. Consequently, there have been 

several studies attempting to understand basic propulsion principles to synchronize the 

biological diversity. 
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In this dissertation, we first review the current stages and challenges of design of 

underwater robots. Afterwards, we provided a methodology for the design of efficient 

underwater robots from a biological perspective at multiple scales. To achieve this goal, 

we introduced the unique propulsion features of aquatic species in terms of locomotion 

mechanism as the swimmer increased in size from the micro/nanoscale to the macro-

scale. Then, we discussed the biological propulsion principles for aquatic robotic design, 

including design of propeller, body, propulsion appendages, locomotion control and 

auxiliary system. In addition, we introduced the method for the implementation of 

bioinspired robots, including mechanical design, electronic engineering and system 

integration (Chapter 1). The following chapters show that four aquatic robots from the 

micro/nanoscale to the macro-scale were designed by learning unique features from 

biology and providing specific investigation of propulsion principle for robotic design at 

each scale. We validated and demonstrated the design of each robot using both 

mathematical model based simulation and hardware implemented robot experiments. 

In chapter 2, propulsion was investigated at micro/nanoscale (body length<10-2m). Due to 

the constraints imposed at micro/nanoscale which has low Reynolds number (Re < 0.1), 

the design of efficient propulsive systems for nanorobots has proven challenging. An 

approach for the design of an efficient nanorobotic propulsive system was proposed. First, 

resistive force theory was used to develop a dynamic model for the propulsion of 

nanorobots, accounting for the fluid dynamics generated by the propeller (flagellum). 

Second, an optimal control problem was formulated to balance the trade-off between 

energy utilization and tracking efficiency. Finally, simulations were conducted to analyze 

the effect of different body to flagellum ratios (BFR) on propulsive efficiency. It was found 

that the optimal flexural rigidity of the nanorobot propeller was 5.8×10-19 N·m2, within the 

range of sperm flagellum, 0.7×10-19 -74.0×10-19 N·m2. Further, simulations of multiples 
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BFRs demonstrated that multipoint actuation of the nanopropeller was more efficient at 

BFRs of less than 1.0, while single actuation was only effective for nanorobots with a 

BFR >0.2. The results from this study provide useful insight for the design of nanorobotic 

propulsive systems, in terms of energy efficiency and trajectory tracking accuracy. 

In chapter 3, propulsion was investigated at transition scale by using example of whirligig 

beetle inspired robot. The whirligig beetle, claimed to be one of the most energy-efficient 

swimmers in the animal kingdom, has evolved a series of propulsion strategies that may 

serve as a source of inspiration for the design of propulsion mechanisms for energy-

efficient surface swimming. In this study, we introduce a robot platform that was developed 

to test an energy-efficient propulsion mechanism inspired by the whirligig beetle. A 

propeller-body-fluid interaction dynamics model is proposed and based on this model, the 

propeller flexural rigidity and beating patterns are optimized in order to achieve energy-

efficient linear swimming and turning. The optimization results indicate that a propeller 

with decreasing flexural rigidity enhances vortex shedding and improves thrust generation. 

It has also been found that an alternating asymmetrical beating sequence and optimal 

beating frequency of 0.71 Hz improves propulsion efficiency for linear swimming of the 

robot. The alternating beating of the outboard propellers and the unfolded inboard 

propellers working as brakes results in efficient turning with a smaller turning radius. Both 

simulation and experimental studies were conducted and the results illustrate that 

decreasing flexural rigidity along the propeller length, an oscillating body motion, and an 

S-shaped trajectory are critical for energy-efficient propulsion of the robot. 

In chapter 4, a generic propulsion method, undulatory locomotion was investigated by 

comparing the propulsion principles across scale, expecting to come out a guidance for 

the robot design at multiple scales. In nature, swimmers commonly utilize undulation for 
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propulsion. The Undulatory locomotion patterns, in fluid environments, at different 

Reynolds (Re) numbers (i.e., scale) vary as a result in variation among aspects that affect 

undulation patterns.  Aspects include actuation. Swimmer’s inertia, damping, stiffness, and 

fluid viscosity. Here, we investigated the natural propulsion principles driving anguilliform 

and carangiform undulation using spermatozoa, eels, alligators, and trout fish as a means 

to identify universal aquatic propulsion principles and enhance underwater robotic design. 

Through biological observations of these species, we identified that as propulsion area 

stiffness increased, wave number decreases and mass center shifts away from the 

propulsion area, indicating a conserved biological trend for undulation based swimming 

that could be applied to designing bio-inspired swimming robotics. To quantitatively test 

and investigate the mechanistic aspects of this biological trend, a hydrodynamics model, 

combining resistive force and reactive force theory across scales, was formulated. Using 

this model, simulations were used to determine the material and kinematic features for 

effective propulsion.  We found that for material features, simulation results showed mass 

had a diminishing effect as Re increased, while elasticity demonstrated the opposite trend. 

For the kinematics parameters, simulation results showed that a larger Re usually 

corresponded to a smaller optimal wavenumber, an increased amplitude, but the 

amplitude has larger frequency dependent behavior. These results were experimentally 

validated using a modular robotic platform built to allow robot disassemble and 

reassemble as a means to mimic undulation modes of the four biological swimmers and 

controlled by a Central Pattern Generators (CPGs) based algorithm and a PD control.  

Experimental results validated our simulation and biological findings; as well as, 

demonstrated a conserved aquatic propulsion principle for underwater swimming that 

could be translated to the design of future autonomous underwater vehicles with optimal 

propulsion mechanisms. 
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In chapter 5, an autonomous underwater vehicle was designed by integrating several 

propulsion mechanism to allow efficient swimming. Underwater propulsion using flexible 

propeller is usually observed in aquatic species. Unique propulsion features, such as three 

dimensional (3D) propulsion surface and the manipulation of the fluid through the 

coordination of multiple propellers allow energy-efficient swimming with high 

maneuverability. In this study, propulsion features from four aquatic animals, including 

batoidea fish, diving beetle, alligator and box fish, were used to inspire an autonomous 

under vehicle (AUV). A 1.3 meter long robot was built to implement the AUV locomotion. 

Modular design method was employed. Five propulsion modules and one central control 

module with independent power, communication and control system were integrated to 

the AUV body. This design significantly increased the operation robustness of the AUV. 

Five propellers that actuated by 15 motors were designed to allow three propulsion pattern, 

including flapping, rowing and undulating motion, provided big potentials for agile 

swimming. A 3D hydrodynamics model that incorporate resistive and reactive force theory 

was constructed for the quantitatively characterize the AUV’s underwater swimming. A 

hybrid control method that combines the adaptive control, Central pattern generators 

based control and PD control were developed to achieve optimal synchronization of the 

multiple propellers. Finally, simulation and experiments were conducted, and the results 

show the effectiveness of the proposed AUV design. This insights dawn from this paper 

provided a guidance for the next generation of AUV using flexible propellers 

To conclude, we proposed and demonstrated a design methodology for aquatic robotics 

from biological perspective. We identified and extracted biological principles for efficient 

propulsion and derived the robotic design after theoretical optimization. Experiment results 

from four types of robotic platform demonstrated the effectiveness of the proposed aquatic 

robotic design at multiple scales. 
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1 

 : Introduction to Bioinspired Underwater Robot 

Along with the introduction of Darwin’s theory of evolution by natural selection, various 

scientific disciplines, ranging broadly from genetics to geology, have sought out to 

understand why and how life on earth has progressed in such a way that has led up to 

that which exists today. Aquatic species ranging from microorganism to blue whale 

developed unique propulsion skills and swimming features allowing efficient locomotion at 

their corresponding fluid environment. These nature designed features bring numerous 

insights for the understanding of propulsion principles and provide alternative approach 

for the design of efficient underwater robot. 

1.1. Background for Bioinspired Underwater Robots 

Advanced propulsion with high energy efficiency and high maneuverability becomes more 

importance as other underwater robotic capabilities are based on this trait. Currently, 

smaller-size underwater robot, for example man-portable AUV, with longer endurance and 

agile swimming are in great demand to reach more severely monitored and far-distant 

waters. However, it is difficult to balance the small preload capability and larger power 

source. This makes development of energy-efficient propulsion critical; additionally, 

underwater robotic maneuverability is difficult to be further improved because of the 

traditional method used in propeller shape design and motion control. Aquatic species in 

biology evolve with unique propulsion features to adopt the fluid and living environment 

for efficient swimming. Propulsion related parameters are tuned through the natural 
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selection for advanced propulsion. With these naturally optimized propulsion, the 

biological species can generate more thrust, achieve high maneuverability and obtain 

stable movement. Propulsion mechanism at each specific Re range is naturally optimized 

to fit the corresponding fluid environment. This determines a variety of propulsion 

strategies are developed in biology for the purpose of efficient propulsion across scales. 

As a result, the propulsion parameters, such as propeller geometry and dimension, body 

profile, material stiffness and propulsion pattern, present a variation trend as the Re 

increase. Therefore, it is possible to identify and extract the propulsion principle for 

engineering an underwater robot. In previous studies, several bioinspired underwater 

robots have been proposed and were summarized in the following. 

As shown in Figure 1.1 (a), the Aqua robot has six individually controlled flippers to 

increase maneuverability. Additionally, this robot has high-speed propulsion driven by 

multiple propellers . The concern is that the robot body, propeller shape and flexural rigidity 

were not optimized to increase efficiency. U-CAT Robot. As shown in Figure 1.1 (b), the 

U-CAT robot has four flippers that can change swimming directions for easy turning and 

diving . The propulsion efficiency was sacrificed for these maneuverable motions. As 

shown in Figure 1.1 (c), the bluefin robot is driven by a gimbaled, ducted propeller, and 

can generate thrust in three dimensions when regulated by an onboard controller. 

Additionally, high accuracy positioning can be achieved via navigation from INS, DVL, 

SVS and GPS. The carry-on high energy density battery allows the robot to swim 25 hours 

with standard preload 1. Concerns for the bluefin robot include poor maneuverability and 

low travelling speed. This is likely due to the large aspect ratio (length/width) for the body 

and weak thrust generated from the single propeller. The preload capability is also 

significantly reduced due to the cylinder design for the body shape. Tuna robot (Figure 1.1 

(d)) was inspired by swimming fish. The robot is able to utilize undulation of the tuna tail 
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for large thrust generation and achieved high speed 2. The narrow body shape limits 

preload. Additionally, maneuverability is poor due to the single propeller driven propulsion. 

As shown in Figure 1.1 (e), the manta ray underwater robot has a fin propulsion mimicking 

manta ray. Using 3D flapping of large fins, the robot was able to generate efficient 

swimming, especially in the gliding mode 3. Unfortunately, maneuverability of the robot 

was very poor due to the slow flapping motion. Inspired by squids and cuttlefish that 

generate thrust by performing wave-like movements of the fins, the Sepios robot can 

generate effective swimming driven by side propellers, as shown in Figure 1.1 (f)4. The 

robot has a relatively low noise impact on its environment and a small tendency to entangle 

in sea grass. Additionally, multiple flexible propellers can increase maneuverability. 

However, it is still a low-speed swimming robot due to the weak thrust generated by the 

wave-like motion of the flexible propeller. 

 

Figure 1.1 Aquatic robot proposed in literature. (a) Aqua robot; (b) U-CAT robot; (c) tuna robot; (d) 
bluefin-21 robot; (e) manta ray robot; (f) sepios robot 
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It is clear that 1) most current underwater swimming robots cannot achieve efficiency, 

maneuverability and stability in the same time. For example, manta ray robot is efficient, 

but not agile enough due to large propulsion surface and slow flapping speed 5. The sepios 

robot has a high maneuverability due to the four wave-like propellers; however, the 

propulsion efficiency is not ideal; 2) most bio-inspired swimming robots are still in early 

stage for industrial grade production. For example, the tuna robot and aqua robot were 

primarily developed for lab environment propulsion; 3) most industry grade swimming 

robots rely on traditional propulsion methods. For example, body shape of bluefin-21 robot 

is mainly in cylindrical or other regular shapes. Rotating thrusters remain the dominant 

propeller; and 4) it remains a daunting challenge to take full spectrum of engineering 

techniques to develop cost-effective bio-inspired swimming robots. This creates both a 

challenge and opportunity for bio-inspired robotics, which will be investigated in this 

dissertation. 

1.2. Design an Efficient Underwater Robot from Biological 

Propulsion 

The goal of this research is, through studying unique propulsion features of a range of 

biological species, to come up with a methodology for the design of energy-efficient 

propulsion systems across scales. With the methodology, numerous observations of 

biological species, such as food hunting habit, body and propeller profile, and beating 

pattern can be explained from the propulsion perspective; simultaneously, more advanced 

propulsion system can be developed with improved features on material stiffness, 

structure, geometry, and propulsion patterns. These advancements will definitely enhance 

the deeper understanding of the propulsion across scale and exploration of design of next 

generation of autonomous underwater vehicles. To achieve this goal, four fundamental 
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questions need to be address through this research. In biology, how the biological 

propulsion features evolve from microscale to macroscale? In physics, what is the 

underlying physical principles to uncover the evolution of propulsion mechanism across 

scale? In mathematics, how to construct the most effective model to quantitatively 

characterize the propulsion and locomotion of the biological species. In engineering, how 

to design and implement underwater robots in an engineering way by using the derived 

bio-inspirations to realize advanced propulsion, including high energy-efficient, high 

maneuverability and robust stability for the operation. To address these questions, we 

proposed four steps for the study in this dissertation. Step one, extraction of the underlying 

propulsion principles for efficient swimming throughout a biology, physics and 

mathematics integrated study approach; step two, optimization and further exploration of 

the derived propulsion principle via hydrodynamics model; step three, implementation of 

the derived robotic design using engineering method and step four: experimental 

validation of the propose design methodology through the fabricated robotic platform. 

1.2.1. Research Approach for the Bioinspired Underwater Robot 

Aquatic creatures in biology have developed rich strategies for advanced propulsion at 

extreme environments, which can inspire knowledge for underwater robotics in disciplines 

such as neuroscience, biomechanics, animal physiology, and systems biology. The 

biological sources provide a direct prototype to be mimicked for engineering embodiment, 

which significantly saves effort on conceptual design for the complicated systems needed 

to satisfy specific swimming environments. Additionally, this helps the designer stand out 

from the traditional engineering method for robot implementation and brings the potential 

to develop more advanced systems for underwater robotics. However, to bridge the 

biological systems and the robotic embodiment in engineering, the principles underlying 

the biological propulsion should be understood. During the propulsion, the biological 
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systems (propeller, body, appendages and control systems) are trying to adjust some 

basic physical elements, such as fluid viscosity, inertia, velocity, propulsive angle and 

shape, to achieve efficient swimming (i.e. maximum thrust for the body, minimum 

resistance for the body).  

 

Figure 1.2 Research approach for the development of bioinspired underwater robotics. 
 

Specifically, the relative effect of fluid viscosity and inertia (Re) determines the fluid pattern, 

which gradually changes from laminar flow to turbulent flow as the swimmer’s dimension 

increases from a microscale to a macro-scale. Within each specific fluid environment, the 

swimmer tunes the shape, angle and speed of the propeller and body to generate the 

optimal propeller and body shape movement in a coordinated method for efficient 

swimming. Sensing systems, such eyes and lateral lines of fish, can provide feedback 

information for the control system to better regulate the motion of the propellers, allowing 

utilization of the generated thrust in an intelligent way to swim in a complicated 
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environment (involving obstacle avoidance, getting rid of enemy, etc.). Other elements, 

such buoyancy and manipulators, can also provide auxiliary functions to the propulsion. 

With the obtained propulsion principles, the underwater robot can be fabricated in an 

engineering way by selecting the appropriate material, designing the structure of the 

propeller and body with auxiliary appendages and surface morphologies, and controlling 

the propulsion motion in a coordinated way inspired by biology. The whole procedure for 

the design of a bioinspired underwater robotic is shown in Figure 1.2. 

1.2.2. Bioinspired Swimming Robot Design 

Propulsion mechanism at different Res is determined by the moment transfer mechanism 

at the corresponding fluid environment. As the swimmer’s size increasing from microscale 

to macroscale, the Re increase as well. Four moment transfer mechanisms were involved 

during the fluid environment variation, and they are viscous drag force, pressure drag force, 

and acceleration reaction force and lift force (Figure 1.3) 6. 

Based on these four mechanisms for thrust generation across multiple scales, we 

developed a methodology for the investigation of propulsion principles and provide 

guidance for the design bioinspired underwater robot. To obtain efficient and robust 

methodology to guidance future robotic design, we use functional modular design method 

to divide the complicate robotic development into four sub-sections, including propeller 

design, body design, control method design and appendage design. 

1.2.2.1. Propeller Design 

The function of propulsion is to generate thrust and torque by propellers to move and 

maneuver the body. The propeller is the major contributor for propulsion, and can achieve 

large thrust by modulating its features, such as shape (i.e., aspect ratio), material 

properties, area, appendages, surface morphologies and body attaching positions. Due to 
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the distinguished momentum transfer mechanism effective at different Re, the propeller 

design can be different. Specifically, the propeller design will be illustrated by following the 

procedures of biological feature identification  physical principle illustration  

engineering embodiment. In each subsection, the statement will be organized by the 

propulsion engaging different momentum transfer mechanisms as listed in Figure 1.3. 

 

Figure 1.3 Moment transfer mechanism for thrust generation across multiple scales. 
 

1) Biological Feature Identification for Propeller Design 

The propellers can be clarified based on the momentum transfer mechanism and 

described in the following. 

(a) Viscous drag based propulsion at microscale. Helical flagella and undulatory flagella 

are the two commonly observed propellers. Both are characterized by a thin, cylindrical 

shape. Some flagella have swimming hairs and some flagella bundle together during 

propulsion. 
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(b) Drag-based propulsion. Stroking legs and oscillating fins are the most common drag-

based propellers. Delta shape and compliant propulsion surface are the major features for 

this type of propeller. The propeller surface always has microgrooves and some propellers 

have extendable swimming hairs attached on the two edges. 

(c) Acceleration-based propulsion. Jellyfish and octopuses can use an umbrella-like body 

for propulsion, which is compliant in enabling a large conformation during propulsion. 

Additionally, long tentacles and a small outlet are usually observed. 

(d) Lift-based propulsion. Large fish fins, a wide tail, and an undulatory flexible body can 

be considered the lift-based propellers. They usually have a large aspect ratio and 

relatively rigid features compared to the small-scale propellers. Small bumps, such as a 

fish finlet or whale tubercles, can be observed on the propeller edge. 

2) Extraction of Propulsion Principle from Biology for Propeller Design 

(a) Viscous Drag Based Propulsion. 

At low Reynolds numbers, viscosity related fluid force determines that the propeller will be 

characterized by certain features, such as a large beating speed, flexible material 

properties, and an anisotropic shape, allowing large fluid force generation. Although 

helical flagella and undulatory flagella have different propulsion methods, in which one is 

in rotating mode and the other uses undulatory motion, the thrust generation mechanism 

can be generalized to the viscous drag force generation, which can be illustrated at the 

same time. Specifically, the velocity gradient can be formulated to achieve viscous drag 

between neighboring fluid layers for thrust generation, which can be approximated as: 

t t tf lc v  and n n nf lc v                (1-1) 
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For the propellers in the tangential and normal directions, as shown in Figure 1.4. ,  t nc c  

are drag coefficients, which can be derived as: 

 
2

ln 2 -1 2t
f f

c
b



  and   

 
4 ,

ln 2 1 2n
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c
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



  (1-2) 

where fb is the propeller radius,  f  is the wavelength,  is the fluid viscosity. To achieve 

maximum thrust for efficient swimming, several strategies can be used: first, stroke at fast 

speed; second, increase propeller length; third, adjust shape parameters to increase the 

drag coefficient; fourth, regulate propulsion angle to have the optimal propulsion profile for 

maximum thrust in the forward direction. 

To achieve a fast stroke speed, a high beating frequency can be used, which can be found 

in most microorganisms, in which their beating frequency can reach up to 30Hz 7. Another 

method is to use full actuation along the propeller length instead of single actuation. It was 

found that the average stroke speed for the propeller is positively related to the actuation 

amount 8. 

Propellers for the microorganism usually have a very large aspect ratio, which means a 

long, thin shape. The elongated shape can efficiently convert the fluid shear force to the 

thrust. A previous study showed that a propeller with an aspect ratio of 100 is 8 times more 

efficient compared to a propeller with an aspect ratio of 3 9. 

To achieve the optimal coefficient, the propeller diameter can be picked based on the 

coefficient-diameter relationship as shown in Figure 1.4. Under the preconditions of fixed 

aspect ratio, a larger diameter means larger coefficients in both directions. Therefore, 

swimming hairs on stramenopile flagella and bundled flagella on E. coli are which are used 

to increase the propeller diameter for large thrust generation can be observed for 
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microscale propulsion. However, actual flagella diameter (including appendages) is 

usually between 0.01um to 1um due to the biological constraints. 

The propulsion profile is related to the local propulsive angle of the propeller. The high 

aspect ratio (up to 100) determines that the propulsive angle should not remain constant 

along the length. Time- and space-changed propulsive angles decompose the fluid drag 

into different orientations. The integral calculus of these propulsive forces in the forward 

and lateral directions reveals the propulsion efficiency of the propeller. An efficient 

propeller should have the sinuous-like shape, with a propulsive angle of 40.06 degree, to 

allow undulation for most efficient propulsion 10. 

In order to allow the achievement of an effective propulsion profile, the propeller elasticity, 

fluid viscosity and beating frequency should reach an agreement for such an effective 

propulsion profile formulation. The sperm number 
0.25

nl cSp
k
   

 
defines the relationship 

between the viscous effect from fluid and the elastic effect of the propeller, where , , ,nl c k  

are propeller length, undulatory speed, drag coefficient in normal direction and elasticity, 

respectively. It was found the most efficient propulsion occurs when the sperm number is 

around 4, because this is where the propeller generates effective undulation (i.e., 

propulsive angle around 40.06 degree) 11. This can be understood to mean that only with 

effective undulation with appropriate amplitude, can the energy be transformed along the 

whole propeller length for thrust generation everywhere 8,12. 
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(b) Pressure Drag Based Propulsion 

The inertial force and viscous force can be written as 2 , /IF Sv F Sv d   , and the 

Reynolds number can be defined as: Re .IF dv
F




   For the propulsion within the Re 

range of 310,10   , the inertia effect overcomes the viscous effect. Thrust generation is 

mainly coming from the kinematic energy related inertial force. The fluid kinematic energy 

will change when there is a relative motion between the propeller and fluid. The change 

rate of the fluid kinematic energy is the source of the fluid force that can be achieved by 

the propeller, i.e. thrust. With the presence of the propeller, fluid will be sheared due to 

the boundary effects. Then, rotating fluid appears between different layers due to this 

shear force, which finally formulates rotating fluid. This rotating fluid will not quickly 

dampen to disappear as in a low Reynolds number, but it will gather in the back area to 

rotate at a much faster speed, which can formulate a vortex when the kinematic energy of 

this fluid bulk is big enough. According to the Bernoulli’s equation, the pressure difference 

between the back and front can be calculated as  

2
1 0.5p p p v                        (1-3) 

This process is shown in Figure 1.4 13. The dynamic pressure based force can be derived 

as the product of the area ( S ) and the pressure difference, with the Reynolds number 

effects. 

  2Re 0.5 ,drD pS C Sv                   (1-4) 
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where dr
dvC





 
  
 

 , d is the fluid layer thickness, and   is the coefficient related to the 

propeller characteristics, such as shape, surface morphologies, etc. 

Most swimming creatures mainly engage in pressure drag-based propulsion that always 

involves back-forth beating during one propulsion cycle, which allows the dynamic 

pressure formulated in the front and back areas 14. Then the major propeller features and 

appendages for the swimming creatures are determined by the power-recovery beating 

strategy and the dynamic pressure formulation mechanism.  Therefore, strategies used to 

increase pressure drag force include: first, propeller shape optimization for increase; 

second, surface morphology design for increase; third, area enlargement; fourth, 

increase of propeller beating speed. 

Through changing the propeller shape, the drag coefficient can be modified in a large 

range, i.e.  0.1,  3 . Convex shape with a streamline outline after the front area has a small 

drag coefficient (<0.5); concave shape with a ragged outline will increase the coefficient 

(>2) 13. This explains why the fish pectoral fin beats with a cupping shape and whirligig 

beetles maintain an arc in front of their leg at power stroke for larger thrust generation 15. 

Surface morphologies, such as microgrooves on the propeller surface can realign and 

separate the fluid to avoid turbulence, which increases the drag coefficient. Both the 

whirligig beetle leg and fish fin have this grooved morphology on propeller surface as 

shown in Figure 1.4 16. 

Propulsion area extension can be realized by some appendages such as the swimming 

hairs observed on the aquatic beetle, where these flexible hairs can passively unfold due 

to the fluid effects during its power stroke and fold during its recovery stroke. The area 




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ratio between the power stroke and recovery stroke can reach up to 5, which significantly 

increases the net thrust 16. Additionally, the propulsion area can also be regulated by active 

motion, such as when fish and ducks fold their fin surfaces through muscular motion. 

In order to increase the propeller beating speed, fast beating frequency, such as whirligig 

beetles that can beat the legs up to 80Hz, is one option; alternatively, a speed amplifying 

structure, such as a lever, can be used, which is found in multi-segment propellers 16. 

(c) Acceleration Reaction Based Propulsion. 

The acceleration reaction based force is generated under the same scenario as the 

pressure drag generation. However, different from the pressure drag caused by pressure 

difference, the acceleration reactions force originates from fluid acceleration/deceleration 

due to propeller motion, which is always treated as added mass by the fluid on the 

propeller. Summation of these two forces is the total force that the kinematic energy 

exchanges between fluid and propeller.  

Based on acceleration reaction based propulsion mechanism, thrust can be calculated as 

0.5a af C Qa ,                            (1-5) 

where   is fluid density, aC is a coefficient related to propeller shape, Q  is the fluid 

volume being accelerated, and a  is fluid acceleration relative to the propeller.  This 

propulsion strategy is mostly used by swimming creatures utilizing fluid jet driven motion.  

Therefore, three strategies can be used to increase acceleration reaction generated thrust: 

first, improve the propeller shape to increase the coefficient ( aC ); second, increase the 

volume of the fluid; third, increase the fluid speed. 
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A concave shape can effectively accelerate the fluid with less leaking, and achieves a 

larger coefficient. Therefore, swimming creatures engaging an acceleration reaction 

based propulsion method usually have a concave front, such as a cupping shape or an 

umbrella shape. This conclusion can be confirmed by jellyfish, octopuses and even the 

pectoral fins of some fish, as shown in Figure 1.4. 

A sphere is the shape with the largest volume-to-surface area ratio. Therefore, a spherical 

shape should be the priority option for the volume increase. Additionally, the sphere shape 

is also a concave shape, if fluid is pushed out from the interior. Therefore, a sphere-like 

shape is the most common shape for jellyfish and octopuses. 

In order to increase fluid acceleration, actuation power can be increased. This strategy 

can be implemented as a fast power stroke and a slow recovery. Furthermore, a small 

outlet can also significantly increase the fluid acceleration. Shrinking the outlet during fast 

speed squeezing as shown in Figure 1.4 is good example of the above conclusion. 

(d) Lift Force Based Propulsion. 

Different from all the aforementioned three forces, lift force is generated in the direction 

normal to the moving speed. As shown in Figure 1.4, the asymmetrical shape with a 

convex shape at the top significantly changes the fluid streamline there and causes the 

fluid to rotate faster at the top than the bottom, which will cause lift force as shown in 

Figure 1.4 and can be derived as: 

20.5 ,l lf C Sv                           (1-6) 

where lC  is the lift coefficient that is related to propeller shape, orientation and Reynolds 

number; S is the profile area as seen from above. Practically, strategies used to improve 
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the lift force generation include: refining the orientation (i.e. attacking angle) and shape to 

increase the lift coefficient ( lC ); increasing profile area ( S  ). 

 

Figure 1.4 Bioinspired object oriented modular design for propulsion. The microswimmers can use 
the asymmetrical features for the net propulsion generation. The asymmetry include the drag 
coefficient is not identifiable due to the shape reason and the fluid field distribution due to the 
locomotion and propulsion of the swimmers. These asymmetries can be optimized by biology for 
the best purpose of swimming. Our work is the find the underlying algorithm to summarize the 
design in the engineering perspective. Additionally, this can be validated by the microswimmer 
motion by experiment, robot fabrication and test, and also simulation test.  
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Attacking angle is critical to the lift coefficient, for example, as the angle changes from 

10o  to 18o , the lift coefficient evolves within the range of  0.25,  1.25 . The maximum lift 

coefficient of 1.25 was achieved at the angle of 15o 17.  Swimming creatures, such as sea 

turtles as shown in Figure 1.4, usually adjust their lift force generation at different points 

in the propulsion cycle by changing their propeller pitch angle. 

Propeller shape, i.e. aspect ratio, is closely related to the tip vortex effect, which can 

significantly affect the fluid circulation around the propeller. Propellers with large aspect 

ratios can minimize this effect for a larger lift force generation. Undulatory motion driven 

swimmers, such as eels, can have an aspect ratio up to 10 18. 

Profile area is another key factor that is proportionally related to the produced lift force. 

Therefore, a large lift force can be realized through increasing profile area, as is done by 

the whale. As the major lift force source, the whale tail has an area of 215m  and generates 

tons of lift force to push the whale forward. 

Additionally, surface morphologies such as tubercles and finlets located on the leading 

edge of the propellers as shown in Figure 1.4 can significantly affect the fluid behavior 

related to vortex formulation and delay flow separation 19 . 

In order to further clarify propulsion principles in an inertia dominated scale, the Strouhal 

number, 
flSt
v

 , can be defined to further illustrate difference between pressure based 

propulsion (pressure drag and lift force) and acceleration reaction based propulsion, 

where , ,f l v  are beating frequency, propeller length, and beating speed 20. When the 

propeller beats at a very fast speed, the pressure difference cannot be successfully 

constructed. On the other hand, this can significantly accelerate the fluid and apply a 
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reactive force to the propeller, which is the source of acceleration reaction based force. 

The bigger the St, the larger the weight for the acceleration reaction effect. Most pressure 

drag and lift force based propulsions maintain the St within the range of  0.2,  0.3 , while 

acceleration reaction based propulsion keeps a larger value, usually greater than 0.5 19,20.  

3) Propeller Design and Implementation 

The propeller for the underwater robot can be designed and implemented based on the 

extracted principles. The propeller embodiment utilizing different momentum transfer 

mechanisms will be illustrated independently in the following sections. 

(a) Viscous Drag Based Propulsion. 

The propeller in the microscale is usually implemented in two ways: first, through a helical 

shaped propeller, which generates thrust though rotating motion around the longitudinal 

axis; second, through a long flexible propeller, which generates thrust through undulatory 

motion as the propagation wave travels along its length. 

Key points for the helical propeller design include pitch angle, helical radius and flagella 

length. Optimal values for these parameters can be obtained by conducting an 

optimization to achieve the maximum speed given the same input power 21. However, 

these key parameters are coupled together with the external environment to determine 

the final performance, such as rotating speed, fluid viscosity, etc. A helical artificial flagella 

was fabricated using the MEMS method as shown in Figure 1.4 22.  

For the undulatory movement microscale propeller, it is critical to maintain a large aspect 

ratio, optimal elastic properties to fit fluid viscosity and realized effective (i.e. large 

amplitude) undulation. Figure 1.4 shows such a propeller design, which is comprised of 
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microscale magnetic beads connected by proteins. An external magnetic field can be 

applied to power the propeller to undulate by actuating magnetic beads along length 23. 

In addition to the engineering the fabricated artificial propellers for low Reynolds number 

propulsion, flagella separated from the microorganism can be directly used as propellers 

to drive the microrobot, e.g. microbead, via burning ATP 24.  

(b) Pressure Drag Based Propulsion. 

Based on the principles extracted above, the criteria for a pressure drag based propeller 

embodiment are an extendable cupping shape with surface morphologies such as 

microgrooves that allowing fast beating.  

Each of these points can be implemented independently. To achieve fast beating, an 

advanced actuator, such as a piezoelectric actuator, conductive polymer film and high-

speed motors, can be used. Specifically, piezoelectric film can generate high frequency 

beating, i.e. >100 Hz, however the output displacement is very small, requiring amplifying 

structures for the output enlargement 25.  Conductive polymer film can beat within a large 

range (i.e., 3Hz to 100 Hz), but the displacement significantly reduces at high speed 

beating 26,27. Therefore, it often used at a medium frequency, for example 20Hz. High 

speed motors can be easily controlled for high power output, but the dimension is too big, 

so they are usually used for large propeller implementation 28. 

Propellers with a concave front and convex rear can be fabricated using a molding method. 

For example, in 15, modeled by silicone rubber with a cupping shape, a flexible propeller 

was designed with different stiffness on the two stroke sides, allowing the surface area to 

extend and fold with the fluid force for efficient propulsion.  
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Another common method for the implementation of the drag-based propeller is to mimic 

the pectoral fin of fish, with multiple rays enabling independent actuation for 3D surface 

conformation as the fish does. Comprised by 4 motor actuated rays and a flexible surface, 

the fin-like propeller generated a similar beating pattern to the pectoral fin in nature 28. 

Additionally, some other common tips for the pressure drag based propeller design include: 

the delta-shaped propeller can easily to generate more thrust and as such this design can 

be found in several designs 29; surface morphologies such as microgrooves can be 

implemented by 3D printing techniques, but the efficiency improvement was highly 

dependent on other parameters, such as Reynolds number, beating speed, etc. 

(c) Acceleration Reaction Based Propulsion 

Concave jetting front, large interior volume and fast jetting speed are key points for the 

acceleration reaction based propeller implementation. 

This type of propeller is usually made from flexible film such as rubber or plastic foil to 

allow fluid acceleration in an easy way. Due to the requirement of compact integration with 

the propeller, Shape Memory Alloy (SMA) and Ion Polymer Film (IPF) are usually used as 

the actuators 30,31. Fabricated by rubber using a molding method, a jellyfish inspired robot 

can formulate a cupping shaped surface as driven by SMA actuators. The fast-slow 

response of the SMA allows the fast power stroke for high speed acceleration and a slow 

recovery stroke, which significantly increased the net thrust 31. 

 (d) Lift Force Based Propulsion. 

Attacking angle, aspect ratio, and surface morphologies such as tubercles are criteria for 

the propeller fabrication to generate lift force.  
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Specifically, appropriate attack angle is the most critical factor, which should be adjusted 

across the whole propulsion cycle for maximum lift generation 32. Small actuators such as 

servo motors can be equipped on the propeller to realize the function of control muscles 

in biology for attacking angle regulation, whereas the large actuators power swimming 33. 

It is not applicable to fabricate a propeller with infinitely large aspect ratio to avoid the tip 

vortex effect; however, a compliant propeller can reduce such effects with the propeller 

undulating in an appropriate way. It was found that a phase delay of / 2  between the 

proximal and distal ends of the propeller can significantly reduce the tip vortex effect by 

recycling the energy dissipated to the fluid wake around tip area 29. 

Surface morphologies such as tubercles on the leading edge of the propeller can be 

fabricated with optimized dimensions using a 3D printer to stabilize flow for separation 

delay. 

1.2.2.2. Body Design 

The functions of the robot body include providing onboard space and improving propulsion 

performance. Key parameters to the body design, such as shape, outline, mass 

distribution, etc., are highly determined by the object and fluid behaviors, which can be 

described using the momentum transfer mechanisms mentioned above. Therefore, in 

addition to following the object oriented design method, the robot body design can also be 

illustrated from the momentum transfer perspective to correspond to the proposed 

propeller design. At a large scale (body length larger than 0.1m, Re >1000), both 

acceleration reaction force and lift force have large weights, and this determines same 

strategies for body design. 

 



22 

1) Biological Feature Identification for Body Design 

(a) Body at Viscous Drag Dominated Environment 

An ellipsoid body is the most commonly observed shape at the microscale, especially for 

microorganisms with propellers evenly distributed around the body, such as 

Tritrichomonas and Penilia avirostris as shown in Figure 1.5. However, microorganisms 

have an elongated body. Specifically, a rod-like elongated body can usually be found in 

small creatures with propellers polarly distributed, such as E. coli. Appendages, such as 

flexible hairs and undulatory membranes, can be observed at a microscale, as shown in 

Figure 1.5. 

(b) Body at Pressure Drag Dominated Environment 

The pressure drag dominated scale range can be within  1 ,  100mm mm for the body, with 

Reynolds number around  10,  1000 , as shown in Figure 1.5. Although an ellipsoid-like 

body is still the majority shape at a small scale, the body becomes unsymmetrical between 

the front and the rear. For example, a whirligig beetle has a wide front while artemia sp. is 

much larger at the rear. The body’s surface is usually distributed with wax, micromoles 

and some other patterned structures (Figure 1.5 (III-A)). 

(c) Body at Acceleration Reaction Force Dominated Environment 

As the scale increases, body aspect ratio becomes much larger (elongated), however the 

body outline is inversed with a wider rear compared to the pressure drag dominated 

situation, which can be observed from a squid (including the legs) and jellyfish (including 

the tail) as shown in Figure 1.5 (II-C (1,2)). Although some other acceleration reaction 

propelled swimmers, such as eels and alligators, don’t have such a body shape, their 
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propulsion profiles satisfy this observation. Appendages and morphologies on the body 

include long tails, flexible legs, and flat horizontal front fins as shown in Figure 1.5 (III-C).   

(d) Body at Lift Force Dominated Environment 

The body becomes much thinner at the macroscale where aquatic swimmers use lift force 

for propulsion. The aspect ratio for the blue whale reaches 6.3, as shown in Figure 1.5 (I, 

II)-D. Appendages, such as extendable feather-like fins and a very sharp nose, can be 

found for the swimmers, as shown in Figure 1.5 III-D-(1, 2); morphologies, such as a 

uniformly distributed scale and mucus layer, are found on the body surface, as shown in 

Figure 1.5 III-D-3. 

2) Extraction of Propulsion Principles from Biological for Body Design 

(a) Body at Viscous Drag Dominated Environment 

To reduce fluid resistance applied by fluid at the microscale, strategies to reduce viscous 

drag can be used based on the viscous drag formula  /F S v d S v     , which is 

comprised by two tunable sections, area and velocity gradient. First, a smaller profile area 

(i.e. body surface area) can help to reduce drag, which leads to the conclusion that a 

sphere-like shape would be more suitable compared to an elongated body with a smaller 

volume to area ratio.  The second part, velocity gradient, is determined by the body shape, 

specifically the outline curvature, where a large curvature causes a dense flow streamline 

for a larger velocity gradient. A smaller curvature is necessary to reduce drag using the 

velocity gradient. Therefore, small fluid resistance at a microscale is a problem that 

involves finding the optimal curvature (i.e. shape).   
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It was found that the optimal body shape at a microscale for minimum viscous drag 

generation has constant magnitude of the normal derivative of the fluid velocity on the 

boundary 34. Based on this conclusion, the theoretical body shape can be resolved by 

minimizing the viscous drag applied on the body surface ( ) in forward direction ( x ) as: 

min .xF dS
x



 
  

 



  

Based on that, the unit-volume body with smallest drag was determined to be a prolate 

spheroid shape with a conical front and rear ends of angle 120o . 

The robot body is more likely to be equipped with propellers, which change the original 

fluid field around the body and cause the different body shapes that are observed in nature. 

Therefore, a body with uniformly distributed propellers usually corresponds to a sphere-

like shape that can be understood from the perspective that fluid effects are also uniform 

and cancel each other out.  

It was found that such surface appendages, such as flagella, membrane and cilia, can 

improve the fluid field around the body for efficient propulsion. Such complicated shape 

design can be conducted using advanced optimization and computation methods, as 

shown in 35.  

(b) Body at Pressure Drag Dominated Environment 

In the experiment, we have learned that fish-shape, rounded, rather than blunt in front 

tapered to a slim point at the rear is the shape with the least resistance induced by 

pressure drag. According to (1-4), drag coefficient ( drC ) and front area ( S ) are the two 

factors that determine the optimal shape under a pressure drag dominated situation, while 
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the other parameters, such as velocity ( v ), are not represented by the body. Therefore, a 

smaller front area can be realized by using very thin body.  

According to experimental results, the minimum drag coefficient can be obtained by a 

contour of a blunt front and tapered rear streamline 36. However, the viscous effects cannot 

be completely neglected in a fluid environment with the Re around 100 to 1000, which 

means the aspect ratio cannot be too big, usually smaller than 3. Otherwise, early 

separation might occur due to the viscous friction along the surface. That is the reason 

the aquatic swimmers observed at this scale, such as aquatic beetles and sea butterflies 

have a medium aspect ratio, i.e. 2 to 3. 

Appendages and surface morphologies at this scale, such as microholes and soft hairs, 

can be found on the body surface. At a relatively small Reynolds number, e.g. 10, the cilia-

like small hairs are distributed on some sections of the body surface of a sea butterfly, 

which can actively move to improve the fluid field distribution as well as generate thrust. 

As the Reynolds number reaches 1000, surface morphologies, such as microholes can 

be found on the body surface, as in the whirligig beetle, which can help to redistribute the 

fluid pattern for flow separation delay. For the waxy surface, it can smooth the rough 

surface to reduce fluid resistance. 

(c) Body at Acceleration Reaction Force Dominated Environment 

Based on (1-5), only the fluid coefficient ( aC )mattered for the body design in an 

acceleration reaction based motion. Based on the momentum transfer mechanism, a body 

with a small projected area and a round front reduces the accelerating ability of the fluid 

surrounding the body. The body should be thin with an inversed streamline and a wider 

rear. This explains why jellyfish and squids keep an inversed streamline shape while 
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swimming. Additionally, this conclusion can be extended to the dynamic body profile, when 

swimmers are swimming in the acceleration reaction dominated scale, such as eels and 

alligators.  

Appendages, such as a jellyfish’s tail and a squid’s legs, also fold to form an inversed 

streamlined shape to reduce resistance. 

 

Figure 1.5 Bioinspired object oriented modular design for body capability 
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(d) Body at Lift Force Dominated Environment 

Based on (1-6), fluid coefficient lC  and front area ( S ) are the two parameters of the body 

that can affect resistance. 

Thin body: The flow separation can significantly increase the fluid coefficient, which can 

be delayed by the large aspect ratio of the body. Because the fluid viscous effects are too 

small at this Reynolds number (i.e. >10, 000), the aspect ratio can be much bigger, for 

example 6.3 for the blue whale, to further delay the flow separation. More interestingly, 

the streamline shape can be inversed to achieve minimum resistance when the aspect 

ratio becomes too big 37. 

Small attacking angle: A large attacking angle causes an increase of the lift force and 

induced drag force. To avoid resistance from these two perspectives, a small or zero 

attacking angle should be applied to the body during swimming. 

Symmetrical top and bottom: An unsymmetrical top and bottom will induce fluid circulation 

around the body for lift force production. Therefore, the body should be designed with a 

symmetrical shape in terms of the top and bottom. 

A sharp nose can improve the fluid field around the front area of the body to delay the flow 

separation. The scale on the body surface will realign the fluid to flow in a streamline for 

separation delay. Feather-like fins can be used to regulate the front area to generate a 

brake effect for the body.  Stability and Maneuverability Related to Body Design. Stability 

and maneuverability on the body can be concluded as: a flexible body is more agile than 

a rigid body, where the compliant features can reduce the fluid forces to allow fast rotation. 

Also, a spherical body is more agile than an elongated body. 
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3) Body Implementation from Engineering Perspective 

(a) Body at Viscous Drag Dominated Environment 

The principle for microscale robot body design is that the basic shape should be prolate 

spheroid-like, and the body should be elongated as more propellers are attached in one 

position. Therefore, based on different propeller distribution conditions, the shape can be 

distinguished.  

Fabrication method: There are several methods that can be used for the engineering 

implementation of the body fabrication at a microscale, as shown in Figure 1.5 VI-A. (i) 

The MEMS method can achieve the design of an accurate shape by using different 

materials, such as silicone based material, polymers (SU-8), metal, etc. The body 

fabrication can be characterized by beneficial features, such as magnetic and piezoelectric 

features, enabling easy manipulation 38. (ii) Microparticles/beads can be used to 

implement body functions at a microscale, and artificial and biological propellers (e.g. 

bacteria) can be bounded to the bead surface to formulate a micro robot 39. The advantage 

of using microbeads as a robot body is they are easy to obtain and most beads and 

particles are commercially available or produced. Before propeller attachment, the body 

surface should be prepared in order to have specific bonding properties. However, the 

shape is not tunable due to the fixed property of the bead; (iii) A microscale body can also 

be fabricated using the biological synthesis method, e.g. DNA origami method, in which 

scaffold strands are folded into a custom shape 40. This design will allow interior space for 

onboard preload, but the disadvantage is that the procedure is too complicated.  

The appendages, such as a flexible membrane and moving hairs, can also be obtained 

using the MEMS and the biological synthesis method as described above. 
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(b) Body at Pressure Drag Dominated Environment 

A medium aspect ratio, i.e. around  2,  3 , and a streamlined contour are the major 

characteristics of the body in pressure drag dominated motion. This kind of body, with a 

dimension around 0.02m to 0.2m, is very suitable for fabrication using the 3D printing 

method. Waterproof paint can be used to compensate the leaking weakness of the loosely 

printed body shell, as shown in Figure 1.5 V-B 15. The robot body can be accurately 

fabricated based on the design shape. Additionally, some surface morphologies, such as 

microholes, can be directly obtained from the 3D printing, and a waxy surface can also be 

implemented by wax spray for both waterproofing and drag reducing purposes. Flexible 

hairs on the surface can be obtained by molding a soft material, such as silicone rubber, 

in a design pattern. 

(c) Body at Acceleration Reaction Force Dominated Environment 

The critical rule for an efficient body implementation for the acceleration reaction 

dominated motion is an inversed streamline with a thin body shape. Another factor to be 

considered is that the body section always participates in the propulsion function, which 

means that the body should be flexible to allow conformation for propulsion. Methods for 

engineering implementation for such a body include: (i) a molding method using soft 

material, where smart actuators, such as SMA, can be embedded within the soft body 

during the molding process as shown in Figure 1.5 VI-C-(1) 41; (ii) a components assembly 

method can be used to integrate the small parts together to formulate the final body shape, 

as shown in Figure 1.5 VI-C(2) 42; (iii) a modular assembly method as shown in Figure 1.5 

VI-C(3), where the body is assembled together from a series of standard modules, 

between which are rotating joints and damping springs to better realize the compliant body 
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features 43. Because they are part of the body, the appendages, such as pectoral fins, tails, 

and legs, can be fabricated together with the body simultaneously using the same method. 

(d)  Body at Lift Force Dominated Environment 

Although the design principles require a streamlined body shape with a large aspect ratio, 

the implementation of such a body is always a tradeoff between the fabrication cost and 

the propulsion performance, due to the comparatively large dimensions, e.g. >1m. For 

some robots with lower requirements for propulsion performance, the body can be built up 

by several plates and then sealed into a final shape, as shown in Figure 1.5 VI-D(1) 44. To 

compensate for this weakness, a waterproof kernel fabricated in a fine way that wearing 

a easily fabricated external shell with streamlined shape can be used, as shown in Figure 

1.5 VI-D(2) 45. The robot can also be fabricated partially or wholly by a 3D printer with high 

accuracy to meet the favorable shape as shown in Figure 1.5 VI-D (3).  

The appendages can be fabricated in a diverse way. For example, a scale can be 

fabricated using either MEMS method 46 or 3D printing method 47, and extendable fins can 

be fabricated using piecing and modeling method. 

For a body with compliant features and a complicated shape, the segment assembling 

method can be used. For example, to realize the flexible fish body, the tuna robot is  

For a body length up to several meters, the robot body should always design with a 

streamlined fish body shape, which fits the efficiency requirements, and can also easily 

be implemented using a cylinder-like structure. These robots’ bodies are usually fabricated 

with the traditional manufacturing method.  
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1.2.2.3. Manipulator Design 

Manipulation is an extended function of the underwater robot, which usually encompasses 

grasping, picking up materials and material transfer. All of these functions can be 

decomposed into the grasping function and sucking function. These two functional units 

can then be moved by the locomotion unit to formulate a manipulator. 

1) Biological Feature Identification 

Grasping functions can be realized by a series of natural components, such as crab 

pincers, diving beetle front legs and octopus’s legs, as shown in Figure 1.6 I-A. Sucking 

functions can be realized by biological sucking cups, which can be found at different scales, 

such as Giadia at microscale and octopus at large scale, as shown in Figure 1.6 I-A. 

2) Biological Principles Extraction 

Grasping can be realized by friction-based holding and shape-based holding. Friction-

based grasping usually involves closing two plates to press the sample in the middle. The 

surface friction force is generated due to the normal force restricting the sample. The front 

legs of diving beetle are a good example of this. Shape-based grasping usually involves 

a conformable surface to wrap the samples, such as octopus’s legs, which can form a 

wrapping surface during hunting. Sucking is usually completed by sucking cups, which 

generate a bonding force onto the sample surface due to a pressure difference. The 

sucking cup is usually actively driven to allow easy attachment. 
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3) Manipulator Implementation 

For engineering implementation, friction- and shape-based grasping methods are always 

combined to increase the grasping strength. A multi-segmented structure with actuation 

on each joint can be implemented for grasping, such as robot hands. The grasping 

strength can be further improved by using flexible materials with a smart actuator 

embedded inside (Figure 1.6 III-A (3)). A sucking unit can be implemented by soft material, 

i.e. silicone rubber, to allow conformation (Figure 1.6III-A (3)). Sucking cups and grasping 

structures can be combined to further improve the strength. 

An actuator is another critical point for manipulation. For example, the closing of grasping 

fingers, conformation of a sucking disk, and rotation of a multi-segment leg, all require an 

actuator. Current available actuators for this manipulation can be categorized based on 

their sizes: servo motors, SMAs and magnetic actuators. Considering their dimensions, 

servo motors are usually used for joint regulation of a multi-segment structure, SMAs are 

usually used for rotation of flexible legs, and magnetic actuators can be used for sucking 

cup actuation. 

4) Depth Regulation: Depth regulation adjusts the depth of the robot underwater. 

(a) Biological Feature Identification for Depth Regulation 

A great number of strategies can be found in aquatic swimmers for depth regulation. For 

example, whale specifies use the spermaceti organ, fish use swimming bladders, whirligig 

beetles have air bubbles, and batoidea fish flap their wing-like fins in an asymmetrical way. 
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(b) Biological Principles Extraction for Depth Regulation 

Regulating fluid displacement volume for buoyant force adjustment is the most commonly 

observed method for depth regulation in biology. Swimming bladders, whirligig beetle air 

bubbles and whale spermaceti organs are all examples of this method. Depth can also be 

regulated using the force generated in the vertical plane, enabling robot diving and lifting. 

For example, octopuses can achieve motion in the vertical plane via fluid jetting; batoidea 

fish can also their flips fin up and down to generate a lift force for depth control. 

A flat body with a pitch angle is able to utilize kinematic energy for diving and lifting, as 

the batoidea fish does. 

1.2.2.4. Depth Regulation Implementation 

1) Buoyancy Force Regulation 

 

Figure 1.6 Bioinspired design for manipulator, control, depth regulation and sense. 
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Using an air compressor to push air in and out of the bladder to displace more or less 

water is the most common method for the majority of underwater robots and vehicles. This 

strategy is more likely to be applied on an underwater robot with large dimensions such 

as a submarine or a large size UUV, due to the relatively big size of the equipment. 

Recently, a small dimensioned pump with a large pumping capability has been developed 

as shown in Figure 1.6III-C (3). The compactly sized pump has a small piston area which 

allows for the generation of high pumping pressure to push the specified hydraulic oil out 

of the three-way valves and finally out of the interior bladder, enabling the underwater 

robot to achieve a diving depth of more than 3500m 5,48. Inspired by the whale spermaceti 

organ that volume difference between the fluid and solid state of the spermaceti oil, 

industrial grade oil, such as paraffin wax, easily to transit between fluid-solid states can 

be used to generate a large volume difference, i.e. up to 17% 49. 

2) Generate Force in Vertical Plane 

In order to generate force in the vertical direction, thrusters can be equipped at the top or 

bottom of the robot as shown in Figure 1.6 III-D(4) 50; alternatively, the lift force can also 

be generated in an indirect way, such as force decomposed in the vertical direction. 

3) Body Pitching 

A pitching body is able to convert the kinematic energy of forward motion to diving or lifting 

motion. Allowing mass to slide along the longitude trail enables the robot to change the 

pitching angle of the body for depth regulation 51. 
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1.2.2.5. Sensing Ability 

Sensing ability can be divided into two sections, external sensing and self-perception. 

1) Biological Feature Identification for Sensing 

External sensing includes optical sensors, such as eyes (simple eyes/compound eyes) 

and acoustic sensing organs. Self-perception includes position perception, such as 

velocity, acceleration, angular speed and angular acceleration, which can be realized by 

the vestibular organs (comprised by otolith organs and semicircular canals for balance 

and sensing and maintaining posture). 

2) Biological Principles Extraction for Sensing  

(a) External sensing 

Optical sensing involves simple eye sensing, where one or more lenses are used to 

observe the majority field of view. A compound eye is composed of thousands of optical 

sensors, each of which can generate diffractive sensing of external light, resulting extreme 

sensitivity to a moving object. Acoustic sensing involves generating sound waves that 

travel in the fluid by following the propagating wave and using receiving sensors to detect 

the reflected wave. The wave characterization difference between the sent wave and the 

returning wave contains information about the distribution of objects in space. By 

analyzing the phase delay and the magnitude decay, geometric and space information 

about the obstacles can be extracted. 
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(b) Self Perception.  

Pressure sensing: the pressure difference between the external and internal compartment 

will be converted to a force for pressure sensing. Fluid flow sensing: Mechanosensitive 

hairs located in the lateral lines of fish bend in response to fluid flow and generate 

electronic signals, which can be sensed by the neural cells. Acceleration sensing and 

angular speed sensing. These sensing abilities can be realized by mechanosensitive hairs, 

such as those found in the ears of mammals. 

3) Sensor Design and Implementation 

(a) External sensing  

Optical sensor. Compound eyes can be implemented by an artificial ommatidium. An 

artificial ommatidium is similar to an insect’s compound eyes, and consists of a refractive 

polymer microlens, a light-guiding polymer cone, and a self-aligned waveguide to collect 

light with a small angular acceptance. The ommatidia are omnidirectionally arranged along 

a hemispherical polymer dome so that they provide a wide field of view similar to that of a 

natural compound eye. The spherical configuration of the microlenses is accomplished by 

reconfigurable microtemplating, that is, polymer replication using the deformed elastomer 

membrane with microlens patterns. Then, formation of polymer waveguides self-aligned 

with microlenses can also be realized by a self-writing process in a photosensitive polymer 

resin 52. Simple eyes can be replaced by conventional cameras to image the whole field 

of view using one or more lenses. The common camera type can be classified as a CMOS 

or CCD. A more advanced single lens camera inspired by simple eyes has been fabricated 

to improve imaging resolutions, such as demosaicing functions inspired by the human 

eyes 53. Acoustic sensor. Sonar is an acoustic sensing device inspired by the echolocating 
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systems of aquatic species such as whales and dolphins. Low frequency and wide band 

sonar has been developed by mimicking the dolphin’s sonar system 54. 

(b) Self Perception.  

Fluid flow sensing. The key point for the fluid sensing is to convert the fluid momentum to 

the mechanical conformation of the flexible hairs for fluid speed representation. The similar 

function can be realized by the MEMS fabricated flexible film to mimic the biology hairs, 

which can generate electronic signals for the sensing 55. Artificial vestibular organ for 

acceleration and angular speed sensing have been fabricated in the same way to replicate 

the sensing function 56,57. 

1.2.2.6. Motion Control 

The function of motion control includes controlling all the functional modular components, 

such as regulating propeller motion, synchronizing sensor information, and coordinating 

other functional modules, such as depth control part to generate the desired propulsion. 

1) Neural Control and Working Principles in Biology  

Central Pattern Generators (CPGs) are the most important controller for locomotion 

regulation. Located in the lower thoracic and lumbar regions of the spinal cord, spinal cord 

CPGs are driven by tonic brainstem input, which converts tonic drive to a phasic output. 

Dynamic interactions of neuronal burst generating currents and synaptic currents can 

produce synchronized oscillations that can be regulated over a wide dynamic range by 

tonic excitation 58. Additionally, CPGs can generate intrinsic patterns of rhythmic activity 

independent of sensory inputs 59.  
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Modulation: It would be expected that neurons would be grouped into distinct functional, 

anatomical, morphological and molecular classes, which would be determined by the 

expression of specific patterns of transcription factors. These networks can be modulated 

by a high-level controller, such as a cortex, which can generate regulating signals by 

synchronizing sensory feedback. Alternatively, the synaptic plasticity, together with the 

great diversity of neuronal types and properties, can generate circuits with nonlinear 

conductive properties through which the signal can pass 60. Some sensory signals can 

alter these configurations to change the conductive speed and allow new signals to be 

passed faster or slower, which results in different patterns due to the reconstructed phase 

output. 

2) Motion Control Implementation 

Modular design enables the CPGs implementation: all the moving parts of the robot are 

decomposed on independent functions, allowing the regulation by a participated joint in 

the CPGs network. As shown in Figure 1.6, each module has the separated motors, 

second level controller, communicators, and this will allow the CPGs control in each 

module 43,61.  

Sensory feedback information usually includes robot acceleration, servo phase, obstacle 

information, and elastic component (e.g. artificial tendon) tension 62.  

CPGs modulation can be realized via a master controller. This high level controller just 

needs to talk with one second level controllers in a signal pathway.  Alternatively, the 

sensory feedback information can be synchronized to the local second level controller to 

formulate a local PD control loop, and the master controller to participate the locomotion 

pattern modulation 61,63.  
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Mathematical modeling of  CPGs: the CPGs can be described using a serial of nonlinear 

oscillators to mimic the oscillations within and between the CPGs 3. The most used 

oscillators include Hopf Oscillator 64, Matsuoka oscillator 65, Van Der Pol oscillator 59 and 

amplitude-controlled oscillators 66. 

1.2.2. Integration 

Integration means the assembly of all the independently created modules into the robot. 

The integration can be conducted from three different perspectives: mechanical 

integration, electronic integration and software integration. 

1) Mechanical Integration 

Mechanical integration can be categorized into three different connection methods based 

on bond force and they are material connection, form connection and field connection 67. 

Material connection method involves the interface joining by using an additional material 

to form a fixed connection. The available methods include welding connections, soldered 

connections and adhesive connections. The modular robot is integrated via the self-

soldering method. It formulated a strong, lightweight, solid state connection method based 

on heating a low melting point alloy to form reversible soldered connections 68. 

Form connection method utilizes the friction induced by surface pressure to hook up 

module interface together. Screw, bolt, pins are the most commonly used connection 

methods. Force connection is realized by the force induced by some field (e.g. magnetic 

field and static field), which exists between the module interface. In, magnetic bonds can 

be formulated between the neighboring interface via the permanent magnetic rods 

equipped on every edge of the interface 69. Additionally, the magnetic bonding method can 
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be further extended to the electronic controlled devices via the electromagnet, and 

modules can break when no power is applied. 

2) Electronic Integration. 

Electronic integration mainly associated with the power and electronic signals 

transmission between separated modules. Three integration methods, including wired 

integration, wireless integration and PCB compact, can be used for the signal pathway 

construction. Specifically, the wired integration usually for the power supply and plugging 

sockets on the module interface, wires within the modules and between modules are such 

examples. The strategies for the wired integration are the shortest path rule to avoid the 

complicity of the wired network as well as lower cost. Wireless integrations can be used 

in the modules has specific requirement, for example high pressure resistant waterproof. 

PCB compact is usually used in the central control module where wires tangling problems 

presented, increasing robustness of the electronic system. 

3) Software Integration 

Software integration usually involves the integration of the independent functional 

programming at each module and realizes analysis and processing of the signals 

transmitted by the electronic pathways within the modules as well as between the modules 

in a coordinated way. There are usually three different regulation modes, including 

distributed mode, centralized mode and hybrid mode. 

Remark1: at microscale, the integration usually involves the mechanical integration to 

connect propeller, body and appendages together. The connection methods usually 

include chemical bond, hydrogen bond and external field induced force bond. Software 
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and electric integration are more liked realized through integration of the external 

manipulation systems for each module. 

Remark2: for most robot platform, the integration can be conducted from two procedures, 

integration within the module (modular compact) and integrations between the modules 

(robot assembly). 

1.2.3. Experiment and Iterative Design 

Building an underwater robot is a complicate process and a large amount of parameters, 

each of which can affect the final performance of the robot. Additionally, the specific goal, 

such as high efficiency, high maneuverability, robust stability, fast speed, large thrust and 

etc., determine that an advanced robot cannot be achieved though one design cycle. 

Experimental test provides a direction metrics to evaluate the robot both in overall way 

and also in some specific perspective. The experiment method usually include simulated 

test based on the theoretical model. A complete simulated model can include dynamics 

motion and locomotion control, with all the parameters embedded in the model. The 

advantage of the simulated model includes providing details for each parameter and 

metrics for evaluation; lost testing cost. But the disadvantage is inaccurate results due to 

the mathematical approximation. On field experiment is the most straightforward method 

to test the underwater robot in a water pool or even in the nature environment, such in the 

river, lake and sea. It can provide the overall evaluation to the robot, but it can only be 

done after integration, which increases the design cycle. The third experimental method 

is platform test, which can partially test some of the completed modules or components in 

the early stage to avoid more mistakes in the late stage. For example, the propeller thrust 

can be achieved by the force sensor and signal generation by the controller can be 

analyzed by the oscilloscope. This test method can significantly improve the design 
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parameters and reduce the failure ratio by combining with the mathematical method during 

the design process (Figure 1.7).  

 

Figure 1.7  Propeller iterative design 
 

With the experimental results, the robot can be evaluated from different levels. The overall 

performance can reflect the integrated function of the whole robot and the compatibility 

between different modules. The specific test can evaluate the details parameters in the 

design, for example propeller thrust can reflect the effectiveness of the propellers shape 

and actuation method by comparing with the theoretically obtained value. With the 

modification based on the collected experimental data, the robot prototype can be further 

improved. After iterative design, the performance and robustness of the robot platform can 

be significantly enhanced (Figure 1.8). 
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Figure 1.8 Iterative Design of the Whirligig Beetle Inspired Robot 

1.3. Summary 

Design of an underwater robot with advanced propulsion performance involves specific 

goals, for example high propulsion efficiency for long journey travelling, high 

maneuverability for emergent situation escape, flexible manipulation for picking and 

manipulation. The various configurations of the propeller, body, control mechanism and 

etc. for each corresponding goal further increased the complexity of the design. Some 

underwater robot fabricated by borrowing unique characterizations of the biological 

counterparts achieved significant progress to simplify the design and better satisfy the 

environmental requirements. However, more general methodology is significantly in 

demand to synchronize and standardize the underwater robot development from the 

biology perspective. The cross-disciplinary method included in this paper illustrates the 

broad interest and strong potential for integrated and applied work essential to understand 

the relationship between biological propulsion, physical principles, and engineering 

implementation for the underwater robot development. 
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With the propulsion principles illustrated by five basic physical origins, this research 

bridged the unique features for efficient propulsion in biology and robotic embodiment. 

This simplified the bioinspired design, allowing seeking solutions in biology from basic 

principles rather than complicated detail for different situations. Additionally, the propulsion 

principles were illustrated in longitude direction to characterize the propulsion from 

microscale to large scale, and also from transverse direction to correlate the designs 

between different robotic sections. Mathematical characterizations were used to 

quantitatively explain the principles using the basic physical origins to reach a standard 

design. The object oriented method and modular design method, which were usually used 

in software architecture formulation, were refined to come up the object oriented modular 

method for the organization of all the procedures from biology to the engineering 

implementation. The proposed method was further tested by designing a whirligig beetle 

inspired swimming robot. 

This study has put the major emphasis on the design of an underwater robot from the 

energy efficiency perspective. Other design goals such as maneuverability and stability 

were only mentioned a little at some points, such as propeller distribution and body shape, 

due to the different focus. Details for the maneuverable and stabilization goal are referred 

to previous studies 70-72. 
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 : Design of Efficient Propulsion for Nanorobots 

2.1. Introduction 

Since the inception of the idea of nanorobots in1981 73, it has been a dream to use them 

for medical applications. These nanorobots would potentially work as the carrier of medical 

devices that would perform operations, inspections, and treat diseases inside the body 

and achieve ultrahigh accuracy in drug delivery 74,75. However, there are great challenges 

in designing a highly controllable and efficiently propelled nanorobot. One major challenge 

is that most medical diagnosis and treatments (such as neoplasms, epatitis, and diabetes) 

are related with conducting curative and reconstructive treatment at the cellular and 

subcellular levels. At these levels, highly targeted treatment is critical for the patient’s 

survival 74. Another challenge is that due to the small size of nanorobots, the space 

available for on-board energy storage is very limited. This makes energy-efficient 

propulsion an essential goal for propulsion system design in nanorobots 76,77. Additionally, 

although the robotic design theory has been well developed in the macro-scale, in low 

Reynolds number microscale regime, robotic design theory remains an open field 78. It is 

highly desired to develop new theories to address the design of efficient nanorobots. 

Over the past several decades, a variety of efforts have been conducted for research in 

nanorobotics. Due to the limitations of nanotechnology, many early studies focused on the 

fundamental understanding of behavior in the nanoworld 79. Using the Atomic Force 

Microscopy (AFM) manipulation approach, the dynamics motion of a nanoparticle moved 

by the AFM cantilever was theoretically analyzed 80. Then based on the evolutionary 
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approach and artificial neural networks, the fixed point delivery theory was developed to 

transport biomolecular pieces for nanorobot self-assembly through the circulatory system 

81. Starting early 2000s, control methods allowing nanoparticles to start from an initial point 

to a desired location (without reference tracking) were developed, and realized by using 

magnetic field guided nanoparticles 74. 

In recent years, more advanced methods became available for nanorobot design and 

control. The artificial bacterial flagellum fabricated from the magnetic stacked thin films 

provided more options for nanorobot propeller design with comparable geometries and 

dimensions to their organic counterparts 22. The nanorobot, consisting of a red blood cell 

body and a DNA-bound magnetic beads propeller, was capable of following simple 

reference trajectories under a short path controller 23,82. However, the relationship of 

design parameters, energy utilization, and controllability of the nanorobot remains unclear. 

To address the above challenges, a biologically engineered nanorobot was proposed 

using a bioengineering approach 77. Included in the proposed design was a unique 

propulsive system inspired from the flagellum of swimming microorganisms, which have 

an unparalleled ability to maneuver at low Reynolds numbers. The first step of the 

approach is to choose proper parameters for the nanorobot design. Previous work has 

been proposed to determine the optimal elasticity of a rotary bacterial flagellum with 

respect to maximization of the mean forward speed of the structure using Regularized 

Stokeslets 83. However, it remains an open question on how to choose a proper 

optimization approach to design a propeller that is capable of high energy utilization and 

good controllability, especially for propellers with undulating motion. The second question 

is how to design a controller to realize accurate tracking and energy efficient propulsion. 

Some optimal controllers have been developed for reference tracking through external 
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magnetic field regulation 82. It may be interesting to see how the energy utilization is being 

optimized for the approach. Unfortunately, there is currently no approach to optimize both 

for nanorobot design. In this paper, to balance the trade-off between energy utilization and 

trajectory tracking errors for the nanorobot design, we will extend the analysis of bio-

inspired nanorobot propulsion by developing a multi-step optimal control strategy. 

To achieve this goal, a mathematical model to describe the fluid dynamics of nanorobots 

was derived based on inspiration from swimming microorganisms. Next, a two-step 

optimal design approach was proposed to account for the trade-off between tracking 

efficiency and energy consumption. In the first step of the optimization, a numerical 

method was derived to determine the optimal parameters for a given initial torque input. 

In the second step, an analytical solution was used to determine the time-dependent 

torque necessary to efficiently track a given trajectory. The approach was further validated 

using experimental data obtained from human sperm. Finally, simulations were conducted 

to analyze the effectiveness of the proposed nanorobot design approach to achieve high 

energy efficiency and low trajectory tracking errors. 

2.2. Dynamics Model Formulation 

We analyzed the propulsion of a nanorobot based on the general body design of sperm 

(Figure 2.1). In this design, the body trunk can be generalized as an ellipsoid with a single 

flagellum mounted at one of the poles of the major axis. Using this assumption, the viscous 

forces on the body can be estimated from the equation for the motion of an ellipsoid in 

Stokes flow. In order to accurately model the fluid dynamics associated with flagella 

propulsion, resistive force theory was used to develop the dynamic equation. Then, the 

flagellum is modeled as a chain of rigid links connected by frictionless rotational joints, 
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which is supported by the repetitious segmental flagellar structure. Using these 

approaches, an accurate dynamics model can be built to describe the motion of a 

nanorobot. A list of the parameters used in the nanorobot model are shown in Table 2.1. 

 

Figure 2.1 A Schematic of the swimming nanorobot. 
 

Based on resistive force theory, fluid forces can be described in the body and flagellar link 

frames. However, the dynamic equations are usually formulated in the inertial frame. In 

order to conduct transformation between different frames, we define the following 

transformation matrices: 
cos -sin

: =
sin cos

b b

b bs
 
 

 
 
 

, transformation from the body to inertial 

frame, 
cos -sin

:
sin cosi

i i

i i

s
 
 

 
  
 

, transformation from the i-th flagellar link frame to the inertial 

frame, and :=
C S
S C
 


 

 
  

 
, transformation from all flagellar links to the inertial frame, 

where    1 1: = sin , ..., sin , : = cos , ..., cosn nS diag C diag     . 

To apply “addition” and “subtraction” operations on neighboring flagellar links, we define 

the corresponding operators as:

1
1 1

:
... ...

1 1 n n

A



 
 
 
 
 
 

 , and 

-1 1
-1 ...

:
... 1

-1 n n

B



 
 
 
 
 
 

. 
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In order to distribute the effects from the body to each flagellar link, we define the 

distribution matrix as: 
0

:=
0
e

E
e

 
 
 

,where  := 1 ... 1 T

n
e . In addition, an augment 

transformation matrix was derived to transform velocities between the inertial frame and 

all flagellar link frames. The velocity transformation matrix is  := - TN FS FC   , where 

 -1
:= T

fF B AL , and the flagellar length matrix is  := , ...,fL diag l l  . 

Finally, to calculate the fluid forces for all links along the flagellum, we define the fluid 

coefficient matrix for each flagellum: 
0

:=
0
t

n

C
C

 
  

 
, where  := ,...,t t tC diag c c , and 

 := ,...,n n nC diag c c . 

2.2.1. Body Model 

1)  Body Fluid Force 

Standard equations for the motion of an ellipsoid in Stokes flow were used to establish the 

model of the body motion 84. The fluid forces ( ,x yF F ) and moment ( GM ) on the body in 

the inertial frame are described as: 

Tb T
x y t x yF F sc s z z        , (2-1) 

- b b
G oM c   ,             (2-2) 

where 
T

x yz z     is the body velocity in the inertial frame. The fluid coefficient matrix, 

 - ,  b b b
t l nc diag c c , is applied to calculate the fluid force of the body, which is transformed 

to the inertial frame by transformation matrix s . The angular velocity of the body in the 



50 

inertial frame, b , and the rotational drag coefficient of the body, b
oc , are used to calculate 

the moment of the body GM . The drag coefficients of the body are below 84: 

 
-1

3 2 1+8=6 -2 + 1+ ln
3 1-

b b
l b b b

b

ec a e e e
e


 

  
 

, 

 
-1

3 2 1+16=6 2 + 3 -1 ln
3 1-

b b
n b b b

b

ec a e e e
e


 

  
 

, 

 
-12

2 3 2
2

2- 1+4=8 -2 + 1+ ln
3 1- 1-

b b b
o b b b

b b

e ec ad e e e
e e


   

    
   

, 

where  is the fluid viscosity, and 2 2= 1- /be d a is the eccentricity of the body. 

2)  Body Model Formulation 

Since the inertial effects are negligible at low Reynolds number (i.e., 10-5-10-4), the 

equation for the body motion is a balance of viscous forces/moment from the fluid and 

thrust/moment from the flagellum. Thus, the body model in the inertial frame can be 

described by: 

1 1+ =0
T TT

t x y x ysc s z z h h        , (2-3) 

1 1 1 1- + - + + =0
Tb b T

o y x x yc r r s h h b u       
 . (2-4) 
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2.2.2. Flagellum Model 

Table 2.1 Definition of parameters for nanorobot model 

 

Remark: ,  ,  , , ,  ,  ,  ,x y x yx y h h u b f f  are the vector notations corresponding to 

,  ,  , , ,  ,  ,  ,
i i i ii i i x y i i x yx y h h u b f f . 

 

1)  Flagellum Fluid Force 

The dynamic model of the flagellum can be formulated by balancing the force and moment 

applied to each flagellar link. A similar modeling approach has been used to describe the 

flagellar motion of Giardia lamblia 85.  

The fluid forces acting on the flagellum can be calculated using resistive force theory. For 

each link, the fluid forces can be calculated as: 

   =- diag ,  
i i i i

T TT
x y t n i if f s c c ls x y       ,     (2-5) 



52 

where  Ti ix y  is the velocity vector in the inertial frame for the geometrical center of the 

i-th flagellar link, 
i

Ts  transforms the velocity to the flagellar link frame, and 
i
s transforms 

the fluid forces to the inertial frame. The tangential and normal drag coefficients of the 

flagellum  ,t nc c  can be calculated from the flagellar radius ( fb ), wavelength ( f ), and 

fluid viscosity ( ) 86: 

 
2

ln 2 -1 2t
f f

c
b



 , and   

 
4

ln 2 1 2n
f

c
b






.   (2-6) 

Finally, to combine the fluid forces from each flagellar link (2-5) over the whole length of 

the flagellum, the following equation was used: 

 =- + -
i i

T T TT b
x y x y y xf f E z z E s r r N              

    (2-7) 

2)  Flagellum Model Formulation  

For each flagellar link the following balanced equations for force and moment in inertial 

frame: 

+1

+1

0i i i

i i i

x x x

y y y

f h h

f h h
     

       
          

, (2-8) 

   +1 +11 1- - - sin cos 0
i i i ii i i i x x i y y ib b u u h h l h h l         .  (2-9) 

Assembling the forces (2-8) and moment (2-9) for each flagellar link over the entire length 

of the flagellum, leads to the following dynamics model: 
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0,x x

y y

f hB
f hB

    
     
    

                                                                                                       (2-10) 

- 0.
TT T

f f x yBb Bu L A S L A C h h                                                                                             (2-11) 

3) Internal Force and Thrust Generated by Flagellum 

The internal force on the flagellum can be derived by substituting flagellar fluid force (2-7) 

into (2-10): 

-1

-1

-
- +x x yT b

y y x

h z rB
E E s N

h z rB    
       

                 

 


                                                                 (2-12) 

The total thrust generated by the flagellum can be obtained by summing the fluid force 

along the entire flagellum (2-7): 

1

1

-
=- +x x yT T b

y xy

h z r
E E E s N

z rh    
      

               

  


                                                                                     (2-13) 

2.2.3. Integrated Model 

By substituting the internal forces (2-12) into the flagellar moment (2-11), the complete 

dynamics model of the flagellum: 

11 12 13+ + =b
tA A A z Bu                                                                                                                                         (2-14) 

Further, by substituting the thrust generated by the flagellum (2-13) into body model in 

(2-3) and (2-4), dynamics equations can be derived to account for the force (2-15) and 

moment (2-16) on the body, as shown below: 

12 22 23 1+ + = ,T b
tA A A z u                                                                                                   (2-15) 
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13 23 33+ + =0,T bA A A z                                                                                                          (2-16) 

where,  1 2 1= ,..., ,  = - +T b
n tK diag k k k u u KB Ke    ,  1 = 1 0 ,..., 0 Te ,  and 1tu  is the 

first element of tu . 

The swimming nanorobot model in (2-14), (2-15) and (2-16) can be further grouped into 

the augmented matrix form: 

 1 0 T
t tAX Bu u                                                                                                      (2-17) 

where 
11 12 13

12 22 23

13 23 33

:= T

T T

A A A
A A A A

A A A

 
 
 
  

, :=

T

bX
z



 
 
 
 
 





 and  :

T
x

y

z
z

z
 

  
 





. 

2.3 Propulsion Optimization 

The movement of nanorobots can be evaluated by several metrics, such as energy 

consumption, translational and turning speeds, ability to track a reference trajectory, thrust, 

and many others. However, considering the inability to provide external energy to the 

proposed nanorobot, and the small amount of on-board storage, it is critical that energy 

usage be maximized. Further, the ability to closely follow a given trajectory is crucial for 

targeted delivery. Therefore, we chose to optimize the trade-off between energy 

consumption and tracking efficiency. 

 

 

 



55 

 2.3.1 Optimal Design Formulation 

To formulate the above as an optimization problem, the swimming nanorobot model in 

(2-17) can be rewritten as: 

   X g X h X u  ,                                                                                                        (2-18) 

The cost function established in this work evaluates the performance of the nanorobot by 

comparing energy consumption with the ability to accurately follow a given trajectory. 

Since energy consumption is closely related to the actuation torque, we use 

   
0

:=
T T

En u t u t dt        to represent the energy from time 0  to T . The tracking accuracy 

can be controlled by maintaining a minimum tracking error      := re t X t X t , where 

:=
Tb

r r r rX z    is the reference trajectory. Using the two evaluators, the cost function 

can be formulated by choosing a trade-off between these two objectives: 

      0
, , - - +

T T T
r rJ X p u X X Q X X u Ru dt                                                                                        (2-19) 

where Q and R are two semi-definite matrices defining a trade-off between tracking 

efficiency and energy consumption, and p represents the geometric or material properties 

of the flagellum and body. Encompassed in p are geometric parameters that affect the 

locomotion performance of the nanorobot, such as the length of the major (a) and minor 

(d) axis of the body, the flagellum length (l ) and radius (bf), and the number of flagellar 

links (n). Encompassed by p is the material properties of the flagellum, such as flexural 

rigidity (K). 

Considering the importance of the flexural rigidity of the flagellum on propulsion 83,87,88, we 

chose to illustrate the proposed approach by allowing p to represent the flexural rigidity of 
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the flagellum. In addition to the close relationship of the actuation torque to energy 

consumption, tracking of the reference trajectory can also be achieved through regulation 

of the torque (u(t)) on the propeller (i.e., flagellum). We chose torque as the other 

parameter for optimization. Using these two terms (flexural rigidity and actuation torque) 

as the parameters for optimization, the following optimization problem was derived: 

 
 

,  
min , ,       . . robotic dynamics equation
u t p

J X p u s t                                                                              (2-20) 

2.3.2 Computational Approach 

The above problem (2-20) is related to the optimization of the time-independent flexural 

rigidity and the time-dependent actuation torque. Unfortunately, it is difficult to find 

analytical solution for the two parameters simultaneously. We separate the optimization 

problem into a two-step optimization. 

1)  Step One: Use a Jacobi and Gradient Method to Find the Optimal Flagellar Flexural 

Rigidity 

The optimization for Step One can be formulated as: 

   min , ,     . . 18
p
J X p u s t ,                                                                                                 (2-21) 

where u must be assigned with a specific function, so that (2-18) becomes an autonomous 

system. Here we chose a typical sinusoidal oscillation 85: 

 = sin + +u t    , 
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The parameters , ,     and   can be chosen based on the specific situation. In most 

cases, such as forward locomotion, we let =0 . Hence by substituting the assigned u, the 

optimization problem in (2-21) can be simplified to: 

 min ,     . . robotic dynamics equation
p
J X p s t . 

In order to solve the above differential equation constrained problem, we propose a new 

optimization algorithm. 

Consider the following optimization problem: 

   
0

min ,  : min , ,
T

p p
J X p L X p dt                                                                                          (2-22) 

  . .     = , s t X f X p ,                                                                                                   (2-23) 

where the constraint (2-23) leads to: 

   0 0
, = + ,

t
X p t X f X p dt .                                                                                                     (2-24) 

 

Figure 2.2 Calculation flow chart for the first step optimization. 
 

By substituting  ,X p t  (2-24) into (2-22), the optimization problem in (2-22) and (2-23) 

can be converted into  a non-constraint optimization problem as: 
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    min , ,  min
p p
J X p t p J p . 

The optimization can then be solved by the following gradient optimization algorithm. 

Description of the algorithm used for Step One (Figure 2.2): 

a) Choose initial condition: 0X , and the initial parameter 0p .  

b) Compute differential equation (2-23) to obtain  ,X p t , given 0X  and kp . 

c) Compute  
kp kJ p (see Appendix C). If  

kp kJ p    (  is a small positive constant), 

output kp  as optimal parameter, and then stop; Otherwise, go to the next step. 

d) Choose step length >0sl . Compute the next parameter  +1=
kk k s p kp p l J p  . 

e) Go to Step b), and repeat. 

2) Step Two: Use Pontryagin’s Maximum Principle to Calculate Time-dependent Torque 

If we substitute the optimal flexural rigidity *p  obtained from Step One into the objective 

function (2-19) and constraint (2-18), we obtain the second step for the optimization: 

 
 *min  ,  ,     . . robotic dynamics equation

u t
J X p u s t . 

Since the actuation torque is time-dependent, an optimal actuation torque can be obtained 

by minimizing the cost function under the differential equation (2-18). This problem can be 

solved using Pontryagin’s maximum principle. Initially, we define a Hamiltonian function: 

         , := + + = - - + + +TT T T
r rH X E g hu X X Q X X u Ru g hu   , 
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where   is the Lagrange multiplier. According to Pontryagin’s maximum principle, we 

have the following two-point-boundary-value conditions: 

 * * * *
0= = + ,   0 =HX g h u X X





 ,                                                                                               (2-25) 

 * * *=2 , 0TH Ru h X p
u


 


,                                                                                         (2-26) 

   * * * *=-2 - - - , =0
T T

T
r

g hQ X X u T
X X

       
       

                                                                           (2-27) 

Since R  in (2-26) is a scalar, the optimal actuation torque is:  

 * -1 * *0.5 , .Tu R h X p                                                                                                   (2-28) 

Substituting (2-28) into (2-25), we have: 

     * * * -1 * *, - , 0.5 , .TX g X p h X p R h X p   
                                                               (2-29) 

 

Figure 2.3 Calculation flow chart for the second step optimization 
 

To obtain the optimal actuation torque numerically, we need to solve (2-27) and (2-29), 

and then apply the following forward and backward sweeping algorithm 89. Description of 

algorithm used for Step Two (Figure 2.3): 
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a) Make an initial guess  0u  for an optimal input. 

b) Solve forward by (2-29) to obtain *X  based on the initial  condition  * 0 0X  . 

c) Solve backward using (2-27) to obtain * , based on the final condition  * 0T  . 

d) Update control law (2-28) by entering *X  and * . 

e) Check convergence by comparing the obtained torque with the previous value. If yes, 

then we take *u  as the optimal control. If not, then go to Step b) and repeat the 

process. 

2.4. Validation for the Proposed Approach 

In order to validate the proposed optimization method, we have tested the dynamics model 

and optimal control by using a nanorobot with the same geometric parameters as human 

sperm (Table 2.2) 90,91. The actuation torque was applied along the length of the nanorobot 

flagellum, similar to sperm, and the initial value for the torque was set as  44000 pN·nm, 

which was within the torque range specified for sperm (103 to 104 pN·nm) 92. Additionally, 

to mimic the design of human sperm, the first 4 μm of the nanorobot propeller was 

considered 10 times more rigid than the other links. Based on these initial conditions, 

simulation was conducted for the sperm-based nanorobot, and the results were then 

compared with experimental data collected for human sperm. 

 

 

 



61 

Table 2.2 Parameters used in nanorobot simulations 

 

2.4.1. Analysis of Tracking Errors 

Based on this optimization, the flexural rigidity of the flagellar was determined to be 

5.8×10-19 N·m2. In previous studies, the flexural rigidity of sperm flagella was 0.07×10-20 

to 7.4×10-20 N·m2 93,94, with bacterial flagella being much stiffer, 10-16 N·m2 . Therefore, 

the optimized value is within a reasonable range for flagella in general. 

 

Figure 2.4 Nanorobot straight line tracking. R=1 and Q=diag(0,0,0,0,0,0,2.5,2.5). 
 

For the second step, two cases were considered. The first case examined the ability of 

the nanorobot to track a linear trajectory. We assumed that, in the inertial frame, the 

trajectory of the mass center of the nanorobot was a straight line along the x axis with a 
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starting position of 0 that moved in the negative x direction, with a reference speed of -74 

μm/s. In this case, the weighting parameters were R=1 and Q=diag(0,0,0,0,0,0,2.5,2.5). 

The simulation was conducted for 2s. Figure 2.4 shows the simulated trajectory of the 

nanorobot along the linear reference trajectory. Due to the structure constraint of the 

nanorobot, it cannot move directly along the trajectory, but instead oscillates around the 

trajectory, similar to sperm 91. While this may inherently appear to be an energy inefficient 

strategy, the design limitations at the micro and nanoscale dictate this form of motion. 

 

Figure 2.5 Nanorobot curve tracking. R=1 and Q=diag(0,0,0,0,0,0,5,5). 
 

Simulations were further conducted with a curved trajectory. A curve, zxr=-0.95t*0.5 and 

zyr=-0.55t, was chosen. The larger curved reference trajectory requires more energy to 

achieve the same tracking accuracy, and larger |Q| for more sensitive output (zxr, zyr) 

regulation. Since this trajectory was more complex than the original linear trajectory, the 

weighting parameter for tracking, Q, was increased to Q=diag(0,0,0,0,0,0,5,5). Figure 2.5 

shows the trajectory of the nanorobot compared to the curved reference trajectory. When 

following the curved trajectory, the nanorobot achieved a speed of 72.3 μm/s, compared 
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to the reference speed, 74 μm/s. The slower speed can be explained as the result of the 

trade-off between tracking accuracy and energy consumption. 

When comparing the results of the simulation with experimental data obtained from human 

sperm, the nanorobot performed with similar efficiency. Human sperm, with a flagellum 

length of 40 μm -90 μm and beat frequency of 6.6-10.4 Hz, achieved speeds of 55.7 ±24.9 

μm/s for linear trajectories and speeds of 88 ±28.7 μm/s when swimming in curved 

trajectories 91. It is not possible to experimentally measure the energy expenditure of 

sperm while moving in different trajectories for comparison. However, as described above, 

the ability to follow similar trajectories over the same range of speeds demonstrates the 

effectiveness of the model and the proposed optimization method. 

2.4.2. Analysis of Energy Expenditure Relative to Tracking 

What can also be observed from the oscillating nature of the trajectory, is the need to 

balance the energy input vs. the ability to track the trajectory. Clearly the nanorobot, in a 

non-optimized system, could reach the same endpoint through numerous paths; however, 

it would require a much larger energy expenditure. To inspect the tracking efficiency and 

energy efficiency after optimization in terms of Tu u , an increased weight was given to the 

energy efficiency by increasing R to 5. As shown in Figure 2.6, with more weight placed 

on energy efficiency, the trajectory does not track consistently as the original in Figure 2.5. 

However, there is a reduction in the torque over the first three links of the flagella. In 

essence, by weighting the energy efficiency in this way, the overall energy input is reduced 

by 16.5%. This data demonstrates how the optimal controller can effectively balance the 

trade-off between energy consumption and reference tracking. Through modification of 

the weighting parameters Q and R, multiple simulations can be conducted to determine 
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the best balance for a specific application, thus showing the strength and tunability of this 

approach. 

 

Figure 2.6 Results from increasing the weight of energy efficiency. (a) Actuation torque at each link 
of the flagellum. (b)Trajectory tracking with an increased weight given to energy efficiency, R=5 
and Q=diag(0,0,0,0,0,0,1,1). 

 

Figure 2.7 Small head size nanorobot actuated by single point torque 
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2.5. Nanorobot Design Analysis 

After validating the controller, we applied the approach to analyze varying nanorobot 

designs. For the purposes of this study, we analyzed the effect of BFRs (BFR=2a/l, where 

a is the length of the major axis of the body, and l is the length of the flagellum) on 

propulsion. We compared three categories of nanorobots: 1) 1BFR , inspired from 

sperm; 2)  0.2 1.0BFR , inspired from Giardia lamblia and Tritrichomonas foetus 95, and 

3) 1BFR , inspired from ciliates.  

2.5.1. Small Body to Flagellum Ratio 

As we have demonstrated, actuation at multiple points along the flagellum can effectively 

propel nanorobots. At present, however, this form of actuation has proven difficult for 

implementation, and requires the development of an electrically active flexible filament. 

Considering this constraint, we analyzed the effect of a single actuation at the proximal 

segment of the flagella, and the translation of this energy through a passive filament. From 

a design perspective, this represents a simplification of the biological system and 

increases the possibility of implementation. However, when a torque of 44000 pN·nm was 

applied at the first segment only, the nanorobot was not able to achieve forward propulsion, 

and instead oscillated around a stable position (Figure 2.7 (a)). As shown in Figure 2.7 (b), 

with a small BFR of 0.05, the nanorobot body can oscillate within the range of [-15°, 15°]; 

however, the flagellum oscillation is almost zero. The lack of effective flagellum oscillation 

means that the energy cannot be transmitted through the flagellum, at a small BFR. Based 

on the data obtained from the simulation, if a nanorobot was designed with this small BFR, 

then it would be necessary to actuate the flagellum at multiple points. While practically this 

is challenging, much research is focused on the design and fabrication of novel 

electroactive materials that may one day fulfill this need 96. 



66 

2.5.2. Medium Body to Flagellum Ratio 

Unlike the small BFR, when the ratio increases to 0.2-1.0, both of the actuation strategies 

(multipoint actuation and single actuation) are capable of propelling the nanorobot. Figure 

2.8 shows the ability of a nanorobot with BFR=0.7 to be propelled by both types of 

actuation to follow a given curved reference trajectory. All other parameters for the 

nanorobot are the same as Figure 2.5. As shown in Figure 2.8 (a), the nanorobot driven 

with single actuation at the proximal link has a more complex swimming motion, but is still 

able to track the reference trajectory. The complicated trajectory is caused by oscillation 

of the body induced by the application of the torque at this proximal link. In Figure 2.8 (b), 

it can be seen that the multi-point actuation is capable of tracking the reference trajectory 

at this BFR, but with less deviation from the reference trajectory. 

 

Figure 2.8 Curve tracking actuated by single torque and multiple torque. All conditions were the 
same as the sperm simulation except the body size (BFR=0.7). R=1, Q=diag(0,0,0,0,0,0,5,5), and 
reference trajectory zxr=-0.88t0.6, zyr=-0.27t. 
 

While both the actuation strategies are capable of following the reference trajectory, there 

are obvious differences between the torque applied in these cases. In order to further 

identify the optimal actuation approach for the nanorobot design, the power consumption 
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and internal force generated along the flagellum in each case were inspected. The power 

consumed at each flagellar link can be obtained by integrating the product of the force and 

velocity in x and y direction along the flagellum for each link, and can be expressed as: 

   
i i i

TT
f i i f i iP x y s cL s x y      , where  ,t nc diag c c . 

The average power consumed by each link during a given time period can be computed 

as, 
0 i

T

fP dt T . Furthermore, the internal force is 2 2= +
j jj x yf f f , where 

jx
f  and 

jy
f are the 

internal forces generated for the j-th link, which can be expressed as: 

    
1

- cos sin cos - sin - cos sin
j

n

x t i i i i i n i i i i i
i j

f c x y c x y     
 

      , 

    
1

- cos sin sin + sin - cos cos
j

n

y t i i i i i n i i i i i
i j

f c x y c x y     
 

      . 

For each link, the average force generated in each cycle is computed as
0

T

jf dt T . 

 

Figure 2.9 Single and multipoint actuation compared in terms of power dissipation and internal 
force generated along the flagellum (a) average power and (b) average internal force distribution 
along the flagellum 
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From Figure 2.9 (a), we note that in both actuation strategies, the maximum power 

dissipation to the fluid, i.e., thrust, occurred at the most distal link. However, in the 

multipoint actuation strategy, the thrust generated at each link is greater than the single 

actuation, with the exception of the first link. Similarly, the average internal force is much 

higher for the single actuation strategy at each link, with the exception of the distal link 

(Figure 2.9 (b)). In the single actuation method, the proximal energy consumption is larger 

than the multiple actuation propulsion, which leads to the larger oscillation of the 

nanorobot resulting in the altered strategy. 

Despite the increased thrust generated from the multipoint actuation, feasibility of the 

single actuation design, and its ability to follow the reference trajectory validates this 

method as a potential strategy for nanorobot design at  0.2 1.0BFR . 

2.5.3 Large Body to Flagellum Ratio 

Simulations were conducted with BFR=10 to determine the effect of relatively short flagella 

on a large body. Based on the simulations, we determined that the speed of the body was 

0.6% body length/s for both actuation methods. While at first this seems to be an 

insignificant strategy for effective propulsion, in microorganisms with this BFR, have 

thousands of short flagella, termed cilia that cover the outer surface of the cell and beat in 

a metachronal manner to generate significant propulsion. While this may be an effective 

strategy for microorganisms, the fabrication and control over thousands of propulsive 

structures at the microscale represents a significant challenge for nanorobot design. 
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2.6. Summary 

In this research, we have proposed and validated a design approach for energy efficient 

propulsion in nanorobots. This approach has been used to determine the optimal flexural 

rigidity of a flagellum-like propeller for a given torque, and was found to be in agreement 

with the known range of sperm flagella. While the optimal flexural rigidity was used as an 

example for this research, the approach could also be used to optimize the flagellum 

radius and length, and the body shape and length. It is possible to design more energy 

efficient propulsive systems for nanorobots.  

Finally, the proposed model and optimal control were used to analyze the effect of single 

and multiple actuations along the length of flagella, in terms of the BFR. It was determined 

that for the simplest single actuation method, it was necessary for the nanorobot to have 

a BFR> 0.2. At a BFR below this limit, single actuation was not able to propel the 

nanorobot. Additionally, multiple actuations were more effective at propelling a nanorobot 

of similar geometry and providing greater maneuverability. . 
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 : Implementation of Whirligig Beetle Inspired 

Robots at Transition Scale 

3.1. Introduction 

In recent years, swimming robots have become increasingly important for surface and 

underwater operations such as deep-sea exploration, military missions, and offshore oil 

maintenance 97. Biological systems (for the purposes of this paper we refer to swimming 

creatures) with superior swimming capabilities which have been obtained through millions 

of years of evolution provide novel ideas for the development of smart swimming robots, 

allowing enhanced propulsion efficiency, acceleration, and maneuverability25. However, 

developing such advanced robots by imitating the form and function of nature swimmers 

would be challenging because their protein-based materials, powerful muscoskeletal 

actuators, and adaptive closed-loop neural control systems are beyond the current state 

of the art in robotics 2 and their mechanisms are also as yet poorly understood. 

Recent decades have seen significant efforts in developing bio-inspired robots. However, 

due to a lack of development in the needed materials and technologies, only empirical 

approaches have been used to understand and imitate natural propulsion. For example, 

in order to mimic the structure of the caudal fin in fish, the optimal flexural rigidity was 

determined to allow a robot tail to generate a large thrust 98. To maintain high levels of 

energy efficiency, actuating methods were investigated by studying a fish-like oscillating 

foil 99. With a tuna inspired robot platform, the fluid patterns behind the robot tail were 
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visualized through the use of dyes in order to understand the fluid dynamics relevant to  

energy-efficient propulsion 2. 

 

Figure 3.1 Views of the whirligig beetle with legs and larvae. Three pairs of legs are extended from 
the bottom of the body although only the middle and hind legs are used for swimming 96 

 

During the past few years more advanced materials and methods have become available 

for use in the design of robots with higher swimming performance. Using specific polymers, 

a six fin-rayed robotic caudal fin inspired by the bluegill sunfish was developed. This fin 

was capable of generating complex tail conformations and motion similar to those seen in 

the locomotor repertoire of live fish 100. With newly developed ionic polymer–metal 

composite (IPMC) actuators, a hybrid tail was designed. This study saw improvement in 

thrust capabilities, as well as speed capabilities 101. Also inspired by biological systems, 

more advanced robot control methods have recently been developed. For example, an 

amphibious snake robot, inspired by the central pattern generators in the primitive neural 

system of the salamander,  was able to implement multiple gaits based on the environment 

and conditions 102. 

While earlier studies focused mainly on designs akin to fish, water surface insects possess 
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unique morphologies and efficient motilities that have made them a topic of research in 

recent years. For example, robots were built in-line with the surface-tension-driven 

capabilities of water striders that can walk and jump on the surface of water 25. In this 

paper, an energy-efficient surface propulsion mechanism is proposed. This mechanism 

was inspired by the whirligig beetle, known to be one of the most efficient swimmers within 

the animal kingdom 103-105. As shown in Figure 3.1, whirligig beetles are characterized by 

an ellipsoidal body and two pairs of paddle-like legs for efficient surface swimming 103.  It 

has been discovered that whirligig beetles, who move by beating their legs in an 

alternating fashion, can travel in S-shaped trajectories 106. Such methods of motion are 

believed to be highly energy-efficient 16. Previous studies have concluded that whirligig 

beetles can swim at a speed up to 44.5 body lengths/second with a maximum turning rate 

of 4428°/second and a minimum turning radius as small as 24% of the body length 70. This 

insect is also able to maintain a high speed and a high maneuverability with a propulsion 

efficiency up to 84% 107,108. 

Two characteristics of the propulsion mechanism of whirligig beetles were implemented 

on our robot platform, namely propeller design and beating pattern regulation. To achieve 

these objectives, two optimization approaches were developed to investigate (a) the 

propeller that is able to produce maximum thrust; and (b) the most energy-efficient beating 

patterns. A compliant propeller with a value of flexural rigidity determined by the stroke 

direction was proposed in order to achieve a large propulsion area ratio between the 

power and recovery strokes and to obtain maximum thrust in the manner of the whirligig 

beetle. The flexural rigidity was further optimized to allow the most efficient utilization of 

the generated thrust. Through optimizing the beating pattern, best actuation methods were 

developed to regulate and optimize the propeller beating for energy-efficient propulsion. 

Simulations and experiments were conducted to analyze the effectiveness of the proposed 
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whirligig beetle inspired robot design. 

This paper is organized as follows: in Section II, the unique propulsion mechanisms used 

by whirligig beetles are discussed; in Section III the swimming robot platform design and 

fabrication are explained; in Section IV the dynamics model for the swimming robot 

locomotion is formulated and the optimized designs are discussed; in Section V the 

optimal parameters for energy-efficient linear swimming and turning are further validated 

through simulation and experiment; and, finally, the discussion and concluding remarks 

are presented in Sections VI and VII respectively. 

3.2. Bioinspiration Derived From Whirligig Beetles 

Two of the most important characteristics for the efficient propulsion of whirligig beetles 

are their unique legs and biologically-optimized beating patterns 16. It is therefore 

necessary to understand these characteristics in order to properly apply them to our bio-

inspired robot design from an engineering perspective. 

3.2.1. Unique Morphologies of the Whirligig Beetle Leg  

As shown in Figure 3.2 (a), the whirligig beetle’s leg is characterized by a multi-segmented 

structure with independent actuations on each segment. This arrangement allows full 

control of the leg for larger thrust generation 16,103. We thus propose a compliant propeller 

design which is passively oscillated by a single proximal end actuation as shown in Figure 

3.4. Compared to the fully actuated whirligig beetle leg this design significantly reduces 

energy expenditure and control complexity of the robot. To compensate for the weakness 

of the under actuated propeller design, the flexural rigidity along the propeller length is 

optimized to achieve the ideal bending that whirligig beetles exhibited in nature for large 

thrust generation. 
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Figure 3.2 Inspirations from hind legs of whirligig beetle. (a) The hind leg and swimming hairs of 
whirligig beetles under scanning electron microscope (SEM). Segments of the legs are fully 
controlled during the whole beating period which allows the leg to beat with the optimal attacking 
angle for large thrust generation. (b, c) Traces of the whirligig beetle’s hind leg in the power and 
recovery strokes (modified from 103,107). The propulsion area increases/reduces during the 
power/recovery stroke due to expansion of swimming “hair”. 
 

Additionally, the swimming “hairs” attached to the leg can generate a large propulsion area 

ratio between power and recovery strokes, further increasing net thrust. Specifically, the 

middle and hind legs of the whirligig beetles have evolved into highly efficient swimming 

paddles with a specialized morphology 103. The numerous passively actuated hairs can 

quickly open and close during the power and recovery strokes, as shown in Figure 3.2 (b). 

It has been reported that during the power stroke, the middle and hind legs have a 

propulsion area about 40 times of that during the recovery stroke 103,108. 

Inspired by this, a compliant propeller with a large flexural rigidity for the power stroke and 

a small flexural rigidity for the recovery stroke has been designed 109,110. The large flexural 

rigidity during the power stroke unfolds the propeller to maximize the propulsion area. In 

contrast, the small flexural rigidity during the recovery stroke folds the propeller to reduce 

the drag. 
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3.2.2. Inspiration Derived from Beating Patterns of Whirligig Beetles 

Whirligig beetles are able to appropriately regulate leg beating, including beating 

sequence and beating frequency, to adapt to specific situations such as avoiding 

predators and foraging for food. The alternating beating of the middle and hind legs can 

be observed when whirligig beetles are travelling in linear trajectories at a slow speed. 

The asymmetric beating of the left and right legs generates a turning motion 107. In addition 

to the adjustable beating sequence, whirligig beetles can regulate their swimming speed 

by changing the beating frequency of the legs. For example, the whirligig beetle can beat 

the middle legs up to 25 Hz with the hind legs beating twice as fast, allowing a travelling 

speed up to 0.4m/s 111. With these biologically optimized beating patterns, whirligig beetles 

are able to maintain high propulsion efficiency in different situations and can easily adapt 

to complex water surface habitations. 

 

Figure 3.3 Inspirations from beating pattern of whirligig beetles. (a) Six beating patterns used for 
forward swimming. Moving legs are marked in red. (b) Normalized efficiency for the six beating 
patterns in (a). Efficiency was defined as travelled distance/number of strokes. 
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To quantitatively analyze how the beating patterns are related to the propulsion efficiency, 

six beating patterns often used by whirligig beetles were selected (Figure 3.3(a)) 16,107. 

With the results plotted in Figure 3.3 (b), we see that the synchronized (Figure 3.3 (a)-

Pattern D) and alternating (Figure 3.3 (a)-Pattern C) beating of the hind legs at a beating 

frequency of 20Hz are the most efficient. Inspired by this, we can use the optimization 

method to determine an optimally efficient beating pattern. 

3.3. Whirligig Beetle Inspired Robot Platform 

Inspired by the energy-efficient propulsion mechanisms of the whirligig beetle we have 

developed a robot platform (Figure 3.4 and Figure 3.5) to achieve efficient swimming. 

As shown in Figure 3.4, the robot body is scaled up proportionally to about 35 times the 

size of the whirligig beetle, allowing for the packaging of all the servos and electronics 

required. The Reynolds number of the swimming robot is around 10800 at a speed of 

0.2m/s compared to 2080 for the whirligig beetles; hence the scaled robot design should 

mimic the movement of whirligig beetles. 

 

Figure 3.4 Dimensions of the whirligig beetle robot. The units are millimeters 
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Figure 3.5 Whirligig beetle inspired robot. (a) The whirligig beetle inspired swimming robot. The 
robot shell was fabricated by a STRATASYS FORTUS 250mc 3D printer. (b) Propellers designed 
for the robot platform. From top to bottom are compliant propeller, rigid large propeller, and rigid 
small propeller. 
 

As shown in Figure 3.5, the propellers were fabricated from flexible material with 

dimensions of 75mm×70mm and mounted at the bottom of the robot in the same position 

as on the whirligig beetle. Each propeller is independently actuated by a Hitec HS-

5086WP waterproof servo motor which can rotate at a speed of 60°/0.15s when powered 

by a 6V source. The mbed NXP LPC1768 microcontroller is connected to a laptop via a 

RN-41 Bluetooth radio with a UART serial bus to receive and execute the control 

commands. In addition, acceleration and orientation are monitored in real time by a MPU-

9150 and analyzed by using the MARG algorithm developed in 112. A custom power 

monitoring circuit was designed to monitor energy consumption. The circuit consists of a 

0.47 ohm, 2 watt resistor in parallel with a low pass filter and a resistive voltage divider. 

All of the electronics are powered by a TENERGY 7.2V/2000mAh battery and mounted 

on a custom designed PCB. The total weight of the assembled robot is 520 g. 
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3.4. Modeling and Optimization of the Whirligig Beetle Inspired 

Robot 

Based on the whirligig beetle inspired swimming robot in Section III, a dynamics model of 

ellipsoid body with four chains was proposed to simulate the locomotion of the swimming 

robot (Figure 3.6).  

 

Figure 3.6 Whirligig beetle inspired robot body model and propeller definition 
 

To describe the robot swimming, three sets of reference frames were defined, as shown 

in Figure 3.7. Parameters used for the whirligig beetle inspired robot modeling are listed 

in Table 3.1. In addition, to transform coordinates between different frames, the following 

transformation matrices were defined 

=
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1 k
N  and 

2 k
N are defined for the velocity and acceleration transformation between the k-

th propeller segment frames and the global frame 
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where  -1
=k T kLF B A  and  k kdiag lL . 

 

Figure 3.7 Coordinates systems configuration. The whirligig beetle inspired robot locomotion was 

characterized by three levels of frames. The global frame ( G G GO X Y ) was fixed on the earth, the 

body frame ( b b bO X Y ) and propeller segment frame ( -k k k
i i iO t n , =1,2,3,4;  =1,2,...,k i N ) were both 

hinged to the origin of the global frame and rotated as the body and propeller segment orientation 
changed; the body frame was aligned to the longitude and normal directions of the body, and 
propeller segment frame axis was determined by the tangential and normal direction of the link. 
 

The fluid coefficient matrices for the k-th propeller and body are defined as 
n

k
k t

k

 
  
 

S
Γ

S

and ,t

n

b
b

b

c

c
 

  
  

Γ  where    0.5 ,  0.5 ,k k k k
t l t n l nc diag c diag    S s S s  

0.5
t tb b bc c s   and 0.5 .

n nb b bc c s   
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A and B are additional and differential operators respectively, E is used to distribute effects 

to each segment on the propeller as defined in 8. 

3.4.1. Dynamics Modeling for Whirligig Beetle Inspired Robot  

In order to simulate the whirligig beetle inspired robot swimming, the movements of robot 

body and propellers were first modeled and then the full model describing the whole robot 

locomotion was obtained by coupling the body and propeller models through the thrusts, 

which are generated by propellers and applied on the robot body. 

1) Body Model 

As shown in Figure 3.6, dynamics model of the robot body can be formulated in the global 

frame as 

4

1
1

,kb b
k

M


   Φ f h             (3-1) 
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e  The first equation 

describes the net effect of the propeller generated thrust ( 1
kh ) and body fluid resistance 

( bf ) on the motion of the mass center (Φ ). The second equation shows how the input 

torque ( 1
ku ), propeller thrust caused moment (   1

Tk k
b bR r h ), and body fluid resistant 

moment ( GM ), result in the change in the body orientation ( b ). 
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Table 3.1 Parameter definition for robotic modeling.  

 

Remark: , , , , , , ,  , , , , , , ,
Tk k k k k k k k k k k k k k k k

E x y x y t n  l m J u u κ h h f f x y s s w   are the vector notations 

corresponding to the scalar parameters , , , , , , ,  , , 
i i i

k k k k k k k k k
i i i i i E i x yl m J u u h h    

, , , , ,  .
i i i i

Tk k k k k k k
x y i i t n if f x y s s w    
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Based on resistive force theory, the fluid resistance applied on the body was modeled as 

  ,T T
b b b b bdiagsf R Γ R Φ R Φ             (3-3) 

,G bo bM c             (3-4) 

where T
bR Φ  is velocity of the body mass center in the body frame ( b b bO X Y ) and GM  is 

body rotational torque due to the rotational drag coefficient ( boc ). 

2) Propeller Model 

The propeller model was formulated as 

  ,k k k k
d   m w f B h     (3-5) 

 - ,k k
k k k T k T k k k

E      J L A S L A C h B u u
 

    (3-6) 

where ,  
k
xk

d k
y

f
  

    
    

fB
B

fB
, and 

k
xk
k
y

 
  
  

h
h

h
. 

The first equation describes the motion of the mass center ( kw ) of each segment on the 

k-th propeller, caused by the net effect of the fluid force ( kf ) and internal force ( kh ). The 

second equation illustrates how the input torque ( ku ), elastic torque ( k k T k
E u κ B  ), and 

internal force generated torque, result in the change in shape and orientation ( k ) of the 

propeller. Velocity ( kw ) and acceleration ( kw ) for all the segments along the k-th propeller 
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can be derived based on the geometrical constraints on the chain-link model 113, as shown 

in Figure 3.8 

1
,k

k k k
b b b   w N ER r EΦ  


                     (3-7) 

 2
1 2

.k k
k k k k k k

b b b b b b diag     w EΦ ER r N ER r N    
 
     (3-8) 

More derivation details about kw  and kw  can be found in  8,113. 

The fluid force applied on the k-th propeller was 

  .k k k
k kdiagsf Ω Γ V V

  
 (3-9) 

The internal force produced by the k-th propeller was derived from (3-5) as 

 k k k k  h B m w f , where 1.d
 B B   

With (3-6) (3-8) and (3-9), the internal force on the k-th propeller was rewritten as 

 1
,k k

k k k k k k
b b b    h B m EΦ m ER r m N H 

 
                                                       (3-10) 

where     2
2

.k k k k k
k k k k k

b b b diag diags  H m ER r N Ω Γ V V  
    

   

The thrust generated by the k-th propeller is the accumulation of the inertial and fluid force 

on each segment  1 ,k T k k k  h E m w f which was further rewritten as 

 
1

1 1
,k k

k T k k k k k
b b b 

    h E m EΦ m ER r m N H 

                                                         (3-11) 

where 
1

: .k k
T


H E H


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Figure 3.8 Chain-link model for the compliant propeller 
 

3) Full Model for the Whirligig Beetle Inspired Robot 

With the obtained body and propeller models, the model for the k-th propeller was rewritten 

by substituting the internal force (3-10) to (3-6) 

 1 2 3k k k k k
k k k

b EA      A A Φ B u u G H  
    
                                                                    (3-12) 

By substituting thrust from each propeller (3-11) to (3-1) and (3-2), we rewrote the body 

model as 

4

12 13 1111
1

,k
k

b
k

A 


   A A Φ B  
                                                                                (3-13) 

4 4

22 23 21 121
1 1

,k
k k

b
k k
A A u

 

     A Φ B  
  

  (3-14) 

where the coefficient matrices were defined in 8. 

To analyze the robot locomotion in terms of propeller dynamics, we can rewrite  

  1
.k T k
b


  B                                                                                                     (3-15) 
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With (3-12) (3-13) (3-14), robotic dynamics ( ,  bΦ  ) can be derived by the propeller motion 

(  , k k   ). 

4 4

1
1 1

,k k
k k

k k
u

 

   Φ Φ ΦΦ α β η
 

                                                                                         (3-16) 

4 4

1
1 1

,b b b
k k

k k
b

k k
u    

 

   α 
 

                                                                                          (3-17) 

where      11 1
13 13 111

,  ,b b
k k k k k

T   
    Φ Φα A A B q η q A B        

 
14

22 1221 11
1

,  ,b
k k k k

k
A





 
     

 
Φβ q β p A ρ A ρ A        

 

    1 1
23 1321 11

, ,  ,b b
k k k k

T p 
     α p A ρ A B ρ A A        

 

   
4

1
21 11 13 1211

1
- ,  - .b

k

k
p B 



 
    

 
ρ B q A A A       

 

Rotating velocity of body ( b ) can be obtained by calculating integration of b  

     1 2 3 0 0, , + , , ,b b b
b b t b tS S S       u Φ  

                                                                                 (3-18) 

where  
4 4

1 12
1 1

, ,  ,  b b b b
k k k

k k

k k
S dt S u dt   

 

   α 
   
     1 4

3 0 1 1, , ,  = ... .b b
T

b tS dt u u      Φ u   

Similarly, robot translation velocity (Φ ) can be derived as  

     1 2 3 0 0, , , , .b t t     Φ Φ ΦΦ S S u S Φ Φ 
                                                                                 (3-19) 



86 

Substituting (15-19) into (3-12), the k-th propeller’s motion can be rewritten in the propeller 

segment frame 

4 4

1 1, 
1, 1,

,k i k i k
k i k k i

Ek k
i i k i i k

u u


   

     ζ ζ τ Bu τ δ 
   
                                                                           (3-20) 

where 
3 3

, 1,2,3,4,  ,  ,   b b
k k k k k k k k k k k ki k i k            Φ Φδ G H υ A η τ υ A β B

           

  1

3 3 3 1
,  ,  .b b b

i k i k i i k i k i k k k k k k
T

k k
  


       Φ Φ Φτ υ A β ζ υ α A α ζ υ α A α A B

               
 

Therefore, dynamics of four propellers 1 4...
T

  
       can be solved from (3-20) and 

written by 

, g h u                                                                                                         (3-21) 

Substituting (3-18)(3-19)(3-21) to (3-16) (3-17), the dynamics for the robot swimming were 

completely derived by propeller motion, and were rewritten in a generalized form in the 

following 

, Φ ΦΦ g h u                                                                                                             (3-22) 

,b b
b g   h u                                                                                                      (3-23) 

where ,  ,  ,  b b  Φ Φα β α β     are stacked column vectors of ,  ,  ,  ,b b
k k k k

  Φ Φα α β
   

 1 1 and ,  , ,  ,  E E
       Φ Φ f Φ Φ Φ Φ

ug Λ B u δ g α g η h Λ B h α h β 
   

 

   

1
1

4
1

,    ,    
, ,  , ,     , ,  = ... .

,  ,  

kk
b b b b b b

ii

E

E
kk

E

uk ik i
g k i k i

k ik i
u

     
                   

u

τζ
α g h α h β Λ B u

τζ


   


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3.4.2. Optimization for Robotic Design 

According to propeller design principles inspired by whirligig beetles, maximal thrust can 

be obtained by optimizing the flexural rigidity along the propeller length. The optimal 

beating pattern can also be used to improve the propulsion efficiency. We conducted two 

optimizations to determine the optimal propeller flexural rigidity and beating pattern for the 

optimal robot design. 

1) Propeller Flexural Rigidity Optimization 

The optimal flexural rigidity along the length of the propeller can be determined by 

maximizing the thrust production at a fix time period, for the same given input torque. 

Because the robot locomotion was too complex which involved four compliant propeller 

undulations and body motion, it was difficult to obtain a convergent solution for the 

propeller flexural rigidity optimization. 

In order to reduce the optimization complexity, two assumptions were made, (a) the robot 

locomotion was constrained to forward swimming (i.e., y-direction direction along a linear 

track), and (b) the four propellers had the same design. By doing this, the propeller 

optimization was converted into maximizing the thrust generation when one propeller was 

moving along a linear track, as shown in Figure 3.8. 

The simplified propeller optimization model was derived from the robot locomotion model 

(3-20), by removing the effects from body rotation ( 0b  ), x-direction translation 

(  0 T
byΦ ) and the effects from the other three propellers. Then we obtained model 

for one (i.e., the k-th) propeller as 

1 .k k k
k k k

Eu  ζ τ Bu δ
  
                                                                                                      (3-24) 
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According to the whirligig beetle inspired propeller design described in Section II-A, 

flexural rigidity for the recovery and power strokes can be designed as small and large 

respectively, in order to generate big power-recovery phase area ratio for large thrust 

production. Then the flexural rigidity was set as 

 
 
1 2

1 2

, ,...,    during recovery stroke,

10 , ,...,   during power stroke,
N

N

  

  

 


κ  

where i  is the flexural rigidity of the i-th segment during recovery stroke. 

The flexural rigidity optimization was formulated as 

 max , ,k

κ
J κ                                                                                                            (3-25) 

subject to 

1 0,k k k
k k k

l Eu u    h ζ τ B δ
  
                                                                                                      (3-26) 

0  0 1  00.87 ,  and  ,t t    g e g 0                                                                                                       (3-27) 

where    10
 , , ,k k k k

ly dt


 J κ h      and 
1ly

h is the thrust generated by the propeller, 

Ne R is a column vector and all entries are 1. 0g  and 1g  are the initial conditions for the 

propeller orientation and angular velocity.  

In order to maximize  ,kJ κ , the gradient descent method and the adjoint method 

developed in 114 were used.  

Lagrangian term for the optimization was introduced as 
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   1 1 2 0 3 10
, .k T T T

ly l dt


   L κ h λ h λ g λ g                                                                                         (3-28) 

where 1 2 3,  ,  T T Tλ λ λ  are adjoint variables.  ,kκJ κ  constrained by (3-27) can be 

calculated as  ,kdκL κ , 

   1 1 2 0 3 10
, .k T T T

ly ld dt


       κ κ κ κ κL κ h λ h λ g λ g                                         (3-29) 

Because 0g  and 1g  were initial conditions and unrelated to the flexural rigidity, both 1κg  

and 0κg  were zero. Therefore,  ,kdκL κ  was rewritten as 

   1 10
, .k T

ly ld dt


   κ κ κL κ h λ h  

With the method described in 115, the conditions under which  ,kdκL κ converges was 

obtained as 

  1

1

1 1 1= ,k k k k
T T T

y l l l


      λ h λ h λ h h 

 
  

                                                                               (3-30) 

   1

1

1 ,k k
T

ly l 


  λ h h  
                                                                                                      (3-31) 

    1

1

1 1 .k k k
T T

ly l l 


    λ h λ h h  


  
                                                                                                   (3-32) 

where k l h


 means partial derivative of lh  with respect to k  and the same for the rest 

notations such as 
1
.k ly h  

The algorithm for the optimal flexural rigidity calculation is given in Figure 3.9 
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Figure 3.9 Flow chart to optimize the flexural rigidity. κ  is the updated flexural rigidity; sl  is the step 

length 
 

 
2) Beating Pattern Optimization 

(1) Optimization Problem Formulation 

To implement the beating pattern optimization, the swimming robot model in (3-21)(3-22)

(3-23) was rewritten as 

   , , , X g X X h X X u                                                                                                         (3-33) 

where  TbX Φ ,  , ,b
T   

Φg X X g g g   and  , b
T   

Φh X X h h h  . 

The cost function established in this paper evaluates the travelled distance/turned angle 

by comparing to the energy consumption. Since energy consumption is closely related to 

the actuation torque, we use 
0

ft TJ dt u uu  to represent the energy consumption from time 

0  to ft . The travelled distance/turned angle can be assigned as the boundary conditions, 

which will be explained later in this section. Additionally, considering the mechanical 

bounds of the servos, the propeller should beat within a reasonable angular range.  To 

exclude these out-of-bounds propeller orientations, a penalty   X  was added into the 

cost function by following the method as described in 116 
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 
0

,ft

us t
J J dt  u X                                                                                                      (3-34) 

where 
4

1
1

k

i
 



   and 1
k  is the out of boundary angular value of the k-th propeller. 

Using the input torque as parameter, beating pattern optimization was formulated as 

min usJ
u

, subject to (3-33). 

(2) Optimization Method 

By redefining ,   v X v X  , the robot model (3-33) became 

    and , , .  X v v g v X h v X u                                                                                                       (3-35) 

The Hamilton equation for the optimization was 

      , , .T T T    v XH u u γ X λ g v X h v X u λ v                                                                              (3-36) 

By applying the Pontryagin’s Maximum Principle, the necessary conditions for minimizing 

energy consumption and out-of-bounds propeller orientations penalty were obtained as 

 * ,T T Tt    X X v X v Xλ g λ u h λ γ                                                                                                           (3-37) 

 * ,T T Tt    v v v v v Xλ g λ u h λ λ                                                                                                             (3-38) 

 2 , .T T
  

 v

H
u λ h v X 0

u
                                                                                                           (3-39) 
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The boundary conditions were set as *
0 0 0,   0,   ,

ft t t t    vX X X λ 0  for the linear 

swimming, final position  0
f

T
t t by Φ  was assigned to ensure an effective swimming, 

* 0,  1,2, ,4 ,4 1
ft t i N N      

iXλ . 

For the turning motion, with the final turned angle b  assigned to ensure the turning with 

a reasonable speed, 

* ,  1,2, ,4 ,4 2,4 3
i ft t i N N N       Xλ 0 . 

So the optimal control was calculated as 

 0.5 , .T  vu h v X λ                                                                                                            (3-40) 

Therefore, the optimal control was obtained by solving the boundary value problem (BVP) 

(3-35) (3-37) and (3-38). This BVP was solved using the bvp5c solver provided by 

MATLAB 117,118. To obtain convergent solution of this two-point boundary problem, 

smoothing functions were applied to process discontinuous functions 119. 

Table 3.2 Parameter values for whirligig beetle inspired robot 
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Body and propeller mass ( ,  k
bM m ) includes the material mass and the added mass due 

to the fluid reactive effects. Similarly, the moment of iniertial for body/propeller includes 

the two parts, the material related and fluid reactive effects resultant. More explanation 

and calculation for the added mass/added moment of inertia can be found in 120 and 121. 

2.3 and 1.5 correspond to the coefficients in the power and recovery stroke. To ensure a 

reasonable swimming speed, the distance for the linear swimming was obtained by 

=Largest distance in pre-tests*factor of safety=0.725m*0.8=0.58m,by where pre-tests were 

conducted using the beating patterns as shown in Figure 2.2(a). Turning angle 240ob   

in 3.9s was obtained in the same way. 

3.5. Simulation and Experimental Validation 

In order to validate the method proposed for the compliant propeller design and energy-

efficient beating pattern we tested the optimally designed robot using both simulation and 

experiment. Initial conditions are listed in Table 3.2. In the following sections, 

common/Bold Italic fonts represent the simulation/experimental data respectively. 

3.5.1. Compliant Propeller Flexural Rigidity Optimization 

1)  Flexural Rigidity Optimization Result 

In order to achieve large thrust, the 0.075m-long propeller was designed in a “delta” shape 

and the width at the proximal and distal ends were 0.035m and 0.07m, respectively. 

Initialized by a uniform initial flexural rigidity of 0.03N·m/rad for all segments, the optimal 

flexural rigidity was obtained through propeller optimization and the results are presented 

in Figure 3.10(a). It was found that the decreasing flexural rigidity along the propeller, i.e., 
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0.05N·m/rad at the proximal end and 0.0075 N·m/rad at the distal end, will maximize the 

thrust. 

2)  Propeller Fabrication 

Based on the optimized flexural rigidity and the selected “delta” shape the propeller 

thickness ( ih ) can be calculated using 
1/3
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 8, where , ,i i il w   are the length, width, 

and flexural rigidity of the i-th segment, and ,E N are the Young’s modulus and segment 

number respectively. 

Stiff silicone rubber layers on the power stoke side were fabricated to guarantee a large 

flexural rigidity. Using the grooves between the stiff rubber segments, large and small 

flexural rigidities can be passively switched by the fluid force during propeller beating. 

 

Figure 3.10 Optimization result of propeller. (a) Flexural rigidity optimization result; (b) propeller 
optimal design; and (c) propeller fabrication. With the selected silicone (Young’s Modulus of 1.31
×106 Pa for mint green silicone and 2.78×106 Pa for red silicone) and an optimized propeller 
flexural rigidity, the mould is designed using a commercially available 3D drawing software 
(Solidworks 2012) and fabricated by a STRATASYS FORTUS 250mc 3D printer. Compliant 
propellers are obtained by casting the silicone using the fabricated mould. 
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3)  Propeller Test 

(1) Acceleration comparisons 

In order to validate the optimized flexural rigidity, the robot was tested by synchronously 

beating the four propellers. This type of actuation allowed the robot to travel in a linear 

path along the y-direction. The acceleration generated by the optimized propeller is 

compared to the soft propeller (70% of the optimized value) as shown in Figure 3.11. From 

this comparison, we can see that the average acceleration achieved by the optimized 

propeller is 0.014m/s2/0.011m/s2, which is 27%/15% greater than the 

0.011m/s2/0.096m/s2 generated by the unoptimized propeller. This further demonstrates 

the effectiveness of the optimized design in thrust production. 

 

Figure 3.11 Y direction acceleration from simulation and experiment. (a) simulation results; (b) 
experiment result. 
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(2) Fluid pattern analysis 

Fluid patterns in the second beating period are studied in order to test the proposed robot 

design. As illustrated by Figure 3.12 (a-f), we see that the fluid patterns are consistent with 

the acceleration achieved by the optimized propeller between 1.5s to 2.5s. 

 

Figure 3.12 Vortexes and capillary waves around the swimming robot. Time showed on each sub-
figure was corresponding to the time as shown in Figure 3.11. 
 

In Figure 3.12 (a), as the propellers are beating down the fluid is pushed back and vortexes 

begin to formulate. This is due to the shear force generated by the velocity gradient across 

the different fluid layers. As the propellers continue beating down (Figure 3.12 (b)), two 

vortexes rotating in opposite directions begin to merge behind the robot body and carry 

the fluid between and away from the body. This reduces the pressure in this location. The 

resultant negative pressure force cancels the reactive force generated by the fast propeller 
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beating so that a small thrust is generated. In Figure 3.12 (c-e), as the two vortexes are 

separating, fluid is ejected from the middle of the two vortexes and shoots onto the body 

from behind, increasing the pressure. The generated positive pressure force will add to 

the reactive force and result in a large thrust to accelerate the robot. In Figure 3.12 (f), 

fluid behind the body is evacuated as the propellers move up causing a low pressure 

region behind the robot and resulting in a negative pressure force. Adding to the negative 

reactive force generated by the recovering propellers, the drag force is increased, which 

reduces the acceleration. 

Additionally, the capillary waves generated by robot as shown in Figure 3.12 agrees well 

with that of whirligig beetle as observed in 107, further justifying the effectiveness of 

swimming robot design that inspired by whirligig beetles. 

3.5.2. Beating Pattern Optimization Results 

Using the optimization method proposed in Section IV-B, the optimal beating patterns for 

efficient linear swimming and turning were identified as shown in Figure 3.13. In order to 

test the optimized beating pattern experimentally, propeller angular positions were used 

to regulate the servo’s motion. For the robot, propellers were connected to the servo’s 

shaft through the proximal end. Therefore, the angular positions for the first segment are 

used for the robot control. The control procedure is shown in Figure 3.13. 

1) Optimal Beating Pattern for Linear Swimming 

The asymmetrical, alternating beating pattern was identified as optimal for efficient linear 

swimming (travelled distance 0.59m in 4.6s). According to simulation and experimental 

results, energy-efficient linear swimming is characterized by two features, sinusoid-like 

oscillation of the body orientation and an S-shaped trajectory. 
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The robot made a sinusoidal rotation during the power stroke (i.e., 0s-1s), and kept the 

same body orientation during the recovery stroke (1s-1.5s). This swimming mode allows 

the robot to achieve high propulsion efficiency by avoiding large fluid resistance. As the 

robot beats hard during the power stroke, the sideways wiggle can accelerate the robot. 

In contrast to the power stroke, body orientation in the recovery stroke is unchanged, 

allowing the robot to move forward along the longitudinal direction with better stability 

during a high speed coast. 

 

Figure 3.13 Optimal beating patterns for energy-efficient swimming and the application for robot 
control. In linear swimming, the optimal beating pattern can be identified as alternating, 
asymmetrical beating. From 0s to 0.4s the hind left propeller is beating; from 0.4s to 0.6s the right 
side propeller beatings dominate; from 0.6s to 0.8s the middle left propeller beating dominates; and 
the four propellers finally sweep back to finish one beating period. For the turning motion, 
alternating beating of the outboard propeller and unfolding of the inboard propellers are optimally 
efficient. From 0s to 0.4s, the outboard propellers beat down in an alternating sequence and then 
sweep back. 
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In addition to its oscillation, the robot travelled along an S-shaped trajectory, a known 

efficient swimming characteristic of whirligig beetles. Figure 3.13 (c-d) illustrates the 

formation of the S-shape trajectory.  

 

Figure 3.14 Robot linear swimming experiment. (a) Simulated robot body orientation; (b) 
Experimental robot body orientation; (c) Simulated robot trajectory; (d) Experimental robot 
trajectory. The beating periods can be identified through the direction of propeller beating, and the 
density of the body superposition. The experimental trajectory is created with 15 equally spaced 
photographs by the ImageJ software. The video camera is set on the tripod, which is 1.39m above 
the water surface and 0.48m horizontally away from the robot.  Yellow markers, with an interval of 
0.1m are placed along the wooden meter for robot trajectory calibration. Image processing 
algorithm in previous studies were used to extract the position of yellow markers for trajectory 
generation 122 122,123. 
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The robot deviates away from a linear path during the power stroke (crowded body 

superposition zone) and then returns during the recovery stroke (sparse body 

superposition zone). With a continuous forward speed, the robot travels in an S-shaped 

trajectory. The path shows a one-ended extended S-shape due to the comparatively fast 

speed coast during the recovery stroke. 

Both the oscillated body and the S-shape path are caused by the alternating, asymmetrical 

beating pattern. In the power stroke the robot rotates due to the imbalanced moments 

produced by asymmetrical propeller beating. Additionally, the asymmetrical beating 

produces a sideways force and pushes the robot away from the linear path. In contrast, 

the alternating beating results in recovery to the original linear path. In the recovery stroke, 

synchronous recovery of the four propellers allows the robot to keep the same body 

orientation and to make a fast coast. 

Biologically, these beating optimization results explain why whirligig beetles favor the 

alternating, asymmetrical beating pattern and travel in an S-shaped trajectory. 

2) Optimal Beating Pattern for the Turning Motion 

In order to complete a turn with a reasonably high speed, the beating pattern optimization 

for the robot is set to rotate its body with the angle (240o) within a given time (3.9s) 

consuming minimal energy. The optimal beating pattern obtained for efficient turning, as 

shown in Figure 3.13, was identified as the alternating beating of the outboard propellers 

and aligning of the inboard propellers normal to the longitudinal direction of the robot body. 

In order to comprehensively evaluate the optimized turning ability of the robot, three 

parameters namely, the turning radius, angular speed (i.e., turning speed), and turning 

efficiency (defined as the ratio of the turning angle to the consumed energy) were used. 
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As shown in Figure 3.15, actuated by the optimized beating pattern, the robot rotates 240o 

by following a trajectory with a radius of 0.16m. 

The body orientation shown in Figure 3.15(a-b) illustrates that the turning is characterized 

by a ratcheting turning mode. The robot will first turn with a large angle of 70o/45o and then 

turn back with a relatively small angle of 30 o/5o. This is caused by the up and down beating 

of the propellers. During the power stroke a large thrust is generated by the fast beating. 

The fluid force is asymmetrically applied to the robot body and pushes the robot into 

rotation. In contrast, the robot rotates back as the propellers return in the recovery stroke. 

A net turning angle is maintained due to the optimized propeller flexural rigidity. This 

enables the power stroke to generate a larger thrust. Additionally, the optimized beating 

pattern increases the net thrust by beating fast in the power stroke (lasting 0.2s) and slow 

in the recovery stroke (lasting 0.25s). The presence of the unfolded inboard propellers 

provides a braking effect on the inboard side further increasing the turning speed. 

The trajectory and body orientation during turning, as shown in Figure 3.15 (c-d), indicate 

that the turning radius is closely related to the turning angle, or more specifically the former 

is determined by the angle between the body’s longitudinal axis and the tangential 

direction along the trajectory. The turning radius increases as this angle becomes positive, 

meaning that the robot will move away from the rotational center. Otherwise, the turning 

radius will decrease. The second robot position in Figure 3.15 (c) shows a reduced turning 

radius as the angle becomes negative. Therefore, according to the previous analysis, the 

increased thrust on the outboard side improves the turning performance and results in a 

larger angular speed and smaller turning radius.  
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Figure 3.15 Robot turning experiment. (a) Simulated robot body orientation; (b) Experimental robot 
body orientation; (c) Simulated robot trajectory; and (d) Experimental robot trajectory. 
 

It was also observed that for turning driven by a periodical beating pattern, the turning 

angle is proportional to the length of path travelled. For example, in the turning test driven 

by the optimized beating pattern, the robot turns with an angle of 240o (66.7% of 360o) and 

travels 64.7% of a whole circle perimeter. 
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3.6. Discussion 

Propeller design and beating pattern are two main aspects of propulsion efficiency. In this 

section, propulsion parameters including (but not limited to) propeller flexural rigidity, 

beating sequence, beating frequency, propulsion area and initial conditions will be studied 

to assess swimming ability. 

3.6.1. Linear Swimming  

In this section, linear swimming performance will be analyzed to validate the obtained 

optimized propeller and beating pattern. 

3.6.1.1 Flexural Rigidity Effects 

To further investigate propeller flexural rigidity with respect to propulsion efficiency, three 

propeller sets were tested: optimized, soft (-30% flexural rigidity), and stiff (+30% flexural 

rigidity). Conformation remained constant. As seen in Figure 3.16, the optimized propeller 

is advantageous with large forward speeds in the power stroke, while maintaining minimal 

drag in the recovery stroke. The robot moves forward 0.59m/.53m in 4.6s, which is 

25.4%/24.5% and 32.2%/34.0% greater than with the soft and stiff propellers, respectively. 

Table 3.3 indicates that with the optimized propeller, the robot maintained the highest 

performance and highest energy efficiency.  
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Figure 3.16 Stiffness effect to robotic swimming. (a) Simulation and (b) experimental travelled 
distance in the y direction driven by stiff, soft and optimized propellers. Experimental trajectories 
are obtained by the feature point (yellow marker on the robot) extracting method developed in 124. 

 

Table 3.3 Propulsion efficiency comparisons -- flexural rigidity 

 

Remark: the energy consumption can be calculated as 
4

1 10
1

,ft k k

k
En u dt



     and the efficiency is 

defined as the ratio to the distance travelled and energy consumed. Common/Bold, Italic font 
formats represent the simulation and experimental data, respectively. The energy consumptions 
during the experiments are obtained by multiplying by an approximate mechanical efficiency of 
23%. 
 

The optimized propeller maintains efficient propulsion by regulating surface area through 

folding and unfolding when needed. This methodology allows for a large thrust during the 

power stroke, and a small drag force in the recovery stroke.  
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3.6.1.2 Beating Sequence Effects 

Whirligig beetles adjust beating sequences to increase energy efficiency. This is especially 

true for a curved trajectory [13]. Beating pattern optimization results also indicate that the 

whirligig beetle inspired robot can achieve high efficiency when the beating patterns are 

alternated.  

To validate the efficiency of the optimized beating sequence, three test groups were 

conducted: a) synchronous beating of four propellers (hr+hl+mr+ml), b) alternating 

symmetric beating with respect to the hind and middle propellers (hr+hlmr+ml), and c) 

optimized alternating sequence (hr mr+hrml). The results can be seen in Figure 3.17 

and Table 3.4. 

 

Figure 3.17 Effect of beating sequence to robotic swimming. (a) Simulation and (b) experimental 
travelled distance in the y direction for the three beating sequences. ‘m’ and ‘h’ represent middle 
and hind propellers, while’ r’ and’ l’ mean the right and left body side. ‘+’ and ‘-->’ represent 
‘synchronized beating’ and ‘alternating beating’. So ‘hr+hl--> mr+ml’ means the two alternating 
beating of the hind and middle propellers. 
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Table 3.4 Propulsion efficiency comparisons -- beating sequences 

 

Table 3.4 shows the optimized alternating asymmetric beating sequence is the most 

efficient method. When compared to synchronous beating, propulsion efficiency improves 

from 0.18/.18 to 0.35/0.20. Compared to the alternating symmetric sequence, the 

optimized sequence is 33%/15% more efficient.  

The data illustrated that only the optimized beating sequence generates a sinusoid-like 

body oscillation and an S-shaped trajectory. From that conclusion, it can also be said that 

an asymmetric, alternating beating pattern is the most efficient actuating method for the 

whirligig-inspired robot. 

3.6.1.3 Beating Frequency Effects 

Previous research suggests maximum thrust can be obtained if the appropriate frequency 

is utilized. Differing from this frequency will decrease forward thrust 29,125. In nature, the 

whirligig beetle uses many strategies to regulate its beating frequency including folding its 

propellers underneath its body during the coasting phase and reducing the stroking speed 

during the power and recovery strokes 16,107. In a linear scenario, optimal beating 

frequency was found to be 0.71Hz. 

To validate the optimal frequency and identify the relationship between beating frequency 

and propulsion efficiency, tests were done at 0.5Hz, 0.71Hz (optimized), and 0.89Hz. The 

travelled distance (Figure 3.18) and energy efficiency (Table 3.5) results validate the 
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previous claim. Compared to the optimized frequency, the high frequency propulsion is 

more costly (1.50J/1.49J vs. 1.06J/1.40J) for less distance (0.25m/0.20m vs. 

0.37m/0.28m). For the low beating frequency, less energy was consumed (0.70J/1.13J 

vs. 0.85J/1.40J) but efficiency was reduced by 18%/25%.  

 

Figure 3.18 Effect of beating frequency to robotic swimming. (a) Simulation and (b) experimental 
travelled distance in the y direction when the robot beats the propellers with different frequency. 
0.71 Hz is the optimized frequency obtained from the beating pattern optimization. 
 

Table 3.5: Propulsion efficiency comparisons -- beating frequency 
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3.6.2. Turning Efficiency Analysis 

In this section, turning performance will be analyzed to validate the obtained optimized 

propeller and beating pattern. 

3.6.2.1. Propeller Effects 

To test the propeller area and flexural rigidity of the propeller at turning scenario, three 

groups of propellers were used (Figure 3.5 (b)): the optimized compliant propeller and 

small/large rigid propellers. The results are illustrated in Figure 3.19 and Table 3.6. 

 

Figure 3.19 Propeller effects to turning performance (a) simulation results (b) experimental results. 
 

Table 3.6 Turning efficiency comparisons -- propeller 
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As shown in Figure 3.19, the optimized propeller yielded the largest radius 0.17m/0.16m, 

as opposed to 0.07m/0.06m and 0.12m/0.11m, for the small and large propellers 

respectively. However, driven by the optimal propeller, the robot rotated 240o, 41%/34% 

faster than the small propeller. This result shows that the optimized propeller enhances 

turning speed, but increases radius. Table 3.6 indicates that the small propeller has the 

highest turning efficiency and is 22%/17% more efficient than the optimized counterpart. 

The large propeller has a low turning efficiency of 68.3%/58.0% of the optimized case. 

This can be explained that large propellers consume more energy due to large area but 

lose thrust because of the rigid structure.  

From this data, two conclusions can be reached (a) rigid propellers reduce turning radius 

and angular speed because of a smaller thrust; (b) a reduced propeller area improves 

turning efficiency but sacrifices angular speed. 

3.6.2.2. Initial Condition Effects 

Turning performance was analyzed through initial speed and propeller position. Figure 3.20 

depicts that when an initial speed of 0.1m/s is given, the robot turns with a smaller radius, 

71%/75% of the optimized case. However, turning speed is reduced to 97%/95%. For the 

propeller position effects, i.e., turning without inboard propellers, performance deteriorates. 

Turning radius is increased to 1.0m/1.11m, angular speed is reduced to 14.6%/12.5% and 

the turning efficiency is only 19%/15% of the optimized case. 
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Figure 3.20 Initial condition effects to turning performance (a) simulation results (b) experimental 

results 

Based on the results of this analysis we conclude that (a) an initial forward speed can 

reduce the turning speed; (b) the inboard unfolded propellers can reduce the turning radius, 

increase turning speed, and improve the turning efficiency. The above applies to all 

inboard appendages 70. 

Table 3.7 Turning efficiency comparisons -- initial conditions 
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3.6.2.3. Beating Sequence Effects 

Two beating sequences, ‘ml’ and ‘mlh’ (see Figure 3.21 and Table 3.8) were used to 

understand the critical role beating sequence plays in multi-propeller driven turning. 

The ‘ml’ sequence provided the smallest turning radius 0.11m/0.13m, which is 35%/19% 

smaller than the optimized sequence. It also saves 12%/32% of the energy required. 

However, a slow turning speed, 73%/66% of optimal sequence, prevents practical 

application. In contrast, the large turning radius 1.67m/1.32m, small angular speed, and 

low turning efficiency 4%/6% compared to the optimal case indicates that the ‘mlh’ 

sequence is not suitable for efficient sharp turning. The following conclusions can be 

reached (a) fewer propellers (‘ml’) will reduce the turning speed but results in a small 

turning radius due to the smaller thrust; (b) considering the large thrust generated in the 

forward direction, the turning ability is compromised with  symmetrical beats (‘mlh’). 

 

Figure 3.21 Beating sequence effects to turning performance. (a) simulation results (b) 
experimental results. ‘ml’ represents middle left leg beating and ‘mlh’ represents middle left leg 
beating followed by two hind legs beating. 
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Table 3.8 Turning efficiency comparisons – sequence 

 

3.7. Summary 

In this paper we have proposed and validated a design for energy efficient surface 

propulsion with a multi-propeller driven swimming robot. The swimming robot can replicate 

the key features observed in whirligig beetles, such as propeller surface area expansion, 

oscillatory body orientation, and small radius turning at high speeds.  

Based on the propeller optimization study, a propeller with reduced flexural rigidity along 

the length was identified as optimal. Experimental data indicates that the optimized 

propeller allows the robot to achieve a higher acceleration compared to other cases. The 

optimal beating method was identified as an asymmetrical alternating beating in a linear 

path, an alternating beating of outboard propellers, with unfolded propellers on the inboard 

side for efficient turning. 

Six groups of tests were conducted to evaluate propulsion capability of the robot design. 

The optimized flexural rigidity enabled the compliant propeller to emulate the whirligig 

beetle motions for large thrust production. These conclusions were made: 

(a) For linear swimming, the alternating asymmetrical beating enabled the robot to make 

sinusoidal body oscillations and follow S-Shaped trajectories. The larger thrust produced 

at the optimal beating frequency (0.71Hz) further improves swimming efficiency. 
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(b) For the turning motion, alternating outboard propeller beating combined with the 

unfolded propeller on the inboard side allowed for high-speed and efficient turning. A small 

propulsion area will save energy and result in a small turning radius, but turning speed will 

be reduced. In terms of the initial conditions, the presence of the inboard propeller, 

effectively working as a brake, improves the turning ability of the robot. An initial speed 

reduces the turning radius but also lowers the turning speed and turning efficiency. 

In the future, a 3-D swimming robot will be developed based on these insights. Diving 

beetles (Coleoptera dytiscidae) will also be analyzed for underwater propulsion potential  

and may compensate for the limited diving ability of the whirligig beetle126. 

. 
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 : Bio-inspired Undulatory Propulsion Principles 

for Underwater Robot Design 

4.1. Introduction 

Autonomous robots and vehicles often faced with Autonomous robots and vehicles often 

faced with increasingly complex aquatic operating environments.  As a result, future 

advancement in the design of these machines requires the identification of principles for 

effective and efficient aquatic propulsion. While engineered propulsion systems have 

provided means for developing vehicles underwater, they are inherently inefficient, 

presenting difficulties for autonomous vehicles that are required to carry their own power. 

Shifting the design of these vehicles from engineered propulsion to bio-inspired undulatory 

propulsion represents a promising approach toward optimizing the design of swimming 

vehicles. To date, studies focusing on the propulsion of various natural swimmers have 

provided insights into the dynamics of these systems; however, no unified approach has 

been taken to understand undulation as a propulsion mechanism across scales 127. 

Undulation based propulsion is a basic force generation mechanism used by aquatic 

species and other swimmers, ranging from single-cell swimmers like spermatozoa to 

macroorganisms like the 30-meter blue whale 128,129. Understanding the propulsion 

mechanisms underlying undulatory locomotion is critical to understanding their swimming 

behaviors and using their architectures to engineer aquatic robotic systems. The 

propulsion hydrodynamics of undulatory locomotion, which include acceleration reaction, 
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dynamic pressure, propeller bending, and material elasticity are complex.  As a result, this 

has created challenges in the investigation of the governing principles 130,131. These 

challenges are further amplified by the need to combine multiple disciplines (biology, 

mathematics, engineering) and techniques to be able to sufficiently identify a 

comprehensive list of underlying parameters that define undulatory locomotion.  As a 

result, there is a lack of current knowledge regarding the underlying mechanisms of 

undulation. Thus, a better understanding of these mechanisms provides many 

opportunities to improve our understanding for the design of undulatory robots. 

Previous studies investigating the propulsion principles of undulatory locomotion have 

been restricted in their experimental design to biological observations 61,132,133. Although 

these studies did not supply mechanisms driving a universal principle for undulatory 

locomotion, there biological sight was invaluable to future studies. It was these types of 

biological observations identified that eels use wave curvatures that pass from their head 

to tail for propulsion 134, that the optimal body profile for fish aquatic undulation (Sahnonid 

and Farlowella gracilis) occurs in a condition where in inverse relationship exists between 

undulatory form and swimming speed135, and that various propulsion patterns for 

swimming are driven by different muscle contraction patterns 136. However, due to 

limitations in theoretical understanding and computational techniques, observation based 

studies in this period were void of quantitative evidence characterizing how the 

independent and interrelated relationship between the fluid environment and the swimmer 

during undulation; thus, inhibiting further understanding of the undulatory mechanisms 

driving effective swimming 137. 

Improvements in hydrodynamic modeling and computational techniques, have moved 

aquatic locomotive science from observation and descriptive to more theoretical in nature. 
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As a result, new theories and models for fluid locomotion began to emerge and be 

investigated. For example,  the resistive force theory was proposed to characterize the 

local fluid force generated by the relative motions of the swimmer’s body and the fluid 

environment; and then used to study microorganisms propelled by undulatory flagella as 

a means to determine the optimal wavelength and amplitude for efficient swimming in low 

Re number environments 138. The materialization of the elongated-body theory also 

merged theory and observation, and through the investigation into pressure tensor 

shedding vortices generated at high Re, resulted in a the development of a direct method 

for characterizing the thrust and efficiency of undulatory locomotion 120,139. While the 

findings generative from the assimilation of theory and observation were vastly important 

to pushing the field of aquatic locomotive forward; mechanistic research was still thwarted 

by limited progress in the area of computational modeling and robotic techniques, making 

studies examining undulation at that time incapable of directly validating the computational 

model-derived results 140. 

Recent advancements in numerical, computational, and experimental techniques have 

allowed for significant progress towards understanding the propulsion principles that drive 

undulatory locomotion. These advancements included 1) the use of fast-speed simulations 

with high accuracy to define the details of fluid patterns around undulating bodies 130,131, 

2) the visualization of propeller and fluid interactions using high-speed camera and laser-

based imaging techniques to directly investigate the dual-ring vortex wake structure that 

supports the undulatory capabilities of fins 125,141, and 3) the validation of simulation-

derived propulsion designs using bio-inspired robotic platforms. Using these advances, 

the science of aquatic undulation in specific was able to move from theoretical and 

observational to mechanistic. For example, neurological based control of multiple 

actuation synchronization was validated using a salamandra robot and a glass knifefish 
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robot was used to validate how the tradeoff between stability and maneuverability affects 

undulatory swimming 43,142,143.  

However, most of these advancements were made within a specific species, and to date, 

no comprehensive studies have been conducted to produce a conclusion about multi-

scale undulatory propulsion as a means to design and engineer optimal undulatory 

locomotion. 

In this study, a systematic approach of multiple techniques was use to gain insights into 

universal principles of undulatory locomotion and to provide guidelines for the design of 

optimal swimming robots across multiple scales. First, biological insights of the locomotive 

patterns of aquatic swimmers (spermatozoa, eels, alligators, and trout) were captured 

using video recordings and used to generate a series of hypotheses about the optimal 

design of undulatory propulsion. The selected swimmers use types of undulatory 

locomotion that range from anguilliform to carangiform, thus allowing for the 

characterization of propulsion principle with increasing Re. Second, hydrodynamic 

modeling was utilized to generate a modular model for quantitatively characterizing each 

type of undulatory mode observed in the aforementioned species. Resistive force theory 

and elongated-body theory were both integrated into the model to accurately investigate 

the effects of propeller materials and kinematics identified from aforementioned biological 

observation. Finally, a modular robot platform, a CPG and PD integrated control algorithm 

and Shape Memory Alloy (SMA) actuated disassembly, was designed to experimental 

validate all computational modeling simulations. Through this comprehensive bio-

mathematical engineering study the propulsion principles for undulatory locomotion were 

identified and validated; thus, elucidating their underlying mechanisms and identifying they 

necessary parameters to design optimal swimming robotic across scales 
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4.2. Bio-inspirations and Robot Design 

Four biological swimmers, ranging from the microto-macro-scale were selected to 

investigate the principles mediating undulatory propulsion at different Re, (Figure 4.1). Of 

the selected species, both spermatozoa and eels use anguilliform locomotion, alligators 

use subcarangiform locomotion, and trout use carangiform locomotion 144. By examining 

the undulatory locomotion of these swimmers across multiple scales, it was possible to 

study how the material properties of swimmers (mass and elasticity) and their kinematics 

(wave number, amplitude, and frequency) mediate aquatic propulsion patterns. By 

identifying the natural variation that occurs among these parameters across multiple 

scales, we were able to generate the insight necessary to design our later comprehensive 

studies into the propulsion principles of undulatory locomotion. 

4.2.1. Biological Observation from Swimmers across Multiple Scales  

4.2.1.1. Observations from spermatozoa 

Undulatory tail. As shown in Figure 4.1 (A1, A2), the aspect ratio of the sperm propeller is 

very large (>10). This matches previous findings stating that an effective propeller at low 

Re should be a thin elastic filament to generate passive undulation for larger thrust 

production 8,145. Large wavenumbers (~1.6-2.0) were observed for spermatozoa. 

Additionally, the spermatozoa tails usually undulates within a fixed profile (Figure 4.1 (A4)). 

The severely coiled and profile-fixed propeller enables sperm to generate effective 

propulsion in highly viscous environments 146. 

Body Shape. Based on eight single propeller actuated microorganisms 147, the average 

aspect ratio for the trypanosomatida microorganisms (single flagellated) was determined 
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to be 3.47.  We determined that this aspect ratio was optimal for the design of small robot 

bodies propelled by single propeller. 

 

Figure 4.1 Biological trend for undulation based swimming. Colum A (A1 – A4 ) are biological 
features of sperm. A1 is sperm in nature; A2 is flagellum diameter of sperm; A3 shows the 
distribution of stiffness and mass across the flagellum length; A4 are the undulation traces of sperm 
during swimming.   Colum B, C and D are biological features of eel fish, alligator, and trout. The 
maximum size of propulsion area shifts from proximal end to distal end; stiffness of propulsion area 
increases; mass center shifts away from the propulsion area; wavenumber decreases: sperm 1.5, 
eel 1.3, alligator 1.1, trout 0.4. Remarks about swimming trace extraction: using the image 
processing method developed in [21], undulation snaps of the three species were obtained by 
tracking 15 points along the body middle line. swimming video for alligator, eel and trout were found 
at 148,149. 
 

4.2.1.2. Observations from eels 

Undulatory body. The average height of eel is only 7% of its body length (Figure 4.1 (B2)) 

providing it with a large propulsion area aspect ratio (14).  This property allowed the eels 

to generate larger thrusts by undulating their flexible bodies to generate vortices along the 

body for propulsion. Studies have shown that eels undulate a larger portion of their bodies 

during swimming compared to larger swimmers, such as trout, dolphin and whale at high 
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Re 150. The kinematic snaps of the eel (Figure 4.1 (B4)) indicated that their anterior body 

does not undulate during swimming; and thus, these features act to enhance swimming 

stability. For the eel, differential environments mediate changes in undulation frequencies 

that range from slow speeds (0.5Hz) to high speeds (>2.3Hz). By coordinating undulating 

frequency and amplitude, the eel can reach swimming speeds up 1.4 body length/s with 

a limited propulsion area 151.  

4.2.1.3. Observations from alligators 

Alligators rely on their highly maneuverable and stealthy swimming for survival. Their 

complex muscular system allows them to swim, dive, and roll.  It also helps them perform 

the well-known ‘death roll’, which is a behavioral strategy the alligator uses to kill its prey 

152. Unique propulsion features that enable the alligators’ advanced swimming include: 

Propeller Flexibility. Figure 4.1 (C3) illustrates how the mass of alligators is concentrated 

at the middle part of their bodies, yet, they are more flexible at their distal tail section. This 

type of configuration allows alligators to undulate their tails in a flexible manner while 

maintaining high maneuverability in emergency situations 153. 

Undulating Propulsion Patterns. To quantitatively characterize alligator propulsion, traces 

were extracted from an undulating alligator (Figure 4.1 (C4)). Based on the normalized 

undulation amplitude, amplitude increased from head to the tail.  This demonstrated that 

the flexible tail was the major thrust generator. Compared to eels, alligators have sharp 

amplitude variations from head to tail.  This quality is critical to thrust generation in 

subcarangiform locomotion. 

Leg beating also improved alligator propulsion. For most moderate-speed swimmers, legs 

are usually passively held at the sides or aid in steering 154. 
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4.2.1.4. Observations from trout 

Trout Tail. Trout have very thin tails made of support rays and membranes that allow for 

flexibility during undulation. With a tail aspect ratio (length/width) of ~1, trout maintains a 

perfect streamlined outline that reduces their drag coefficient to promote efficient 

swimming. We observed that increasing tail size (i.e., height) along the undulating area 

corresponded with larger amplitudes, as shown in Figure 4.1 (D2, D4). 

Undulation patterns in trout. During swimming, the body undulation amplitude of trout gets 

adjusted to promote either high-energy efficiency or speed and agility.  For example, as 

trout fish transition from free stream swimming to current swimming, their body undulation 

amplitude increases significantly as a means to conserve energy for efficient swimming 

155.Additionally, as external fluid speeds vary during advanced swimming performance, 

undulation frequency is automatically regulated to coordinate body undulation amplitude. 

4.2.2. Propulsion Principles Extracted from Observation and 

Characterization of Biological Locomotion 

The multi-scale characterization of biological undulation using the four swimmers resulted 

in the following conclusions: 

4.2.2.1. Geometry 

The aspect ratio of propulsion area tends to reduce as Re increases. The tail of 

spermatozoon has an aspect ratio of ~60; eel has an aspect ratio of 14 for the undulatory 

body; the aspect ratio is close to 1 for trout. Additionally, the geometrical center was 

observed to shift toward the propulsion area. 

 

 



122 

4.2.2.2. Material.  

The center of mass shifts away from the propulsion area with the increasing of Re. The 

body trunk is stiffer and accumulates the majority of mass; whereas, the propeller 

becomes thinner and more flexible. 

4.2.2.3. Kinematics.  

The wavenumber decreases as Re increases. For example, the wavenumber for sperm 

was 1.5, eel was 1.3, alligator was 1.1 and trout was 0.4. Increasing wave amplitude was 

observed at the tail tip with increasing Re. 

These findings from our initial observational investigation into swimmers across multiple 

scales revealed that a series of direct and inverse relationships were driving a biological 

trend of aquatic locomotion.  More specifically, optimal aquatic locomotion, when 

considered based on an organisms biological proportions, is the result of an inverse 

relationship between body stiffness, mass; as well as, a direct relationship between a how 

distal the maximum size of propulsion area is and the stiffness of propulsion.  Additionally, 

when factors like the fluid environment are accounted as driving to change propulsion 

patters, an inverse relationship between Re and propeller aspect ratio; as well as, an 

inverse relationship between propagation wave number and amplitude was identified. Of 

all relationships identified, the one observed between Re and propeller stiffness was the 

least linear in nature. Increasing Re was positively associated with propeller stiffness 

during subcarangiform locomotion, but during carangiform locomotion this appeared to be 

an inverse relationship. Thus, these naturally designed propulsion features, which have 

been optimized through natural selection, highlight the complexity and calculated nature 

involved in the evolution of optimal aquatic species locomotion.  As a result, we used these 
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observations and their trends to guide our investigation into principles for undulatory 

aquatic motion. 

4.3. Robot Design Inspired by Undulation Motion 

The biological observations, and the derived variation trend represented by geometry, 

material, and kinematic properties illustrated the basis for efficient propulsion in fluid 

environment and inspired us to engineer various propulsion mechanism with high potential 

for high efficient propulsion. To validate the idea, we developed a robotic platform to test 

the effectiveness of the undulatory motion inspired propulsion. To facilitate the 

experiments of multiple undulation patterns from sperm, eel, alligator and trout, we 

proposed a modular design, and implemented via shape memory alloy control 

disassembling structure. 

4.3.1. Modular Design of a Robotic Platform for Undulatory Locomotion 

4.3.1.1. Spermatozoon Robot. 

According to the optimal parameters for propeller and body design determined in Section 

II, and in agreement with previous conclusions156, a smaller robot was built with a partial 

ellipsoid body, rigid neck, and flexible tail (Figure 4.2 (c4)). To avoid movement 

interference with the propeller and to reduce fluid resistance, the robot body was designed 

with half ellipsoid shape 78. Body length was set at 50mm to accommodate the servo motor 

and the body to propeller length ratio was designed to be 0.4, so that the combination of 

these dimensions would support the generation of resonant undulatory motions during 

effective aquatic locomotion 8. Since a flexible tail was required for “soft propulsion”, the 

robot tail was fabricated using liquid silicone via molding method 29. 
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4.3.1.2. Eel Robot.  

The eel inspired robot was generated from the assembly of four spermatozoon robotic 

modules using a connecting frame (Figure 4.2 (b)). To further mimic the eel locomotion, a 

flexible tail was attached at the distal end of the tail (Figure 4.2 (c1)). Of the 4 segments 

comprising the eel robot, each individual segment was actuated by a servo motor.  This 

allowed for control signals and data to be wirelessly transmitted between a laptop and 

microcontrollers through a Bluetooth. Battery packs were mounted on the robot to provide 

energy for servos, shape memory alloy, and all other electrical components. The total 

length of the eel robot was 0.62m. 

4.3.1.3. Alligator Robot.  

The alligator inspired robot was assembled from 14 spermatozoon robots, each designed 

with a body length of 0.93m, as shown in Figure 4.2 (a). To conduct undulation 

experiments with only the body trunk and tail of the alligator, the removable four legs of 

the alligator robot were detached (Figure 4.2 (c2)). 

4.3.1.4. Trout Robot.  

The trout inspired robot was designed in the similar way as the eel inspired robot. In order 

to achieve trout-like swimming performance, the robotic outline fabricated from thin rubber 

sheets was installed on the robotic frame. To create a shedding force vortex behind the 

tail capable of generating fluid force, flexible features and supporting rays were utilized in 

the tail design.  
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Figure 4.2 Implementation of the bioinspired robots. (a) Alligator inspired robot with leg; (b) 
Disassembling mechanism. (c) Undulatory robot implementation, including (c1) an eel inspired 
robot, (c2) an alligator inspired robot, (c3) trout inspired robot and (c4) spermatozoon inspired small 
robot. 
 

4.3.2. Disassembling Mechanism of Robotic Reconfiguration 

In addition to the specific robot design, a shape memory alloy actuated connecting 

structure (Figure 4.2 (b)) was added to implement the modular robots disassembling 

function.  As part of the shape memory alloy actuated connecting structure, 27 relays were 

mounted underneath the robot body to regulate disassembling actions in synchronized 

way. To ensure reduced friction and energy consumption for the releasing action, 

lubricating grease filled the gaps between the frame, locking latches, and shape memory 

alloy (the critical current for the waterproof SMAs action was 5A in the water, 1.2A in the 

air, and 1.6A in the grease). 
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4.4. Modeling and Control for The Undulation Propulsion Inspired 

Modular Robots 

4.4.1. Modeling for Undulation Propelled Swimming 

A modular hydrodynamics model, integrating both acceleration reaction force and dynamic 

pressure force, was developed to perform undulatory locomotion simulations using the 

modular robotic platform. The fluid forces integrated into the model were produced by 

either the reaction forces generated from the fluid in response to the robot’s acceleration 

or the resistive forces generated by the velocity gradient across fluid layers on the robot 

boundary (Figure 4.3 (a)).  Modeling parameters are listed in Table 4.1. 

Table 4.1 Parameters for undulatory robot modeling  
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4.4.1.1. Hydrodynamic Forces 

Resistive forces ,x yf f  (Figure 4.4) are generated by shear force within fluid layers and 

vortex shedding due to velocity gradient (Figure 4.3 (a)). The resistive force on the i-th 

segment can be derived as 157, 

2.7 ,
i i it t i n tf c d v v            (4-1) 

  20.5 sgn ,
i i i in n n n nf v c s v               (4-2) 

Reactive forces ( ,x yq q ) are generated by the body undulation, which pushes fluid 

sideways (dash arrows in Figure 4.3 (a)). According to the Newton’s Third Law, the 

reactive forces achieved by the robot body can be expressed as, 

,
i it i tq m a                     (4-3) 

,
i in i nq m a                    (4-4) 

where im  is the virtual mass obtained by the reactive theory and can be calculated as 

22i i im l d  , 
it

a is the tangential direction acceleration, and 
in

a  is the acceleration 

generated by sideway undulation and forward motion of the body 120, which can be 

calculated as 0,  2
i i i it n n ta a v v     . 

In addition, two areas A and B, (Figure 4.3 (a)), generate boundary fluid forces, causing 

an adding force to the head and tail. The front area near the robot nose ( hs ) is within a 

zone with high pressure and generates boundary resistive forces ( ,sx syf f ), which can be 

calculated in i io t n  frame, 
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 1 1 1

20.5 sgn ,sn t n h tf v c s v   and 
1

0.stf     (4-5) 

On the other hand, the robot tail harvests boundary reactive forces ( ,ax ayq q ), due to 

dissipation of the accelerated fluid at a rate of the robot forward speed. 

  
6

2
6 6 6 6 60.5cos ,axq m w y w         (4-6) 

 
6

2
6 6 6 6 60.5sin .ayq m w x w          (4-7) 

where 6 6 6 6 6cos sin ,  iw y x      is the body orientation (Figure 4.3 (b)). 

Resistive forces ( ,Lx Lyf f ), ( ,Rx Ryf f ) and reactive forces ( ,Lx Lyq q ), ( ,Rx Ryq q ) generated by 

legs on the left and right body sides can be obtained in the same way as the body. 

4.4.1.2. Modular Model for Alligator, Eel and Trout Robots 

The hydrodynamics model for the modular robot included the body sub-model and the leg 

sub-model (Figure 4.3 (b)). The modular modeling method was implemented by reserving 

a plugging point, in terms of torque and force, at each link end.  The modeling details for 

each swimming robot are presented below. 

(1) Alligator Robot  

With six segments on the body and two pairs of legs symmetrically attached on the left 

and right sides, the alligator robot motion can be described using the chain-link model 

(Figure 4.3 (b) and Figure 4.4).  
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Figure 4.3 Fluid around the swimming robot and chain-link model. G GO X Y  is the global frame, 

i io t n  is the local frame for the body and leg, which is aligned to the tangential and normal 

directions of the link. These two frames share the same origin  in the global frame. 
 

 

Figure 4.4 Dynamics model for body segment and leg. Body model is on left figure and leg model 
is on right figure. 
 

 

 

O
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Body model: Through balancing the force and moment in the global frame, body motion 

can be described as 

,b b b b b M φ B h f          (4-8) 

,
bb b u b Eu Eb b   θJ θ B u B u LAS h          (4-9) 

where ,  b bθ φ are mass center and orientation of body segment, b b b f f q  is the fluid 

force; bu is body undulation torque column vector. 0
bi bi miu u u  , 0

bi bi mih h h   and 

,  mi miu h  are the reserved ‘plugging socket’ on the i-th body segment (mounting position 

reserved for new module). ,  b bM J  are matrix for mass and momentum of inertia of body. 

Eb b b u κ ψ  is elastic torque, as defined in . ,  and ,  
b b b b b

   θ θ θ θ θS S C S C are the 

transformation matrix, ,  A B  are additional and differential operators; bB  and EuB , are 

coefficient matrix. 

The robot’s body model can be obtained by plugging the internal force bh  derived from 

(4-8) into (4-9). A model for alligator body can be expressed: 

          
41 2

1
0T k

b b b b u Eu Eb bn bn b b L l
k





      J θ B ψ G θ θ B u B u D θ f D θ f D θ f            (4-10) 

where    1T
b


J θ B  represents the effect of moment from inertia for all body segments; bψ  

represents the angular acceleration of the body in local reference frame;   2
b bG θ θ  

represents the centrifuge effect; and ,  u Eu EbB u B u  represent actuation and elastic torque 
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along the body.  Additionally,  bn bnD θ f  is the effect coming from the reactive force, 

 b bD θ f  is the body resistive force, and  
4

1

k
L l

k
D θ f  is the effect from the 4 legs. 

Leg model: using the chain link model in Figure 4.3 (b), we have, 

,k k k k
L L l L L M φ B h f                                                                                                                                        (4-11) 

,k
L

k k k k
L L l L L l L

 J θ B u L A S h                                                                                                                           (4-12) 

By substituting the leg internal force k
Lh  from (4-11), the robotic leg model (4-12), we have 

   + 0k
L

k k k k k
L L L u b l L f L   

θ
J ψ G θ C B u B u D θ                                                                         (4-13) 

Body and Leg Model Integration: By balancing the acceleration force ( M  is the total 

mass of the alligator robot, including body and legs) and the total external force from fluid, 

the translation motion of the alligator robot can be modeled as: 

0

4

1
,T T k

bn b b L L
k




   M φ f E f E f                                                                                                 (4-14) 

The modular model for the alligator robot was derived as (4-10), (4-13) and (4-14). 

(2) Model for the Eel and Trout Inspired Robots: The eel and trout robots were obtained 

by detaching their four removable legs and the first two segments of the body from the 

alligator inspired robot.  Their locomotion can be characterized using (4-10) by setting the 

link number n=4. The dimensional configurations were shown in Figure 4.1. 
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(3) Modeling Small Robot Dynamics in Viscous Fluid: Because the small robot was 

designed to swim in viscous fluids with a comparatively low Re (0.1), inertial effects were 

neglected 158. A model developed in our previous study can be used to characterize its 

locomotion 8. 

4.4.2. Control Algorithm 

Three levels of control algorithm, including high, middle and local level control, were 

implemented to regulate the multiple actuator driven robots.  This feature allowed them to 

emulate the swimming patterns of eel, alligator, trout and spermatozoon. Specifically, the 

high-level control, which functioned as the cerebellum, was responsible for the robots 

switch in propulsion patterns.  The middle level control served as the peripheral neuronal 

system of the robots and was used to conduct the CPGs based control.  A local control 

was also implemented, using a PD control algorithm, to achieve the robots servo 

movement. 

Table 4.2 High level control algorithm 

 

Note: In addition to the 14 servo driven swimming, the alligator inspired robot could move with 6 
servos on the body trunk. The spermatozoon inspired robot was actuated by a single servo and 
controlled by one slavery controller. 
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4.4.2.1. High level control. 

Control algorithm in high level is shown in Table 4.2. 

4.4.2.2. Middle level control. 

The CPG based control algorithm is used to coordinate the robot’s movement in order to 

produce smooth undulation pattern. The CPG model was based on a system of amplitude-

controlled phase oscillators. The design of the CPG network was loosely inspired from the 

neural circuit that controls swimming in aquatic animals 43. The neural circuit between leg 

and body connection was modified to enable separate functions, which ranged from 

steering to body undulation (Figure 4.5 (left)), of the legs.  The cerebral circuit initiated the 

robot’s CPG network by providing signals to the five paralleled, serial, CPG networks via 

interneuron 159.  

 

Figure 4.5 CPG based control network design and implementation. The middle level control was 
implemented by an ARM cortex 3 controller (the blue controller on the top); and the 14 slavery 
controllers implemented the low level control; the high level controller was implemented on the 
laptop to send the command as shown in Table II for undulation pattern switching. Remark: 
interneuron in this paper served as selecting switch based on the high level control. 
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The neurons functioned to generate robust control signals through dynamic coupling of 

multiple nonlinear oscillators. This neuronal dynamics model was constructed (4-15) 

based on prior work 43. To synchronize the motion of all the modules for the assembled 

robot, the proposed network was interconnected and implemented using 14 slavery 

microcontrollers (Figure 4.5 (right)). 

With the neuron dynamics defined in (4-15), orientation of the robot body and leg can be 

described as: 

cosbr b b b ψ X r                                                                                                                            (4-16) 

where bX  is offset, br  is amplitude, and b  is phase of the neuron for robot body control. 

4.4.2.3. Local control. 

PD controller was used to implement the control signal from CPGs algorithm for motor 

control. The motor torque can be set based on the designed reference, and can be ruled 

by the following law,  

  ,b p br b d bK K  u ψ ψ ψ                                                                                                               (4-17) 

where pK and dK  are coefficients for the PD control. 
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4.4.2.4. CPG-PD Integrated Control. 

By combining equations (4-10), (4-16) and (4-17), the CPG-PD integrated control model 

for the robotic body can be expressed as: 

   
       

1

4
2

1

cos

                      

T
b b u p b b b b d b

k
b b Eu b b bn bn b b L l

k

K K



      


     




ψ B J θ B X r ψ ψ

G θ θ B κ ψ D θ f D θ f D θ f

 

  


                         (4-18) 

Similarly, CPG-PD control for robotic leg can be expressed as: 

   
     

1
=- cos                       

                     cos

k
L

k k
L L u p b b b b d b

k k k k k k k
l p L L L L d L L f L

K K

K K


    

       

θ
ψ J C B X r ψ ψ

B X r ψ ψ G θ D θ

 






                        (4-19) 

4.5. Investigation into A Propulsion Mechanism for Undulatory 

Locomotion via Hydrodynamics Model Based Simulation 

In our studies, we investigated the material, geometrical, and kinematic parameters of 

locomotion as a way to identify a universal propulsion mechanism of undulatory 

locomotion. We found that factors effected by an animal’s biological features (mass, 

stiffness, dimension, amplitude, wavenumber and frequency) were critical to determine 

how undulatory locomotion changes across scales.  The importance of these simulation 

based findings were further validated using our four biologically inspired robots and 

highlighted how both the external fluid environment and intrinsic proportions of species 

have evolved to allow for optimal aquatic locomotion.  Below, we discuss the specific 

effects of these factors. 
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4.5.1. Effects of Physical Parameters (Material and Length) In Undulation 

Based Swimming 

4.5.1.1. Propeller length effects for undulation at low Re 

When swimming at a low Re, with limited actuation energy, the propeller length mediates 

optimal undulation11. In microswimmers, the propeller length and undulatory frequency 

were manipulated in simulation experiments to show how propeller length affects 

undulation at low Re. 

Table 4.3 Swimming speed under different frequency and propeller length. 

 

Note: Units for the length, frequency and swimming speed are um, Hz and um/s, respectively. The 

bending stiffness for the propeller was set as 195.8 10 N m    and the fluid coefficient is 1.6 160. 
 

Table 4.4 Strouhal number for spermatozoon inspired robot. 

 

Results in Table 4.3 show that bU f  and 2
bU L  , where ,  ,  bU f L  are swimming 

speed, undulation frequency and propeller length.  We found that fast speeds can be 
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achieved by increasing either frequency or propeller length, with the latter being 1.4 times 

more effective.  Additionally, results in Table 4.4 illustrated that there was an inverse 

relationship between St (at low Re, St is a ratio between undulatory speed and forward 

speed) and propeller length, indicating that microswimmers need lower undulation speeds 

to generate the same swimming speed for longer propellers. 

4.5.1.2. Material effects for undulation at high Re.  

Having identified how the biological proportions of propellers affected propulsion, we went 

on to investigate how material parameters (mass, stiffness-elasticity) drive undulatory 

propulsion at high Re. Using a previously derived model (4-18) (4-19), we performed eel, 

alligator, and trout locomotive simulations as a way to illustrate the effects of stiffness and 

mass on undulation in different situations. 

 

Figure 4.6 Physical effects for undulation based propulsion. (A – C) stiffness increases as the 
frequency increases; additionally, swimmers with smaller wavenumber has larger stiffness slop; on 
the contrary, body mass need to be reduced as the undulation frequency and wavenumber 
increased. (D – F) St number reduced. (G) The ratio dp aC C characterizes the relative contribution 

of the acceleration based force (mass derived force ) and the pressure based force (dynamic 
pressure force and lift force). The ratio are 0.03, 0.07 and 1.3 for alligator, eel and trout, meaning 
alligator relied more on the mass related force, eel and trout relied on the pressure derived force; 
Cinertial <0 for trout means larger mass will have negative effect for thrust generation. (H) Fitting 
results for eel, alligator, and trout swimming using (4-22). 
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As shown in Figure 4.6 (A, B, C), variations in stiffness and mass differentially affected the 

eel, alligator and trout inspired robots during fast speed swimming (i.e. largest undulation 

frequencies). While the increasing stiffness for all robots at high speeds indicated that 

undulation frequency had a direct relationship with propeller stiffness at high Re, and mass 

appeared to be less sensitive to changes in undulation frequency.  This finding was 

demonstrated by the flat profile of the frequency-mass curve (red-dot line in Figure 4.6 (A, 

B, C)).  St (at high Re, St characterizes the weight between acceleration based force and 

pressure based force 6) in Figure 4.6 (D, E, F) showed that the eel inspired robot had the 

largest St (average value of 1.25) and that the trout inspired robot had the smallest St 

(average value of 0.44). This indicated that the as Re increases, the pressure based force 

begins to dominate the thrust generation, and provided unique insight into necessary 

design features for larger aquatic robots and vehicles.  

To quantitatively analyze how inertia and elasticity alter undulation-based propulsion, we 

generated a model that balanced the torque applied on the swimmer to reflect the 

relationships between propulsion frequency, elasticity, and inertia.   

 

Figure 4.7 Sketch of the undulation based propulsion. Torque applied on one body segment of a 
swimmer including elastic torque generated by muscular actuation ( k  ), dynamic pressure 
induced torque ( fF L ) initiated by fluid, and inertial torque ( J ) due to mass.  
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Based on the geometries shown in Figure 4.7, we derived the following formulas where 

propulsive angle is represented as  2 2actan 4 8A A      and rewritten as 

  22 20.5 6dC L d fA f AmL    . The fluid force due to dynamic pressure was derived 

and represented as   20.5f dF C Ld fA ; whereas, the moment of inertia is represented 

as 2 12J mL . Angular acceleration for the propeller is represented as 

 22 cos 2V L f A ft L    , which is bounded by 22 f A L  . By balancing the 

torque on the body, we generated the following equation: 

fk F L J    .                                                                                                                    (4-20) 

Substituting the above derivations, we have 
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 .                                                                                                          (4-21) 

For specific swimming with selected propulsion pattern, the above equation can be 

simplified as: 

2

dp a

kf
C C m




.                                                                                                         (4-22) 

where k  represents elasticity and ,  dp aC C  are the constant coefficients that represent the 

effects from pressure force (dynamic pressure based force and lift force) and acceleration 

reaction effects that related to body mass. 

Simulations for the four swimmers, under varied stiffness and mass configurations, were 

performed using the hydrodynamic locomotion model. This enabled us to study how 
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material parameters affect propulsion from the perspective of stiffness (4-22). For the 

results labeled by the yellow-dot line in Figure 4.6 (G) and data in Figure 4.6 (H), 

demonstrated that as undulation switches from anguilliform to carangiform, stiffness 

increases. Specifically, we found that the ratio between elastic force and fluid force 

(  dp ak C C ), was 0.31 for the eel inspired robot, 1.44 for the alligator inspired robot, and 

6.67 for the trout inspired robot. This indicated that the eel and alligator were less sensitive 

to variations in elasticity; whereas, the tout appeared to rely heavily on tuning stiffness for 

thrust generation. We conclude that the stiffness, more than mass, was a critical 

parameter for the design of the trout inspired robot.   

Based on the ratio between pressure force and acceleration reaction force ( dp aC C ) as 

labeled by blue-dot line in Figure 4.6 (G), we noticed that the alligator robots propulsion 

patterns were dominated by acceleration reaction force, considering 0.03dp aC C  . 

Compared to alligator inspired robot, the weight of pressure force was larger for the eel 

robot ( dp aC C increased to 0.07); however, the ratio dropped to a negative value for trout 

(-1.30). This implied that acceleration reaction force has a negative effect on the trout 

inspired robot’s swimming capabilities. This confirmed our observational findings that trout 

utilize their wide tails for lift force generation during fast undulation. 

4.5.1.3. Summary of material characteristics that mediate effective undulation. 

1) St decreases as the undulation pattern shifts from anguilliform to carangiform (Sperm 

8, eel 1.2, alligator 0.8, trout 0.4) and is indicative of the increased weight of pressure 

based force during the propulsion. 
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2) Elasticity’s affects increase as the undulation pattern shifts from anguilliform to 

carangiform (elastic force to fluid force ratio: Eel 0.31, alligator 1.44, trout 6.67).  This 

illustrates how stiffness needs to be optimized, especially for high-Re swimmers. 

3) Mass’s affects decrease as the undulation pattern shifts from to anguilliform to 

carangiform (pressure force to inertial force ratio: Eel 0.07, alligator 0.03, and trout -1.5). 

Particularly, mass had negative effect on trout swimming. 

4.5.2. Kinematic Effects for Undulatory Propulsion across Scale 

4.5.2.1. Characterization of spermatozoon robot kinematics. 

Spermatozoon robot swimming simulations were conducted by changing the wavenumber, 

undulation amplitude and frequency. Results for robotic swimming at two frequencies, i.e., 

2.78Hz and 34Hz, are presented in Figure 4.8 (a, b), and the swimming trajectory at 

13.9Hz is shown in Figure 4.8 (c).  

As shown in Figure 4.8 (a, b), the swimming speed profile ridge, which correspond to fast 

speed area, had an orientation of ~45o to the wavenumber and amplitude. This implied 

that the spermatozoon inspired robot was sensitive to both the amplitude and wavenumber. 

Additionally, the optimal value for wavenumber and amplitude remained constant 

(wavenumber 1.2 and amplitude 1.1) as undulation frequency increased. This 

demonstrated that the spermatozoon inspired robot has a fix undulation profile (~40o, 

obtained by atan amplitude/half wavelength  obtained from Figure 4.7). This observation 

supports earlier theoretical analysis that concluded optimal flagellum undulation requires 

a propulsive angle of 40.06o 10. 
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Figure 4.8 Spermatozoon inspired robot swimming. (a) Frequency=2.78 Hz; (b) frequency=34Hz; 
(c) Spermatozoon swimming from time=0s to time=1s, frequency=13.9Hz, amplitude=1.2, wave 
number=1. The smaller swimming robot was tested with 5 different frequencies, the wavenumber 
and amplitude for each corresponding frequency illustrates the effects of kinematics in the 
undulation based swimming at low Re. Wave number and amplitude used for simulation in (c) are 
all observed parameters in biology. 
 

4.5.2.2. Characterization the kinematics of eel robot inspired robot. 

Anguilliform undulation simulations were done using the eel inspired robot by manipulating 

wavenumber (0.2-2.7), amplitude (0.5 to 2.3), and frequency (0.5Hz to 3.2Hz). The 

simulation results are shown in Figure 4.9. The eel inspired robot swam fastest at a wave 

number of 0.6 and the amplitude was within the range of 1.25 to 1.75. Specifically, two 

fast swimming speed regions (i.e., red areas in Figure 4.9 (a, b)) were dominated by 

wavenumbers of 0.6 and 1.6. Additionally, the eel robot tuned its swimming during small 

undulation amplitude by increasing its high undulating frequency, i.e., a peak amplitude of 

1.75 at of 0.5Hz (Figure 4.9 (a)), 1.25 at 3.2Hz (Figure 4.9 (b)). This demonstrated how 

high frequency undulation compensates for small-amplitude undulation during anguilliform 

undulation. 
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Figure 4.9 Swimming speed profile of eel inspired robot. Wave number changing from 0.2 to 2.7 
and undulation amplitude changing from 0.5 to 2.3 of the observed amplitude for eel swimming as 
shown in Figure 4.1 (B4). (a) Swimming test at low frequency, i.e., 0.5Hz; (b) Swimming test at high 
frequency, i.e., 3.2 Hz; (c) eel swimming traces from time=0s to time =5s, frequency=2.2Hz, and 
wave number and amplitude are naturally observed parameters as shown in Figure 4.1. 

 

4.5.2.3. Characterization of the alligator inspired robot kinematics. 

 

Figure 4.10 Swimming speed profile of alligator inspired robot. Wave number and undulation 
amplitude change from 0.5 to 2.5 for the alligator swimming observed in nature. (a) Swimming tests 
at low frequency, i.e., 0.5Hz; (b) swimming tests at high frequency, i.e., 3.2 Hz; (c) alligator 
swimming traces from time=0s to time =5s, frequency=2.2 Hz. Wave number and amplitude are all 
naturally observed parameters as shown in Figure 4.1 
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Subcarangiform undulation was simulated via the alligator inspired robot by detaching its 

four removable legs. Simulation results and configuration for the wavenumber, amplitude, 

and frequency are shown in Figure 4.10. We noticed that three high-speed swimming 

areas appeared with a wavenumber of 0.8, 1.7 and 2.3 for the alligator inspired robot. The 

high-speed area aligned with the wavenumber direction, illustrating that the alligator 

inspired robot’s propulsion was more sensitive to variations in wave number. The alligator 

robot also had the largest speed at a wave number of 0.8 and amplitude of 1. This provided 

insight into how the alligator can use a small wave number and large amplitude during 

swimming, especially when hunting for food. 

4.5.2.4. Characterization kinematics of the trout inspired robot 

Carangiform undulation was simulated using the trout robot model. The simulation results 

(Figure 4.11) indicated that the trout robot had two high-speed ridges as the wave number 

changed from 0.6 to 5.5. Different from the eel and alligator, both ridges (i.e., read areas) 

occurred at the highest swimming speeds. This explained how carangiform swimmers are 

able to use their wide, flexible, tails to help them use a large wavenumber to generate fast 

speeds and resonant undulation. Additionally, the undulation amplitude of the two ridges 

was 2.3 at both low and high undulation frequencies. This indicating that trout fish have a 

conserved, optimal, amplitude during fast swimming. These findings also demonstrated 

that small-wavenumber undulation (wave number 0.75 and amplitude 2.3) should be 

implemented when implementing simple undulation profiles into the design of carangiform 

robots. 
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Figure 4.11 Simulation results for trout robot swimming. Wave number changes from 0.7 to 5.6 and 
undulation amplitude changes from 0.7 to 4 times of the observed tout fish swimming. (a) Swimming 
tests at low frequency, i.e., 0.5Hz; (b) swimming tests at high frequency, i.e., 3.2 Hz; (c) alligator 
swimming traces from time=0s to time =5s, frequency=2.2Hz, wave number and amplitude are all 
naturally observed parameters as shown in Figure 4.1. 
 

4.5.2.5. Conclusion for effects of kinematic parameters for undulatory locomotion 

and guidance for robotic design. 

1) Wavenumber. Wavenumber decreases as undulation shifts from anguilliform to 

carangiform. In particular, a fixed optimal wavenumber that is unrelated to undulation 

frequency exists for each types of undulation pattern.  

2) Amplitude. Optimal amplitude increases as the undulation shifts from anguilliform to 

carangiform. 

3) Frequency. For low Re undulation, frequency has no effects on wavenumber and 

amplitude, both of which are unique. For effective propulsion at high Re undulation, large 

frequency is usually matched by small amplitudes and unchanged wavenumbers.  

These three conclusions determined that low Re undulation, for example flagellar 

undulation, has a fixed optimal undulation profile; and that macroswimmers can obtain 
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different undulation profiles mainly by changing their amplitude to adapt to the fluid 

environment. 

4.6. Experimental Study of Undulatory Locomotion Using A 

Robotic Platform 

In order to validate and further investigate the generic propulsion mechanisms of 

undulatory locomotion, experiments were conducted using various robots (Figure 4.3). 

Optimal parameters for each robot, including mass, frequency, wavenumber, and 

amplitude were during validation experiments were derived from Section V and 

summarized in Table 4.5.  

 

Table 4.5 Optimal parameters for robot experiment 

 

Note: Wavenumber, amplitude and mass are all obtained based on the optimal results derived in 
Section-V for each robot. Considering the motor’s capability (maximum frequency is ~2Hz), the 
optimal parameters were determined under the frequency of 1.0Hz. Amplitude value for eel, 
alligator and trout is referred to the naturally observed value for each species as shown in Figure. 
2. Amplitude for spermatozoon robot is selected as 40o considering optimal value is ~40o). 
Stiffness was not tested due to the limitation in our robot design. 
 

Two sets of unoptimized parameters were also used during testing to compare how they 

performed against optimal parameters determined from our observation and simulations. 

Three undulation patterns (optimal, reduced (50% of optimized amplitude), and increased 
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(200% of optimized wavenumber) were used in these experiments. Each pattern was 

tested using three different frequencies determined based on the capability of the robotic 

motors (0.5Hz, 1.0Hz and 1.5Hz). Configuration for the material parameter (mass) was 

obtained by adding/removing weight (mass) attached to the bottom of the robot, according 

in to the biological observation in Section II. Robot swimming trajectory were obtained by 

using the previously developed computer vision algorithm, i.e., feature point extracting, 

pattern identification and video analysis 124,161,162. 

4.6.1. Experiment for the Spermatozoon Inspired Robot 

 

Figure 4.12 Microorganism robot experimental results. (a) Swimming distance in the forward 
direction for three patterns. Three subfigures from left to right are swimming with amplitude of 10 
degrees, 20 degrees and 40 degrees; (b) Snapshots of small robot swimming with the optimal 
pattern under the frequency of 1.5Hz; (c) fluid field around the robot during swimming. Red arrows 
show the viscous fluid will vibrate with tail. 
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The spermatozoon robot was tested in corn syrups with a Re ~ 0.1. Propelled by a very 

thin and flexible flagellum-like tail, the robot generated effective swimming in the viscous 

fluid. Due to the signal actuation for the small robot, only amplitude and frequency were 

tested.  The robot was tested at three amplitudes, 10o, 20o and 40o, as shown in the three 

subfigures in Figure 4.12 (a). To investigate frequency effects, the spermatozoon robot 

was test at three frequencies for each amplitude (0.5Hz, 1.0Hz, and 1.5Hz) (black, red 

and blue lines in Figure 4.12 (a)). 

4.6.1.1. Effect of amplitude and wavenumber. 

Increased amplitude improved the swimming speed of the spermatozoon robot. For 

example, the average travelled distance in 24s for the swimming spermatozoon robot with 

the three amplitudes was 0.075m, 0.11m and 0.15m as show in Figure 4.12 (a). This 

indicated that undulation at low Re was very sensitive to amplitude variations (findings 

that supported the conclusions were shown in Section V-B and Figure 4.10 (a, b)). 

Experiments at low Re also showed that undulation based swimming was sensitive to 

wavenumber.  

4.6.1.2. Hydrodynamics analysis and effect of propeller length. 

As shown in Figure 4.12 (c), no vortex was formed in the fluid field around the robot tail 

during swimming due to the high viscosity of the syrups; however, thin tail undulation was 

observed and influenced the fluid field over long distances. This illustrated that undulation 

at low Re was propelled by viscous force. Considering the propellers at low Re are usually 

flexible and thin, a larger propeller length is needed to generate larger thrust along the 

length. From these findings we concluded that a longer propeller is critical to generating 

larger thrusts during faster swimming speeds. 
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4.6.2. Experiment for Eel Inspired Robot. 

Fig. 13 shows experimental results for the eel robot swimming with different patterns. 

Below, the effects from each parameter are explained. 

4.6.2.1. Effects of wavenumber and amplitude. 

When swimming with an increased pattern (200% of optimized wavenumber), the eel robot 

has a slower swimming speed (Figure 4.13 (a-left)); whereas swimming with the optimal 

pattern allowed the eel robot to achieve the highest speed (Figure 4.13 (a-right)). This 

indicated that while both wavenumber and amplitude are critical mediators of optimized 

eel robot swimming, wavenumber appears to have the biggest overall influence on speed. 

 

Figure 4.13 Eel robot experimental results. (a) Swimming distance in the forward direction for three 
patterns. Three subfigures from left to right are larger wavenumber pattern (2 times of the optimal 
wavenumber), smaller amplitude pattern (0.5 of the optimal amplitude), and the optimal pattern. (b) 
Snapshots of alligator robot swimming with the optimal pattern under the frequency of 1.0Hz; (c) 
vortex and fluid field around the eel robot during swimming. Remarking: Distance between each 
blue markers on the river side is 0.5m. Image processing algorithm was used to extract the feature 
points on the robot for the position localization during the swimming 162. 
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4.6.2.2. Effects of mass. 

Distinguished speeds were observed as undulation frequency changed (three sub figures 

in Figure 4.13 (a)). This indicated that the eel robot was very sensitive to variations in 

frequency. Specifically, when using the optimal swimming pattern (Figure 4.13 (a-right)), 

the eel robot travelled 1.85m, 1.35m and 0.65m in 8s.  This was almost proportional to the 

undulation frequencies of 1.5Hz, 1.0Hz and 0.5Hz, indicating that traveling speed of the 

eel robot was mainly determined by frequency. Additionally, considering that body mass 

configuration was the same for each type of patterned swimming at each given frequency, 

we concluded that eel robot relied less on mass related acceleration based force. 

4.6.2.3. Hydrodynamics Analysis. 

Vortex Street was observed along the eel robot’s body (Figure 4.13 (c)).  This indicated 

that the eel could utilize vortex derived pressure differences between the two sides of its 

body for pressure based thrust generation. This confirmed our conclusion in Section V-A-

1 stating that the eel relies most heavily on pressure-based force. 

4.6.3. Experiments for Alligator Inspired Robot 

Figure 4.14 presents the results for the different swimming patterns of the alligator robot. 

How each parameter affected the robot’s swimming patterns is explained in detail below. 

4.6.3.1. Effects of wavenumber and amplitude. 

As shown in Figure 4.14 (a), when the alligator robot swam at an un-optimized 

wavenumber (Figure 4.14 (a, left figure)), it generated the slowest swimming speed; 

whereas, when the alligator robot swam with a small amplitude, it achieved higher speeds 

(Figure 4.14 (a, middle figure)).  The highest speed was obtained when it swam with an 

optimal pattern (Figure 4.14 (a, right figure)). This illustrated that the alligator’s 

subcarangiform swimming style is more sensitive to wavenumber than amplitude. 
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Additionally, we noticed that amplitude had less effect on the alligator robot compared to 

the eel robot, (Figure 4.14 (a, middle figure)) (Figure 4.14 (a, right figure)). 

 

Figure 4.14 Alligator robot experimental results. (a) Swimming distance in the forward direction for 
three patterns. Three subfigures from left to right are larger wavenumber pattern (2 times of the 
optimal wavenumber), smaller amplitude pattern (0.5 of the optimal amplitude), and the optimal 
pattern. (b) Snapshots of alligator robot with the optimal pattern under the frequency of 1.0Hz; (c) 
vortex and fluid field around alligator robot during swimming. Remark: alligator robot test with four 
legs was conducted in our previous study . The alligator robot in this paper was tested without legs, 
considering the research focus is about the body/tail undulation. 
 

4.6.3.2. Effects of mass. 

Increased frequency usually resulted in higher speeds; however, the speed was almost 

the same for the alligator robot under 1.0Hz (red line in Figure 4.14 (a, right figure)) and 

1.5Hz (blue line in Figure 4.14 (a, right figure)). This indicated that a fixed mass 

configuration was not an ideal fit for swimming at 1.5Hz, as it was for the eel robot.  This 

confirmed the previous conclusion in Section V-A, which stated the body mass was a 

critical mediator of the effectiveness of the alligator’s subcarangiform swimming style. 
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4.6.3.3. Hydrodynamics Analysis. 

Alligators generate thrusts along the body and from the tail tip using the vortex behind 

their tail (Figure 4.14 (c, top figure)). They also generate thrust from the high-speed fluid 

area on the two sides of their body.  Because no vortex is formed on the sides of the body 

(Figure 4.14 (c, bottom figure)), the thrust likely comes from acceleration-based force. 

Because lift force is generated by the vortex shedding behind the tail; this result in small 

lift forces when the vortex is small. As a result, we concluded that the alligator’s swimming 

abilities are sensitive to the body mass configuration. 

 

Figure 4.15 Trout robot experimental results. (a) Swimming distance in the forward direction for 
three patterns. Three subfigures from left to right are larger wavenumber pattern (2 times of the 
normal wavenumber), smaller amplitude pattern (0.5 of the optimal amplitude), and the optimal 
pattern. (b) Snapshots of alligator robot swimming with the optimal pattern under the frequency of 
1Hz; (c) vortex and fluid field around the trout robot. 
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4.6.4. Experiment for Trout Inspired Robot 

Propelled by a flexible tail with aspect ratio of 1.0 (i.e., high/length), the trout robot 

generated lift force based undulation (Figure 4.15). The propulsion mechanism is detailed 

below. 

4.6.4.1. Effects of wavenumber and amplitude. 

As shown in Figure 4.15 (a), the use of the optimal swimming pattern allowed the trout 

robot to achieve the fastest swimming speed.  During swimming with an increased 

wavenumber, the slowest speeds were achieved, indicating that the trout’s carangiform 

swimming style was sensitive to wavenumber variation. In nature, the effects of amplitude 

continuously decrease as undulation evolves to carangiform locomotion.  However, this is 

only true if the speed remains similar to that used during optimal swimming patterns and 

small amplitudes.  

4.6.4.2. Effects of mass. 

With the optimal pattern, the trout traveled 1.5m in 8s at 1.0Hz, compared to the 1.3m at 

1.5Hz and 1.0m at 0.5Hz. This illustrated that a fixed mass configuration generated 

negative effects on the trout robot’s swimming abilities. This result corresponded well to 

the obtained negative value for the ratio between pressure force and acceleration-based 

force ( 1.5dp aC C   ) obtained in Section V-A. 

4.6.4.3. Hydrodynamics analysis. 

Different from the alligator and eel, who use their bodies for propulsion, trout mainly 

employ their tail when swimming (Figure 4.15 (b)). Kármán Vortex Street with larger vortex 

was observed behind the robot tail (Figure 4.15 (c)), further confirming that trout mainly 
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utilizes lift force for thrust generation. This showed that carangiform species, such as the 

trout, have flexible and lighter tails for larger thrust generation. 

4.6.5. Conclusion for Robotic Experiments. 

Experiments using the robotic platform helped validate the effectiveness of simulated 

designs for optimal swimming robots in Section V. Through these experiments we found 

that mass had less of an effect to eel’s anguilliform locomotion, had a positive effect on 

alligator robot’s sub-carangiform locomotion, and had a negative effect on the trout robot’s 

carangiform locomotion.  Additionally, we found that all propulsion modes were sensitive 

to the undulation wavenumber across Re.  Most importantly, we identified that as 

locomotion evolves from anguilliform to the carangiform, the effect of amplitude on 

undulation decreases; demonstrating evidence for a conserved locomotive trend across 

biological proportions.  

4.7. Summary 

Using a biological, computational, and experimental approach we were able to elucidate 

the universal propulsion principles of undulatory swimming across scales. These findings 

have immense value to robotic and machine design, as they can help define the optimal 

propulsion parameters necessary for each specific form of aquatic undulation. 

Body mass and elasticity were studied using eel, alligator, and trout swimming patterns at 

high Re. During anguilliform undulation, swimmers have a flat shape, which allows them 

the ability to generate more force using pressure differentials.   Examples of anguilliform 

swimmers include eels and sea snakes. During subcarangiform undulation, swimmers use 

their relatively large masses along their body/propeller, and large propulsion areas, to 

accelerate more fluid mass. This allows them to achieve larger thrusts as their bodies 
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move to squeeze more fluid away. The alligator is a good example of a subcarangiform 

swimmer, since its undulatory body and front tail section have a larger mass and 

propulsion area that allows for large acceleration based force generation. Unlike 

subcarangiform swimming, optimal carangiform undulation requires the swimmer to have 

a light propeller and a wider tail. Additionally, to promote propeller elasticity, the tapered 

rigid bone rays support the tail of carangiform swimmers.  These rays allow for flexible 

undulation and a supportive, wide, propeller surface. Swimmers in low Re environments 

always engage anguilliform locomotion, because the effects of the highly viscous fluid 

determine thrust generated along the propeller length.  These swimmers always have 

longer propellers that have a larger potential to generate more thrust. This is why 

microorganisms are observed with long flagella. High frequency is also another strategy 

for larger thrusts, and helps microorganisms undulate with a frequency up to 100Hz. 

These two factors; a longer propeller and higher frequency, determine the larger St for 

swimmers moving at low Re. These discoveries for material parameters indicated that 

there is an increasing trend for both mass and stiffness mediated thrust generation as Re 

increasing; however, the effect of stiffness on trust appears to be much more significant.  

This finding elucidates how larger swimmers are more likely to engage pressure related 

force, whereas, swimmers with moderately stiff propellers rely on a combination of 

muscular actuation and the fluid force to generate thrust generation at high Re. 

In terms of kinematics, undulation based swimming at a low Re was found to be equally 

sensitive to variations in amplitude and wavenumber. We also found that swimming speed 

proportionally increased as frequency increased. However, at a high Re, undulation based 

swimming was found to be more sensitive to wavenumber compared to amplitude. As 

undulation switches from anguilliform to the subcarangiform and carangiform, the effects 

from amplitude continuously decreased. This finding led us to conclude that with different 
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undulation forms and fluid environments, undulatory robots need to have a fixed optimal 

wavenumber but tunable amplitude that can be determined by fluid environment. 

After determining how material and kinematics affect propulsion, we further investigated 

and explained the influence of these parameters on locomotion from the perspective of 

fluid field. According to the fluid profiles obtained from our experiments, we found that 

long-distance effects on the fluid field were a key feature for anguilliform swimmers at a 

low Re.   Fluid field influenced distances 20 times that of the propeller thickness (Figure 

4.12 (c)). This vividly illustrated how increasing shear fluid friction consumes large 

amounts of energy.  Thin propellers have small surfaces to harvest shear force compared 

to large sheared fluid regions, and thus, this explains the low energy utilization rate for 

swimmers at low Re. During anguilliform swimming at a high Re, fluid is pushed away in 

the lateral direction. Then, the unbalanced high-speed fluid on the sides of the swimmer 

(Figure 4.13 (c)) causes a pressure differential. This is the origin of how swimmers like eel 

fish use dynamic pressure based force to propel themselves. During undulation driven 

subcarangiform locomotion, the high-speed fluid area increases due to the large 

propulsion surface, causing large fluid volumes to accelerate/decelerate in short periods 

of time.  This results in large propeller acceleration reactions (Figure 4.14 (c)). Large vortex 

is also generated behind the tail of carangiform swimmers due to their wider propellers 

and powerful undulation. Continuous vortex shedding behind the tail then forms a Kaman 

vortex street, which generates a large lift force that can easily push swimmers forward 

(Figure 4.15 (c)). 

The findings from this work highlight a general propulsion mechanism for undulation based 

swimming across scale. These derived propulsion parameters can be applied to the 

design of swimming robots by reconfiguring the basic material (mass and elasticity) and 
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kinematic (wavenumber, amplitude and frequency) parameters of the propeller as a way 

to elicit desired locomotive abilities. By identifying the optimal parameter combinations for 

effective swimming with specified goals (fast speeds, high maneuverability, and robust 

stability), these universal aquatic propulsion principles can be utilized to design future 

robots with superior swimming abilities. 
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 : Autonomous Underwater Vehicle Inspired by 

Multi-Aquatic Species 

5.1. Introduction 

Design of the next generation of AUV with high energy-efficiency and maneuverability is 

critical for many underwater missions, such deep sea exploration, military task and 

oceanography. A successful AUV design should consider multiple factors: (a) propulsion 

complexity involving multiple propellers and fluid current disturbance; (b) operation 

robustness involving preloaded energy/utilization rate and compatibility of the mechanical 

and electronical parts to allow long time swimming and cruising; (c)  robotic perception 

involving robotic localization and environment mapping; hybrid control involving intelligent 

and optimal integration of the sensing and propulsion system for autonomous swimming. 

These difficulties lay great challenges and also leaves large open area to tune the 

techniques and methods for the development of an advanced AUV. 

In the last few decades, AUV has witnessed a significant development driven by the 

newfound requirements from military and the academic exploration of deep sea, resulting 

a serial of promising AUVs; however most of them cannot balance the speed, energy-

efficiency and maneuverability well. For example, Bluefin-21 robot is driven by a gimbaled, 

ducted propeller, and can generate thrust in 3D regulated by an onboard controller. The 

carry-on high energy density battery allows the robot to swim 25 hours with standard 

preload 1,163. But poor maneuverability and low travelling speed due to the large aspect 
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ratio (length/width) for the body and weak thrust generated from the single propeller 

reduced the capability. Another example was the U-CAT robot, which was developed with 

four flippers, allowing agile swimming 163. However, the propulsion efficiency was sacrificed 

for these maneuverable motions.  

Inspirations from aquatic species provided a big potential for this complex system due to 

the biologically optimized propulsion features through millions of years in evolution. Many 

AUVs were designed by borrowing unique features from biology, providing a good 

potential for the advanced AUV design. Such examples include the Tuna robot, Manta 

Ray Robot, and Sepios Robot 3,4,164. Propellers of these AUV were mostly inspired from 

the aquatic species in biology; the flexible features allowing the soft propulsion for low fluid 

signatures reducing and energy efficiency improvement; biological propulsion pattern 

such as beating, flapping and undulation pattern were introduced allowing the swimming 

with high maneuverability as well as keeping high energy utilization. However, all these 

AUVs were developed based on single source biology species, cannot guarantee good 

adaption to the varied environment. Additionally, the control method transferred from the 

traditional AUV operation didn’t fit the bioinspired AUV well. Therefore, it is desirable to 

improve the AUV performance by integrating unique features from multiple species and 

obtain a satisfied control by combining the traditional control with the neuroscience based 

control. 
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Figure 5.1 Four aquatic species inspired AUV. The length for the AUV is 0.65m (without tail), and 
the tail length is 0.6m, wing width is 0.65m. 
 

In this paper, an advanced AUV (Figure 5.1) was obtained by integrating the multiple-

sourced inspirations in biology, modular method in design, custom developed fluid sensors 

in robotic perception, material feature involved 3D hydrodynamics model in quantitatively 

characterization, a three-layer hybrid control algorithm and finally a fully implemented 

robotic platform using 3D printing techniques in fabrication. First, four aquatic species, 

including batoidea fish, diving beetle, alligator and box fish, were used for the design of 

the flexible and large-surfaced propellers; small drag body; and integrated propulsion 

patterns, such as beating, flapping and undulating typed propulsion; second, the AUV 

layout mainly composed by five major modules, four for the propulsion system and one 

for the central control. The separated power, control and communication components 

increased the robustness of the AUV; third, material features for the soft propeller and 

hydrodynamics model that incorporated resistive force and reactive force theory were fully 

considered for the development of the model for the representation of the AUV locomotion; 

fourth, an adaptive control that compensated by the feedbacks of the AUV kinematic 

parameters from inertial sensor and the fluid sensors guarantee the good adaptation to 
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the unpredicted fluid disturbance as environment changed; additionally, the CPGs based 

control in combination of the allocation control method were developed to optimally assign 

the propulsion task to each propeller for efficient propulsion; and finally, implementation 

using 3D printing method will ensure the accurate fabrication of the designed robot for 

desired performance. With all these advantages, the proposed AUV design was able to 

achieve a couple of advance performance, including high maneuverability, high energy 

utilization, fast speed and robust operation.  

5.2. Inspirations from Biology for AUV Design 

Unique propulsion features from batiodea fish, diving beetle, alligator and box fish were 

characterized to realize the specific propulsion purpose to improve efficiency, agility and 

stability for the AUV. Then modular design method was employed for the inspired AUV 

implementation. 

5.2.1. Inspirations from Aquatic Species for AUV Design 

5.2.1.1. Large middle propellers to allow 3d flapping.  

Inspired by the wing-like flapping fin of the batoidea fish, the AUV is designed with two 

flexible flapping middle propellers for 3D propulsion 165. In combination with the gliding-

like swimming, the AUV was able to travel for a long distance with limited carrying-on 

energy. 
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5.2.1.2. Fast moving hind propellers to generate efficient rowing and flapping 

propulsion.  

Inspired by the hind legs of diving beetles 166,167, the hind propellers are designed with 

pitching and rowing motions for fast 3D movement. Additionally, beating patterns of the 

bio-inspired hind propellers was optimally controlled, allowing high maneuverability for the 

AUV. By controlling on and off for one pair of the hind propellers, the AUV is capable of 

diving, lifting, turning and forward swimming in an agile manner. 

5.2.1.3. Flexible tail to generate efficient 3d undulation.  

Inspired by the tail of alligator, a flexible tail is proposed for the AUV to generate 3D 

undulations with both pitching and rowing motions. This flexible tail allows the AUV to 

generate large thrust for efficient propulsion. Additionally, the flexible tail can also help to 

stabilize the AUV swimming in the turbulent water through using optimized undulating 

patterns 168. 

5.2.1.4. Body design with small drag coefficient.  

Trapezoidal Body to Enable Stable and Energy-efficient Swimming. Inspired by boxfish, 

the AUV body has trapezoidal front and flattened back, which can passively stabilize the 

AUV swimming 169.  This design will reduce the drag coefficient of the AUV body from 1.5 

(i.e., for un-optimized flat surface) to 0.19 170. As a result, the propulsion efficiency was 

significantly increased. Additionally, this body shape has larger interior volume enabling 

more preload. 
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5.2.2. Modular Design for the Bioinspired AUV. 

To increase the robustness of the AUV, modular design method was used to implement 

the bioinspired AUV design as shown in Figure 5.2. 

5.2.2.1. Propulsion module.  

The propulsion module was composed of two hind propeller sub-modules, four middle 

propeller sub-modules, and one flexible tail sub-module. The middle and hind propellers 

create flapping and rowing motions. Additionally, through the use of flexible film and metal 

rays, they can synchronize with each other to maximize propulsion. The hind propeller can 

also switch to a rowing motion as needed. In combination with the undulation of the flexible 

tail, the AUV can alternate between different sub-modules to use a different form of 

propulsion. 

 

Figure 5.2 Schematic drawing of the proposed AUV. The AUV includes an external body shell and 
six modules, including central control module, middle propeller module, hind propeller module, 
flexible rudder module, front manipulator module and buoyancy control module. Remark: Front 
manipulator and buoyancy control were not implemented for this robotic version, and will be 
included in the future. 
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1) Hind Propeller Sub-module. Each hind propeller was actuated by three motors to 

provide pitching and rowing motions. By attaching a pair of hind propeller at the rear 

bottom, the AUV can easily achieve 3D propulsion.  

2) Middle Propeller Sub-module. A middle propeller will have three flapping motors, two 

were mounted on the proximal end for majority of thrust production and the third motor 

was set on the distal end of the propeller to steer the bending direction of the propeller for 

the desirable shape generation. The propulsion surface was driven by two metal rays to 

mimic the 3D flapping motion as batoidea fish does.  

3) Flexible Tail Sub-module. The tail module has flat shape as the alligator. Alumina sheet 

with experimentally optimized stiffness was used to allow undulation motion. Actuated by 

three motors, the tail can generate larger thrust as well as improve the AUV stability 

through 3D undulation. 

As shown in Figure 5.3, configuration of the electronic components was for middle, hind 

and tail module. Three slavery controllers and two batteries (one for motor, and the other 

for controller) were sealed inside the chamber to provide control and power sources. 

Communication between different controllers and the central controller was realized via 

the I2C. Additionally, all the propeller surface has pressure sensor matrix installed for fluid 

signature capture. All these sensors were powered controlled by battery and the slavery 

sensor in the corresponding propulsion module. 
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Figure 5.3 Controller design and layout for the AUV. (a-1) is the water surface station, housing 
Bluetooth, switch and battery charging port; (a-2) is master control module; (a-3 to a-7) are slavery 
control module for propellers. (c-1 and c-2) are the top view and side view of the master control 
module; (c-3) is detail of the slavery control module for propeller. 
 

5.2.2.2. Central control module.  

This module contains a master controller, wireless communication devices, inertial sensor 

(IMU) and power source. In addition to providing energy source for the propulsion system, 

this module was also responsible for generating control signals. Through the proposed 

hybrid control method programmed on the master controller, the AUV was able to achieve 

energy-efficient propulsion with high maneuverability. CPG based control involves the 

master controller and a serial of slavery controllers for specific propulsion mode execution. 

Each controller can be can be regarded as a joint in the CPG network, where the master 

controller was used to synchronize control activity of all slavery controllers. The distributed 

controller layout as shown in Figure 5.3 was specifically designed for the CPGs control 

method implementation. 
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5.2.2.3. Body Module.  

The body module served as assembling basis for the AUV assembly. The body frame help 

to maintain the boxfish-like shape. The AUV body was composed by the head and body 

trunk section as shown in Figure 5.2 to facilitate assembly. 

5.3. 3D Hydrodynamics Modelling 

All the propellers and tail made 3D flapping, undulating and rowing movements. Flapping 

motion generated by joining the middle and hind propeller was the most complicated. It 

involved surface extension and 3D flapping on the propulsion surface. The rowing motion 

and undulation motion can be derived based on the flapping motion. Therefore, a 3D 

hydrodynamics model inspired by 3D propulsion of batoidea fish was formulated as shown 

in Figure 5.4.  

5.3.1. Assumption for Propeller Model. 

The propeller will be modeled with a propulsion surface that supported by elastic rays. 

Three assumptions were made for the model formulation. Assumption 1: As interacting 

with fluid, the propeller surface can bend in the vertical direction for flapping motion 

generation (modeled as torsion spring as shown in Figure 5.4 (b1)). The supporting ray is 

assumed to be infinitely rigid in the normal direction, which only yields bending in the x-y 

plane. Assumption 2: The propulsion segment is not able to bend in any direction and can 

only extend or contract in the x direction (modeled as linear spring as shown in Figure 5.4 

(b3)). This helps to form a flat plane in one propulsion unit area. Assumption 3:  The 

propulsion segment is fixed to the supporting rays, the ray can be rotated around the ray 

axis (Z axis), allowing tilt around z axis (modeled as torsion spring as shown in Figure 5.4 

(b3)).  
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Figure 5.4 Batoidea fish inspired model for AUV Propeller 
 
 
 

5.3.2. Kinematics Analysis. 

In order to derive the velocity and acceleration relationship as the reference frame rotating, 

both for the propeller and body, kinematics was analyzed in the following. 

Body Kinematics. As shown in Figure 5.5, the body kinematics can be derived as  
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where ,Gb b   are the coordinates of the mass center of AUV in the global and body frame; 

b  is the body orientation in the global frame. 

Kinematics on attaching positions. Attaching position for the n-th connection point on the 

k-th propeller on the AUV body are k
nr , the coordinate in the global frame is 

0

kG
n ; in the 

body frame is 
0

k
n .  
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Figure 5.5 Propulsion system modelling for AUV. 
 

Therefore, the coordinates in the global frame can be derived as 
0
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b

G G k
n b nr   , 

revealing velocity and acceleration as 
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where 1 2,  .
b b b b         

Propeller Kinematics. The coordinate of the i-th segment located on the j-th ray on the k-

th propeller is obtained as 
     , 0 , ,0
k k

i j j i j

G G
n n lN   , so for the whole link, we have 

     0, 0
k k

j j j

G G
n n lN   , where 

 0 jl
N  is the determined by the geometry constraints and is 

function of 
 j

k
n . So velocity in the global reference frame was derived as 
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     (5-2) 

Velocity and acceleration for the n-th group of the k-th propeller can be derived as 
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5.3.3. Hydrodynamics Force. 

Propulsion force on one propulsion segment is composed by fluid force and elastic force. 

In the following, the propulsion force was calculated for both propeller and body, which 

comes up with the integrated model for the AUV. 

5.3.3.1. Force on propeller. 

1) Pressure force on one segment was derived as 

     , , ,i j d i j a i j

k k k
n n nf f f  ,  (5-4) 

where 
   , ,

,  
d i j a i j

k k
n nf f  are pressure force and reaction force derived from resistive force theory 

and reactive force theory. Because fluid force generated along the tangential direction is 

very small, which can be neglected. Therefore, we have the fluid force in the normal 

direction as 

           , , , , ,

2
0.5 sgn

d i j i j i j i j i jz

k k k k k
n n n n nf c s         (5-5) 

So the fluid force for the n-th ray of the k-th propeller in the global frame was derived as 

        2
k

d j j j j

G k k k
n n n nf c                                                                                                          (5-6) 

               1, M, , , , ,
where ,..., ,  0,0,0.5 sgn .

j j j i j i j i j i j

k k k k k k k
n n n n n n nc diag c c c diag c s      

   

Added mass for the calculation of acceleration reaction based force was derived as 
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2) Elastic force was resulted from material flexural rigidity. Two types of elastic force, 

including two torsion torque and one linear spring pulling force, were involved for the AUV 

propeller modeling (Figure 5.4 (b)). 

The linear spring force due to the relative motion of the neighboring segment (i, j) and (i, 

j+1) is derived as 
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k

i jn ni j i j

G k k
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   Torsion spring torque due to twisting 

of supporting ray as shown in Figure 5.4 (b3) was derived as 
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where 
 ,x i j

k
n is orientation and 

     , , 1,x x xi j i j i j

k k k
n n n  


  .  

Similarly, bending torque of supporting ray was also modeled as torsion spring as shown 

in Figure 5.4 (b1) and derived as 

     , , ,y y yi j i j i j

k k k
n n nu                                                                                                           (5-10) 
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5.3.3.2. Force on body 

Force applied on the body included pressure force and reactive force; therefore, the body 

force was written as 

d ab b bf f f                                                                                                                  (5-11) 

Pressure force was calculated as using resistive force theory 

  2
0.5 sgn

d

G G
b b b b bf s c                                                                                                     (5-12) 

where ,  b bs c  are surface area and drag coefficient for body. 

The reactive force can be approximated by added mass method, and the added mass of 

the body was obtained as 

4
3b x y zm a a a ,                                                                                                      (5-13) 

where ,  ,  x y za a a  are radius in three directions of the AUV. 

5.3.4. Hydrodynamics Model of AUV 

5.3.4.1. Propeller model 

Hydrodynamics of propeller can be derived based on the force and moment balance as 

shown in Figure 5.6. 
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Figure 5.6 Propeller segment model. 
 

The force balance on the propeller segment was obtained as 
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The momentum balance was obtained in the local frame as 
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where 
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   , ,
,  

T i j M i j

k k
n nu u  are torque due to ray bend and motor actuation. 

So for the whole propeller, we have the force balance as  

k k k k k

c I s

G G G G Gk k
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Similarly, for the propeller rotation, we have the moment balance as 

 
   0k k k k
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From (5-16), the internal force was calculated as 
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Substituting (5-18) into (5-17), the hydrodynamics model for the k-th propeller is obtained 

as 
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Propulsion force generated by the n-th ray of the k-th propeller was be derived as  

 1

k k

i
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n n nh E h


                                                                                                                   (5-20) 

So the propulsive force on applied on the n-th attaching position of the k-th propeller was 

derived as 

 13
k k

i

G G
n nh E h

                                                                                                                     (5-21) 

 
0

k k k

b n

G G GG
n nh  
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where 
0

k

b n

GG    is the relative position to the body mass center for the n-th connecting 

point on the k-th propeller (Figure 5.2), and the thrust can be rewritten as 
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5.3.4.2. Body model 

 

Figure 5.7 Body model of the AUV. 
 

Thrust and momentum from all propellers were derived as 

kG
p nh h  ,(5-24) 
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where k is the propeller index number, and n is the index for the supporting ray. 

Drag force generated by the body swimming was derived as  

d ab b bf f f   and 
rb b bc                                                                                              (5-26) 

where ,  
d ab bf f  are the pressure based drag and acceleration involved drag. Based on the 

resistive force theory and reactive force theory, we have 
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Therefore, body hydrodynamics model was obtained as 
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b b b b nm f f h                                                                                                          (5-28) 

b b b pJ                                                                                                                     (5-29) 

5.3.4.3. Body and propeller integrated model 

With the propeller model (5-19), body model (5-28) (5-29), propeller force and body drag 

(5-24) (5-25) (5-26) (5-27), and the kinematics transformation in (5-3), we have the body 

and propeller integrate model as 
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where (5-30) described propeller locomotion and (5-31) (5-32) described translational and 

rotational motion of AUV body; the symbol k
n  represents vectorization of all parameters 

indexed by k and n. 
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5.4. Hybrid control algorithm 

5.4.1. Control Problem Formulation 

The AUV was expected to be steered for 3D swimming with advanced performance, 

including high maneuverability, fast speed, energy saving and robust performance. 

However, there were a couple of problems for the implementation of such a control 

algorithm. First, the unpredictable effects, such as fluid current, inaccuracy in the AUV 

model, switching of propulsion pattern by end-operator, determined that the AUV control 

algorithm should be developed with adaptive features based on the swimming situation; 

second, the AUV was a high-DOF system with five propellers/tail that actuated by 15 

motors. Synchronization of multiple propellers required strong robustness of the system. 

To solve these problems, a hybrid control method that combined adaptive control, close-

loop control, PD control and Central Pattern Generators (CPG) based control was 

proposed as shown in Figure 5.8. Three types of sensors were implemented for the 

perception of fluid field around the AUV, propeller local profile (i.e., realized through stress 

sensor matrix on propeller) and AUV body kinematic parameters, such as translational 

acceleration and rotational velocity (i.e., realized through IMU). The feedback signals 

enhanced reliability and accuracy of the proposed hybrid control method. 
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5.4.2. Implementation of the Hybrid Control Algorithm 

5.4.2.1. Adaptive control 

A compact model for all propellers was derived based on the model (5-30) for the k-th 

propeller as 

     0
s T Mp p p p p p MC C C B C u                                                                             (5-33) 

where 
TG k k

b b n n        is the vector space for the AUV swimming 171. 
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Figure 5.8 Hybrid control for AUV. 
 

Similarly, a compact form for AUV body movement was derived throughout (5-31) and 

(5-32) as 

     0
s MTb b b b b b MC C C B C u                                                                                    (5-34) 

With (5-33) and (5-34), hydrodynamics model for the multiple propeller driven AUV 

swimming was written as 

   s T EC C C B                                                                                                                  (5-35) 
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where    is the inertial related term,  C   is the sum of Coriolis/centripetal effects and 

fluid hydrodynamics effects,  s T EC C B   is the material elasticity effect,   is vector of 

forces and moments acting on the AUV in the body frame. 

Considering uncertainties in the fluid current, modeling inaccuracy and propulsion gait 

shifting by end-users, adaptive control law was developed to obtain reliable performance 

for the AUV swimming. The proposed adaptive controller was designed to regulate the 

AUV to track the desired trajectory. Therefore, we define the regressor matrix as  

 , , ,r rY Y        , 

where ,  r r    are velocity and acceleration from reference (related to body movement) and 

stress sensor feedbacks to reflect the propeller dynamics 172. Specifically,

r r

G k k
r b b n n       , the first two terms were assigned reference for AUV swimming, and 

the last term k k
n n  was feedback signals representing profile of AUV propeller. 

The dynamic model as described by (5-35) is linear in a set of physical parameters q  173. 

So that we have 

     , , ,r r s T E r r rC C C B Y q                                                                                     (5-36) 

Therefore, the control law was derived as 

ˆ ˆ DYq K s                                                                                                                     (5-37) 

where ˆYq  is a feedforward term that incorporated reference and sensing perception; DK s  

is PD control term, and track error was expressed as 
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   r rb b p b bs K                                                                                                              (5-38) 

5.4.2.2. Pressure sensor driven feedback-PD control 

To further improve the control accuracy, fluid forces and torques were calculated using 

the method developed in 174 based on the pressure sensor matrix distributed on the 

propeller surface. So we have  

 ,p pp                                                                                                                   (5-39) 

where ,p pp   were measure pressure and local orientation of the propeller. 

A PD controller was developed for the best adjustment of the force derived by the adaptive 

controller and the force derived from sensor measurement as 

   ˆ ˆb
P DK K
 

                                                                                                                (5-40) 

The derived force/torque vector b  was used for the AUV steering. 

5.4.2.3. CPG based control 

Considering the complexity of the AUV propulsion utilizing multiple propellers (i.e., 15 

actuators), CPGs based control (Figure 5.9) was used to increase robustness of the 

control system as well as providing force allocation method to synchronize multiple 

propellers for effective propulsion.  

There are six degree of freedom for the AUV swimming, as shown in Figure 5.9. Dynamics 

of each neuron cell in the CPG network was described as 
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                                                                            (5-41) 

With the neuron dynamics defined in (5-41), orientation of the robot body and leg are 

derived as 

 cosi i i ix r                                                                                                                  (5-42) 

PD controller was used to implement the control signal from CPGs method for motor 

control. The motor torque can be set based on the designed reference, and can be ruled 

by the following law 

   C C
i p i i d i iu K K                                                                                                               (5-43) 

To steer the AUV for 3D swimming, three freedoms of translational motion along X, Y, Z 

axis and three freedoms of rotational motion around X, Y, Z axis were used for reference 

assignment. The 6-DOF movement directly corresponded to 6 propulsion sources (i.e., 

three forces and three torques), which was implemented by tuning some specific 

parameters in the CPG network.  
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Figure 5.9 CPGs based control for AUV. High Level Control indicated the adaptive control and PD 
combined control algorithm. 
 

Force in X direction (i.e., forward direction) was controlled by beating frequency of all 

neurons and was derived as ,   1 to 15
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Force in the Z direction was controlled by adjusting the ratio between amplitude in the 

up/down beating period, for the middle propeller. So we have ,   1 to 12
b
z

bi b

fra a
v vk e i   , 

where i

bi

i

upra
v

down

R
R

  , if 0b
zf  , 

i ii up downR R R  . 

Torque around X axis is controlled by phase delay of the two middle propeller, where we 

obtained as 14 .
b
x

b

xk e   

Torque around Y axis was controlled by bias orientation of the pitching motor of hind 

propellers, which was written as 

0
,  7,10

b
y

b

y
i iX X k e i

    

where 
0i

X  is the default value of the based angle of the 7th and 8th neuron. 

Torque around Z axis was controlled by the deflection angle of the tail, so we can derive 

14 .
b
z

b

zX k e  

Transformation between the motor’s toque Mu and the derived control force vector b  was 

obtained based on the CPGs control algorithm, serving as force allocation law as well as 

robust controller. So we have 

b
C                                                                                                                            (5-44) 

where   is a transformation matrix; C  is vector of the controllable parameters for the 

CPGs control, and we have  14 14 7 10,  .
bi bi bi

Tf a ra
C v v v X X X X X         
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5.4.2.4. Hybrid control for the AUV regulation 

Hybrid Control Derived AUV Regulation: Actuation torque from motors were derived based 

on (5-43), so we have 

   C C
M p M C M d M C Mu              K K                                                                                   (5-45) 

Computational Algorithm:  M C   was updated by CPG algorithm shown in (5-43); the 

parameter C setting in the CPG network was adjusted by a pressure sensor based close-

loop control (5-39), adaptive controller (5-37) and the integrated PD controller (5-40). 

5.5. Results and Discussion 

In order to validate the proposed robotic design, the AUV was tested in the pool with 

different locomotion patterns, namely, the forward and turning swimming. CPGs based 

control algorithm presented in Section VI-B-3) was used for the robot steering. 

5.5.1. AUV Swimming Control by CPG based Algorithm 

Computational Algorithm:  M C   was updated by CPG algorithm shown in (5-43); the 

parameter C setting in the CPG network was adjusted by a pressure sensor based close-

loop control (5-39), adaptive controller (5-37) and the integrated PD controller (5-40). 

Parameters of the CPGs based control algorithm was tuned to achieve different types of 

propulsion patterns. For this water test, the middle propeller was set to do flapping motion, 

and hind propeller was assigned to make rowing motion (i.e., orientation for pitching motor 

7 for hind propeller was fixed). Symmetrical propulsion pattern was employed for 

propellers on left and right left sides, considering it was the first experimental test.  
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In this experiment, three patterns, including turning motion, forward motion and fast-speed 

forward motion as shown in Figure 5.10. For the turning motion, the pitching motor 13 was 

set with a deflection orientation of 4 ; for the forward motion, the AUV undulated the 

flexible tail in a symmetrical mode; fast forward motion was obtained by increasing the 

oscillating frequency (i.e., i  in (5-41)) from 0.6Hz to 1.0Hz for all motors/neurons. Smooth 

transition was obtained as the propulsion gait changed, for example bias orientation 

changed at t=5s for motor 13 and frequency changed at t=10s for all motors, and the no 

perk was observed, showing the robustness of the CPGs based control. 

 

Figure 5.10 Steering angles derived from CPG based control for AUV acuation. The motor index 
shown in the legend was consistent with the motor number as shown in Figure 5.9. 
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5.5.2. AUV Experiment 

With the implemented CPG based control, the AUV was experimentally tested at the 

swimming pool with forward and turning motion as shown in Figure 5.11 and Figure 5.12 

respectively. The control pattern was ruled out by the CPG signal patterns as shown in 

Figure 5.10, and time duration were 15s and 50s for forward and turning motion.  

 

Figure 5.11 AUV experiment with forward motion. AUV trajectory on the right figure was obtained 
by extracting feature points on the robotic body via the computer vision algorithm proposed in 162. 
 

As shown in Figure 5.11, the AUV was able to generate forward swimming by 

synchronizing movement from 15 motors. During the experiment, the robot was regulated 

to beat fast for the first half path, and beat slow for the latter half path. In 15s, the AUV 

travelled 3.1m, i.e., average speed ~0.2m/s. The swimming speed is expected to be 

significantly increased by utilizing optimal propulsion parameters and improved propellers 

in the future version. 
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Figure 5.12 AUV experiment with turning motion. 
 

As shown in Figure 5.12, ruled by the CPG signals as shown in Figure 5.10, the AUV 

generated a circular trajectory (radius 2m) by undulating the flexible tail with a bias angle. 

The robot body turned 300o in 50s, i.e., an angular speed 6o /s. The turning speed also 

has big potential to be increased by coordinating the well-controlled unsymmetrical motion 

from other propellers.  

5.6. Summary 

In this paper, an AUV design was proposed by integrating unique propulsion features from 

multiple aquatic animals, to achieve advanced 3D swimming with high maneuverability 

and energy-efficiency. The designed AUV was implemented through a robotic platform 

with a length of 0.65m. Hybrid control method based on the established hydrodynamics 
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model and feedback from multiple sensor was proposed for the autonomous swimming of 

the AUV. Experiments were conducted in the swimming pool and the initial experimental 

results validated the effectiveness of the proposed robotic design. More work, including 

implementation of hybrid control, embedded sensors for robotic perception and 

improvement of the propeller design, will be done in the near future, significantly improving 

the robotic performance. 
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Conclusions 

Underwater rescue, deep-sea exploration and oceanography are becoming increasingly 

important for robotics applications. This raises a great challenge and many research 

opportunities for underwater robotics, because the traditional design method from the pure 

engineering perspective cannot meet these new requirements. The biologically optimized 

propulsion system of aquatic species has provided an alternative to the development of 

an advanced swimming robot and a solution to the emergency requirement for underwater 

robotics. As introduced in chapter 1, although many bioinspired robots were fabricated to 

mimic the features and behavior of their counterpart in biology and achieved improved 

performance compared to traditional design method, there are still large gaps between the 

increasing requirement in real application and current design method. Under this situation, 

we proposed a methodology for the underwater robotic design and explained the gold 

rules from the perspective of propulsion physics, which bridges the uniqueness of biology 

and requirement of engineering. We also provided implementation details by converting 

the conceptual level robotic design to the hardware fabrication and system integration of 

the robotic platform. This study provides a timely and appropriated guidance for the 

underwater robotic design to achieve desired propulsion performance. Additionally, we 

illustrated the design details for underwater robot from the micro/nanoscale to the 

macroscale by providing at least one example of robotic design at the corresponding 

scales (micro/nanoscale, transition scale and macro-scale). Through such cross-scale 

study of the bioinspired aquatic robotic design, we are able to yield an overall design 

methodology for guiding underwater robotic development. Finally, we demonstrated this 
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methodology by developing an autonomous underwater vehicle that integrated multiple 

propulsion mechanism. The listed cross-scale robotic design examples were validated by 

both mathematical simulation and experimental results. 

To conclude, we reported a methodology for the design of bioinspired underwater robotics. 

We illustrated and analyzed the gold standard for robotic design and propulsion principles 

for biological locomotion through biological observation, physical analysis, mathematical 

optimization and experimental validation. The implementation details for the underwater 

robot at multiple scales also provide a reference for researchers and engineers. Building 

from these findings, we will develop more advanced aquatic robots to meet the increasing 

challenges for underwater operation in the near future. 
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