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Abstract 

Light is a readily available, versatile and compact energy source which could power and remotely control a new 

generation of light-driven robots.  Untethered microrobots are not only capable of navigating through varied 

natural environments but are also able to perform complex tasks within the human body and inside enclosed 

systems. Light-driven robots can operate safely in convoluted and delicate physiological environments with 

significant impact on bioengineering and healthcare. The properties of light (intensity, wavelength, and 

polarisation) could be tailored towards specific requirements. 

 

This thesis will first discuss recent developments in three main photo-actuation methodologies in micro-robotics 

namely photocatalysis, photovoltaics and photomechanical/photothermal effects. Then, a road map towards 

autonomous, smart light-driven robots of the future is introduced. After that, a flare launching autonomous 

swimming hydro-bot (FLASH) is developed as an early realisation of this new class of intelligent light driven robots. 

Finally, possible future works aiming at developing micro light-driven swimming/ jump gliding robots are discussed. 

This includes an early investigation into stimuli-responsive, biodegradable soft hydrogels which could offer a new 

and novel approach to improve FLASH’s performance in areas such as soft body combustion, biocompatibility 

enhancement (biodegradable materials) and encoded intelligence (stimuli-responsive materials). 

 

This thesis presents a comprehensive investigation into existing and emerging technologies for photo-actuation 

in microrobots, exploring approaches suitable for in vivo, in vitro and environmental remediations. It 

demonstrates that it is beneficial to combine different photo-actuation techniques with novel locomotion 

mechanisms to create self-sufficient, environmentally friendly light driven microrobots which are capable of 

performing complex tasks.  

YouTube links to supplementary video: 

https://youtu.be/IYwyVydDXMw (Movie S1) 

https://youtu.be/ZJE129hDXmE (Movie S2) 

https://youtu.be/TlK1oaKUIWM (Movie S3 - slow motion) 

https://youtu.be/His1QRgdaHM (Movie S3) 

 

https://youtu.be/His1QRgdaHM (Movie S4 - slow motion) 

https://youtu.be/kQWu1N5D8l0 (Movie S4) 

https://youtu.be/eEykFQOpAB0 (Movie S5) 

https://youtu.be/x-TyxVpI5YM (Movie S6) 

https://youtu.be/j4MaFPvMFOg (Movie S7) 

https://youtu.be/9gUDlimZIbM  (Movie S8) 
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Chapter 1 

1 Introduction  

In the field of robotics, a microrobot is defined as a miniaturised robotic system manufacture by utilising 

micro/nanotechnologies. Terms such as micro-mechanisms, micromachines and micro/meso/insect-scale robots 

are used interchangeable to indicate devices operating at small scales. To date, the majority of small-scale robots 

are rigid machines and are heavily dependent on pre-programming to carry out tasks. They lack the flexibility and 

adaptability required in many environmental and biomedical applications such as underwater pollutant 

degradation, subterranean exploration, targeted drug delivery and cell manipulation. For instance, a soft micro-

walker squeezes into confined spaces [1] and a soft mesoscale robotic arm can manipulate fragile objects or act 

in a “human-friendly” manner [2]. Miniaturisation remains the biggest challenge in conventional robotics. 

Miniaturisation of traditional electromagnetic actuators, control circuitry, sensors, and power sources is possible 

down to the centimetre scale. However, it is difficult, to scale these systems to the sub millimetre scale and below 

[3]. As such, wireless power sources have been proposed as an alternative approach which eliminates the excess 

electronics (control circuitry) and the power source (battery) from the miniature robot. The energy source driving 

the robot could be chemical energy, produced from chemical reactions [4] [5] [6], or external stimuli (i.e. magnetic, 

acoustic, light or electric field) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20]. Table 1.1 summarises 

differences in key micro-robot designs with respect to their design, energy sources and actuation approaches for 

locomotion, sensing, environmental and bioengineering. It illustrates the advantages and disadvantages of each 

energy source and method of actuation.  
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Figure 1.1: a) Milestones in the development of light-powered Micro/Nano motors (MNMs): Molecular motors[21]. Optofluidics[22]. Solid state photonic 

motors[23]. Self-regulated light-driven actuators[24]. Programmable light driven Microrobots [25] [26]. b) Concept figure from light energy to different 

photo-actuation methods in robotic applications  
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Table 1.1: Evaluation of different microrobots designs concerning their design principles, energy sources and actuation approaches for locomotion, sensing 

and compatibility in vivo. 

 

Design Energy source Actuation approaches Design features for powering 

Advantages in 

bioengineering 

applications 

Major limitations References 

Off board 

(externally 

actuated and 

control 

Magnetic energy 

Magnetic fields gradient 

and rotating magnetic 

fields 

Corkscrew-like locomotion 

using rigid or flexible helices; 

traveling wave locomotion 

using synthetic tails; gradient 

pulling of magnetic robots. 

Wireless power source, 

actuation and 

manoeuvrability; 

biocompatible. 

Limited in material 

selections; complex 

setup; high set up cost; 

small workspace. 

[27] [28] 

[29] [30] 

[31] 

Acoustic energy Acoustic waves 

Bubble-integrated vessels; 

Compliant tails; micro-cannon; 

inactive particles. 

Biocompatible; allows 

complex geometries; 

reliable for in vitro 

applications 

Limited study on 

microrobot material 

composition and 

geometry 

[32] [33] 

[34] [35] 

Light energy 

Photocatalysis, 

Photovoltaic and Light-

induced photothermal 

and photomechanical 

effects 

Gas bubble generation by 

photocatalytic activity. 

Electrical energy to drive 

motor by solar cell. Light 

induced shapes changes in 

photomechanical materials. 

Microscale resolution; 

offer multiple ways to 

transfer energy (e.g., 

thermal, electrical, 

chemical); highly 

controllable; 

Biocompatible; wireless 

power source 

Low energy conversion 

efficiency; workspace 

size dependent on 

illuminated area. 

[36] [37] 

On board  

(autonomous) 
Chemical energy 

Mechanical movement 

produces from chemical 

reactions 

Gas bubble generation by 

catalytic activity. Exothermic 

chemical reaction in a 

confined reactor produces 

high pressure. 

Can produce high energy 

density; fast locomotion. 

Toxic fuel source  

(hydrogen peroxide); 

need toxic catalysts to 

get high power output 

[38] 

Chemical gradients 

formed around the 

microrobot. 

Electrophoresis e.g., Janus 

colloids. 

Biocompatible catalysts; 

Capable of operating 

autonomously - by using 

chemical components in 

the environment as fuel. 

Movement highly 

dependent on the ionic 

strength; difficult to get 

long distance directional 

movement due 

Brownian effect. 

[39] [37] 

Bio-synthetic hybrid cell-

based actuators 

Combination of live bacteria 

or sperms with synthetically 

bodies. 

Offer sensing and mobility 

capability; inherently 

biocompatible; high 

energy conversion 

efficiency 

Live cells function only 

in delicate conditions 

(37°C, 5% CO2 nutrients 

etc.) to survive. 

[40] [41] 
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1.  Motivation  

Among these power sources, light is the most versatile, as it is a renewable energy, highly controllable and has 

high power density. The solar energy falling on the earth’s surface is around 100-150 mW/cm² [42] and as such, it 

is important for light-driven micro-robots to be able to operate under this energy range for practical applications. 

Furthermore, photonic properties (intensity, wavelength, and polarisation) could be tailored towards specific 

requirements. A complex control over light distribution could be accomplished using specialised laboratory 

apparatus, such as digital micromirrors and mirror scanners. This is also the case for commercial devices including 

projectors which can deliver high power output with different wavelengths, and are capable of altering the light 

patterns at high frequencies (>30 Hz). Owing to these unique properties, light is a suitable power source to drive 

micro-robots.  The locomotion of light-powered micro-robots can be controlled precisely at high resolutions. Light-

driven micro-robots operate by converting photonic energy into mechanical energy. In the past decades, many 

attempts have been made to drive micro-robots using different light-powered strategies. The major 

breakthroughs leading to light-powered actuation for micro devices are summarised in Figure 1.1a. Azobenzene 

synthetic molecular motors were first introduced in the 1980s. They are actuated by the photoisomerization of 

chemical structures of azobenzene, and were the first demonstrations of light-driven nano/micro devices. Taking 

inspiration from Kinesin’s molecular walking, scientists have successfully created synthetic walkers from DNA, 

where the molecules walks forward based on molecular cleavage and ligation. Light energy enables DNA walkers 

to copy the function of biological motors in cargo transport and biosynthesis [43] [44] [45] [46]. Subsequently, 

various light driven molecular motors have been developed. In the 1990s, scientists established that photon 

energy can actuate liquid droplets. This gave birth to optofluidics, in which the movement of a fluid is propelled 

by photo-induced capillary forces, optical forces,  or a combination of optical and electrical effect  [21] [22]. Au-Pt 

nanomotor was developed by Sen and Mallouk [23] in 2004 using inspiration from the self-propelling plates 

developed by Whitesides et al. in 2002 [47], and which instigated a new research theme in solid-state motors. 

Solid-state motors exploit asymmetrical gradient fields which are initiated by light. In these gradient fields, a force 

is needed to stabilise the field and to keep its stable state within a liquid. This force drives the movement of the 

motor. In 2017, Zeng [24] reported a first ever tuneable artificial iris made from liquid crystal elastomer that can 

perform automatic shape‐adjustment by reacting to the incident light power density. This breakthrough in light-

responsive material design presents a new approach to automatic, self-adjusting systems based on soft smart 

materials. Owing to these past achievements, in the early 2020s, scientists have successfully created 

programmable light driven micro/nanorobots with advanced properties and functions. For instance, in 2020, Li 

[25] reported a 3D printed micro-rocket which can reach a max moving speed of 2.8mm/s (62 body lengths per 
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second) in blood-like solution. In 2021, a review paper written by Wang [26] highlighted recent breakthroughs in 

the development of solid-state motors to programmable swarm of light-driven micro/nanorobots.  

 

The objective of chapter 1 and 2 is to provide the reader with a comprehensive investigation of the established 

and emerging photo-actuation techniques for micro-robots, including photocatalysis, photovoltaic and 

photomechanical/photothermal effects. By focusing on the designs and applications of photomicrorobots, these 

chapters present the development of light-powered micro-robots and examines the challenges in each photo-

actuation category. Finally, a new design pathway for light-powered micro robots is proposed which could open 

up opportunities for a new generation of fully autonomous, smart micro machines. Figure 1.1b highlights 

promising areas of future applications for light driven microrobots   utilising these three emerging photoactuation 

approaches. 

2. Research questions 

The aim of this thesis is to identify a new design pathway for light-powered insect-scale robots which could open 

up opportunities for a new generation of fully autonomous, smart machines, and present an early realization of 

this new concept through development of a flare launching autonomous swimming hydrobot (FLASH). By focusing 

on the designs and applications of small-scale robots, this thesis presents the development of light-powered 

robots and examines the challenges in each photo-actuation category using the following set of research 

questions. 

1. What are the advantages and disadvantages of each photo-actuation methods in developing light driven 

microrobots?  

2. What is the research trend in the field of light driven microrobots? 

3. What are the benefits of using photovoltaic actuation methods as a baseline to develop intelligent 

photomicro robots for environmental applications? 

4. How can one make light driven microrobots ‘green’? i.e. self-sufficient, environmentally friendly (using 

renewable energy sources to power and materials that produce zero waste). 

5. What are the best strategies to create the novel intelligent light-driven microrobots of the future and the 

potential benefits of combining different photoactuation methods? E.g. Soft-smart, light-responsive 

materials, biodegradability, combustion in soft bodies, sensing, swarm robots etc. 
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The work presented here consists of three parts. The first part is a comprehensive review on three emerging 

photo-actuation methods namely photocatalysis, photovoltaic and photomechanical/photothermal effects. This 

concludes with an overview about the future development of smart photo-microrobots in terms of a road map. 

The second part details the development of a novel light driven, swimming/jump gliding robot (FLASH) following 

the direction pointed out in the road map. The investigation ends with the development of a prototype untethered 

FLASH. The final part details an early investigation into stimuli-responsive, biodegradable soft hydrogels which 

could offer a new and novel approach to improve FLASH’s performance (soft body combustion), enhance 

biocompatibility (biodegradable materials) and encoded intelligence (stimuli-responsive materials). 

3. Contribution 

In addressing the above questions and investigating the mechanism of combustion for water jetting propulsion in 

a light powered small-scale robot, this thesis makes the following contributions.  

6. Comprehensive investigation into existing and emerging technologies for photo-actuation in microrobots, 

exploring approaches suitable for in vivo, in vitro and environmental remediations (chapter 2). 

7. The future of light driven microrobots (chapter 2). 

8. The design and characterisation of a novel light driven robots that is autonomous, self-sufficient, and 

environmentally friendly (chapter 3&4). 

9. Untethered Flare Launching Autonomous Swimming Hydrobot - FLASH (chapter 5). 

10. Investigation of stimuli responsive biodegradable hydrogel as a potential class of materials for FLASH 

(chapter 6). 

11. The development of a soft smart sensory feedback device using SMAs and soft matter logic (introduced 

as an alternative way to realise complex control and added functionality as well as adding structural 

stiffness and stability to the robot in chapter 7 and continued in Appendix C). 
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4. Publications  

The following peer-reviewed works have contributed to this thesis. 

Journals 

1. M. F. Simons, K. M. Digumarti, N. H. Le, H. Chen, S. C. Carreira, N. S. S. Zaghloul, R. S. Diteesawat, M. 

Garrad, A. T. Conn, C. Kent, J. Rossiter., "B:Ionic Glove: A Soft Smart Wearable Sensory Feedback Device 

for Upper Limb Robotic Prostheses," in IEEE Robotics and Automation Letters, vol. 6, no. 2, pp. 3311-3316, 

April 2021, doi: 10.1109/LRA.2021.3064269. 

2. N. Le, K. M. Digumarti, D. Gosden, J. Rossiter., “Towards stimuli-responsive soft robots with 3D printed 

self-healing konjac glucomannan gels.” in 3D Printing and Additive Manufacturing, accepted on 25 May 

2021. 

3. N. Le, J. Rossiter., “Light Driven Microrobots: A Review,” in preparation. 

4. N. Le, J. Rossiter., “Flare Launching Autonomous Swimming Hydrobot (FLASH),” in preparation. 

5.  Outline of the thesis 

The structure of the thesis is described below (see figure 1.2 for thesis structure diagram). 

1. Chapter 2 provides a comprehensive review on emerging photo-actuation methods to drive microrobots. 

It presents the development of each actuation technique in literature focusing on materials and 

applications in robotics. It identifies challenges and research gaps in the field and propose a new design 

pathway which can be used to develop intelligent photomicrorobots of the future. 

2. Chapter 3 and 4 show an early realisation of the concept proposed in chapter 2 in terms of a novel 

autonomous light driven robot. It describes the design and characterization of said robot with a focus on 

environmental remediation/monitoring applications.  

3. Chapter 3 presents the effect of combustion to water jet propulsion by characterising the force generated 

at different gas volume fraction and nozzle sizes. It also investigates the swimming performance of the 

robot under water.  

4. Chapter 4 investigates the aerial-aquatic locomotion of the robot by charactering the maximum vertical 

jump height at different gas to water volume fraction and nozzle sizes. 
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5. Chapter 5 presents an untethered prototype of the novel autonomous light driven robot. It showcases 

the architecture of the robot and its performance in the environment.  

6. Chapter 6 concludes the thesis by summarising the contributions made and presents thoughts on 

potential avenues for research in the future. 

 

 

 
Figure 1.2: Thesis structure diagram. 

 

 



 

9 
 

Chapter 2 

2 Light driven microrobots: a review 

Sunlight is one of our planet’s most abundant and freely available energy resources. The amount of solar energy 

that reaches the earth’s surface in one hour is more than the planet’s total energy requirements for a whole year. 

Solar power falling on earth is about 1.8 × 1011 MW [48]. This is order of magnitude larger than all the current 

energy consumption rate. The average solar radiation falling on the earth’s surface called the solar constant is 

estimated to be 136 mW/cm2 [42]. As a result, the ability to harness this abundant energy source is appealing and 

many efforts have been made to capture and store solar energy for use in robotic systems. This chapter will discuss 

three photo-actuation strategies commonly adopted in literature to power small-scale robotic systems. The first 

is photocatalysis, a process which converts light energy into chemical energy which can be used later on to 

produce mechanical energy. The second is photovoltaic, a process which directly converts light energy into 

electrical energy to use in mechanical system. The last is photothermal and photomechanical effects, which are 

inherent characteristics of photoresponsive mechanical materials which change volume upon light irradiation and 

produce mechanical movements. All these photoactuation strategies are capable of producing mechanical 

movements from light energy which is an essential requirement in designing any robotic systems. In addition, the 

ability to convert light energy to different energy forms, either chemical or electrical, for storage is attractive as 

this enables one to design miniature, self-sustaining robotic systems for various applications.   
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2.1  Photocatalysis 

 

Figure 2.1: Photocatalytic water splitting process on TiO2. Reactions occur in three steps: (i) absorption of photons greater than the band gap energy to 

produce an electron–hole pair; (ii) separation of charges and migration to the surface (e- to conduction band and H+ to valence band); (iii) redox reactions 

with adsorbed reactants (i.e. reduction of H+ to hydrogen gas and oxidation of H2O to oxygen gas). 

 

Catalysis is a term describing a process in which the rate and/or the outcome of the reaction is influenced by the 

presence of a substance (the catalyst) that is not consumed during the reaction and that is subsequently removed 

if it is not to constitute as an impurity in the final product. Photocatalysis is a type of catalysis that results in the 

modification of the rate of a photoreaction - a chemical reaction that involves the absorption of light by one or 

more reacting species - by adding substances (catalysts) that participate in the chemical reaction without being 

consumed. Figure 2.1 shows the photocatalytic water splitting reaction using titanium dioxide (TiO2)  as a nominal 

catalyst. In this reaction water is broken down into oxygen and hydrogen: 

2H2O → 2H2 + O2 
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Specifically, in photocatalytic water splitting process, photon energy is absorbs by a catalyst and as a result, 

electrons will move from the catalyst valence band to its conduction band. If the band gap is above the threshold 

needed for water splitting (1.23 eV), then, excited electrons can reduce hydrogen ions and holes can oxidize 

oxygen anions generating H2 and O2 gas respectively. As such, a semiconductor with band gap greater than 1.23 eV 

would in principal be a suitable catalyst for one-step excitation water splitting [49].  

Hydrogen gas is often regarded as a clean renewable source of energy [50] and an alternative to fossil fuel. 

Hydrogen gas can be safely stored and converted into different forms of energy. For instance, electricity can be 

generated by a fuel cell through the combination of hydrogen and oxygen gas. In addition, oxyhydrogen 

combustion can produce thermal energy and mechanical energy which can be used to drive pistons in automobiles 

or produce thrust for rockets. The thrust generated from the oxyhydrogen could also be used to propel arial-

aquatic robots for various environmental applications. 

Photocatalysis has received considerable attention in recent years and has been used within a variety of micro-

devices across a wide range of research areas, including environmental and energy-related applications [50] [51] 

[52] [53] [54]. There are many candidate materials for photocatalysis, particularly in the area of converting solar 

power to hydrogen, a particularly attractive method of generating non-polluting H2 gas for chemical processes, 

including hydrocarbon synthesis, and environmentally friendly internal combustion engines. Although various 

materials demonstrate high photo-sensitivity [55], these semiconductors are not suitable for practical applications 

because they are prone to corrosion in aqueous environments. Amongst many different photocatalysts,  TiO2 has 

been most extensively investigated owing to its high photocatalytic activity, abundance, biocompatibility and 

excellent chemical and thermal stability [56] [57] [58] [59] [60]. Attractive properties include: 

• TiO2-x (x is number related to nonstoichiometry in chemical formulas) is sensitive to light and water [61]. 

• TiO2-x has strong resistance to corrosion in aquatic environments [62] 

• TiO2-x properties can be adjusted via doping. 

• TiO2-x is significantly cheaper than other photo-responsive materials. 

 

Fabrication techniques for TiO2-x production are less complex compared to those required for valence 

semiconductors. 
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2.1.1 TiO2 Structures and Properties 

Titanium dioxide has three polymorphs, anatase, rutile and brookite. Among these three major phases, anatase is 

reported to be a better photocatalytically active phase [63] [64]. The most abundant and stable form of TiO2 is 

rutile. TiO2 is an n-type semiconductor because of its oxygen deficiency [65]. The band gap is 3.2 eV for anatase, 

3.0 eV for rutile, and ∼3.2 eV for brookite [66] [67] [68], thus making pure TiO2 primarily active under UV spectrum. 

In addition, Anatase and brookite have larger band gap than rutile which increases he oxidation ‘power’ of 

electrons and facilitates electron transfer from the TiO2 to adsorbed molecules [69]. Furthermore, Anatase has a 

longer electron-hole pair life than rutile which contributes to its enhanced photocatalytic activity [70]. 

2.1.1.1 Electronic Processes in TiO2 Photocatalysis 

Two photochemical reactions proceed on a TiO2 surface when irradiated with ultraviolet light: photo-induced 

redox reactions of adsorbed substances; and the photo-induced hydrophilic conversion of the TiO2 itself. This was 

explored in [53]; when the surface of the rutile TiO2 electrode was irradiated with light of wavelength shorter than 

its band gap, about 415nm (3.0eV), photocurrent flowed from the platinum counter electrode to the TiO2 

electrode through the external circuit. The direction of the current revealed that the oxidation reaction (oxygen 

evolution) occurs at the TiO2 electrode and the reduction reaction (hydrogen evolution) at the Pt electrode. This 

important observation shows that water can be decomposed, using UV light, into oxygen and hydrogen, without 

the application of an external voltage, according to the following scheme. 

 

TiO2 + hv → e- + h+   (1) 

                                                          (at the TiO2 electrode) 

2H2O + 4h+ → O2 + H+   (2) 

                                                          (at the Pt electrode) 

                                                          The overall reaction is 

2H2O + 4hv → O2 +2H2                (3) 

 

The discovery that photocatalysis can be used to generate “free” hydrogen and oxygen from water is a major 

advance in microrobotics.  Appropriately structured from suitable catalytic materials, a photocatalytic microrobot 

could potentially operate indefinitely in an environment where light and water are available. This is because the 
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gases produced from the reaction can propel microrobots forward. This breakthrough open ups many potential 

applications of photocatalysis in microrobotics.  However, photocatalysis is not without its challenges and is still 

very much as emerging field. 

2.1.1.2 Recombination 

Electrons-holes recombination is the major challenge in semiconductor photocatalysis because it reduces the 

overall quantum efficiency [56]. When recombination happens, excited electrons flow back to the valence band 

and combines with the holes without reacting with adsorbed species, dissipating the energy as light or heat. 

Recombination might happen either on the surface or in the bulk material and generally facilitated by impurities, 

defects, or other factors which cause bulk or surface imperfections in the crystal [56]. 

2.1.1.3 Strategies for Improving TiO2 Photoactivity 

Early investigators on solar-hydrogen photocatalysis include Fujishima and Honda, 1972,[71]. They first introduced 

photocatalytic water splitting using rutile (TiO2-x) as the anode of a photo-electrochemical cell. An important 

feature of rutile titanium dioxide is that, unlike other photo-responsive semiconductors (Si, GaAs, etc.), it is 

resistant to corrosion in aqueous medium. 

 

However, the lack of breakthroughs in improving the energy conversion efficiency (ECE) of TiO2-x above ∼1% over 

the last three decades has cast doubt on the feasibility to increase the ECE above ∼10%, which is the benchmark 

for commercialisation set by the US Department of Energy (USDOE) [72]. Despite this, significant breakthroughs 

have been made in the past decades with respect to increasing the ECE. UV light only constitutes around 3% of 

solar light and one of the main reasons titanium dioxide has such low ECE is because it is not reactive under visible 

spectrum. Thus by increasing the absorption spectrum of titanium dioxide to the visible spectrum one can 

effectively increase the ECE (as summarised in Figure 2.2). 

 

As seen from figure 2.2, a variety of methods have been investigated to improve the photocatalytic efficiency of 

TiO2. They are classed as either morphological modifications, for example increasing surface area and porosity 

[73], or chemical modifications, by tine corporation of additional components in the TiO2 structure [74]. The graph 

shows that much progress has been made in the past two decades to make titanium dioxide active under the 

visible spectrum [75] [76] [77] [78] [79] [80] [81]. This is a significant break-through as compare to early works in 

1970s which only show titanium dioxide active under UV spectrum [71] [82] [73] [74]. Although visible light active 

(VLA) TiO2 photocatalysts require further modifications, their overall efficiencies have been significantly enhanced 

by controlling the semiconductor morphology. For instance, Mao reported a significant improvement of 
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photocatalytic activity of the chitin-modified TiO2 under visible light irradiation. Compared to the pure TiO2/carbon 

fibre, the TiO2/carbon fibre with 0.6 wt% of chitin sample exhibits an enhanced visible light activity of about 2.25 

times [81]. In addition, Le reported enhanced photocatalytic response of TiO2 under visible light by C and N co 

doped TiO2 nanoparticles to maximum wavelength of around 650 nm [83]. The most notable work in this area to 

date is from Wang where the fabricated Ag-TiO2 nanoparticles exhibit photosensitivity in the visible spectrum up 

to 800 nm wavelength [84]. 

 

Figure 2.2: Significant developments in Titanium dioxide as a photocatalyst. On The left side, strategies adopted to improve photocatalytic efficiency of TiO2. 

On the right side, Solar irradiance energy in the UV and visible spectrum. Note the higher incident energy in the visible spectrum [71], [73], [83], [84], [74]–

[78], [80]–[82].  
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2.1.2 Applications of TiO2  Photocatalyst-based Micro/Nano 

robots. 

Removal of waterborne pathogens is a critical challenge that requires the developments of microscopic-scale 

devices for efficient water treatments. Micro/nanorobots, often referred to as micro/nanomotors by chemists, 

have been developed for degradation of chemical pollutions and recently they have been used for the removal of 

microbial pathogens [85]. Amongst myriad micro/nano robots, light-powered Micro/Nanorobots have received 

significant focus due to their remote control by photonic stimulation, cycling stop-and-go movement and simple 

velocity control via modulation of light intensity [86] [87] [88]. TiO2 is considered to be well suited for such 

applications as it is an abundant, large specific surface area, relatively low toxicity, low-cost, highly active catalyst 

and has been researched over the past few decades due to these unique near semiconductor electronic properties 

[84]. A niche utilisation of these properties is in environmental remediation, particularly in decomposition of a 

variety of pollutants in both fluid and gaseous states under ultra violet light illumination [57], [84], [87], [89]–[91]. 

For instance, light-driven microrobots based on TiO2 include simple TiO2 particles, TiO2 rockets and TiO2-based 

Janus particle microrobots. Table 2.1 summarises recent developments in photo-actuated TiO2-based micro 

devices used in environmental remediation with respect to material, geometries, medium, velocity, pollutants 

degraded (if applicable) and the advantages and disadvantages of each devices.  

 

Janus Micro/Nanoparticles (JMNPs) (named after the double-faced Roman god Janus - Figure 2.3a) are monolithic 

particles made up of two distinct sides with different chemical and/or physical composition. Figure 2.3b illustrates 

the light-induced self-electrophoresis movement mechanism of a catalytic TiO2–Au Janus microrobots. When 

exposed to light, hydrogen ions are generated at the bright side and a flux of electrons is generated inside the 

Janus microrobot. The hydrogen ions flow from the bright side to the dark side along the particle surface. They 

then combine with the electrons to produce hydrogen gas. The water at the TiO2 surface is oxidized to produce 

oxygen gas. The Janus microrobot moves towards the light source in the opposite direction to that of hydrogen 

ion flow. These microrobots have been used widely in water purification due to the anisotropic surface 

characteristics, and tuneable and controllable asymmetric structure which promote multifunctionality. For 

instance, Guan et al. demonstrated that Pt- TiO2 Janus microrobots can degrade rhodamine B in water [15]. The 

locomotion of the Pt-TiO2 Janus microrobots can be remotely controlled by adjusting the timing, intensity and 

waveform of incident UV light. Janus particles interact destructively with the fluid within which they are located, 

and hence the choice of fluid and its solutes (together forming the fuel) are important. The movement of the 

water-powered Pt-TiO2 Janus microrobot is governed by light-induced self-electrophoresis mechanism under the 
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local electrical field. This is generated by the asymmetrical water oxidation and reduction reactions on its surface 

[92] [23] [93]. Inspired by Guan’s work, Wu et al. demonstrated dye-enhanced movement of light-powered TiO2-

Au Janus micromotors in a range of aqueous mediums of methyl blue, cresol red and methyl orange [94]. This 

confirmed that the photocatalytic degradation of organic compounds improves the motion of TiO2-based Janus 

micromotors. Unfortunately, the activity of these photocatalytic micromotors is limited to specific wavelengths of 

light due to their narrow light absorption spectrum, which limits their effectiveness for applications in biomedicine 

and environmental remediation. In an effort to overcome this limitation, Jang et al. reported a multiwavelength 

light-responsive Janus micromotor consisting of a black TiO2 microsphere asymmetrically coated with a thin Au 

layer. This Janus microrobot is propelled by light, both in H2O2 solutions and in pure H2O over a broad range of 

spectrums including ultra violet, blue, cyan, green, and red light [95]. 

 

Table 2.1: Photo-actuated TiO2-based micro devices compared in terms of material, geometries, media, velocity, pollutant degraded, including advantages 

and disadvantages of each device. 

Material Geometries Medium Maximum 

Velocity  

Pollutant Advantages Disadvantages Reference 

TiO2/Au Nanotube – 

average 

diameter ≈ 25 

nm 

Methyl orange 

solution 

No movement is 

reported 

Methyl orange Confirm the 

photocatalytic 

activities of TiO2 

nanotubes are higher 

than that of nanosized 

TiO2; Enhanced 

photocatalytic activity 

when TiO2 nanotube is 

loaded with Au (orPt); 

Au loaded TiO2 

nanotube has evident 

adsorption peak in 

visible region. 

Titanium 

nanotubes have 

tubular structure 

and can be easily 

damaged when 

calcined at high 

temperature (i.e. 

500°C - 600°C); no 

movement of the 

nanotubes is 

reported. 

[96] 

Fe3O4@PANI/ 

TiO2 

Spherical particle 

≈ 420 nm 

Ethylenediami-

netetraacetic 

acid (EDTA) 

solution 

No movement is 

reported 

Ethylenediami-

netetraacetic 

acid (EDTA) 

The photocatalyst 

exhibited fast 

interfacial charge 

migration ability; 

Superior magnetic 

separation 

characteristic; 

Enhanced visible-light 

photoactivity and 

photostability. 

The particles do not 

move.  

[97] 
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TiO2/Au/Mg Janus particle 

≈ 20µm 

NaCl solution 80 µm/s Bis(4-

nitrophenyl)  

phosphate, 

Methyl  

paraoxon, 

Bacillus   globigii 

spore 

A reagent-free 

operation, generation 

of reactive oxidizing 

species (ROS) 

responsible for the 

efficient destruction of 

the  cell membranes of 

the anthrax simulant 

Bacillus globigii spore. 

Low speed (4 body 

length/s), relatively 

short lifespan (15 

minutes for 30 um 

sphere), requires 

off-board power 

source, stochastic 

motion. 

[98] 

TiO2 Rod shaped, 

diameter ≈ 6 um 

H2O2 solution 325 µm/s No specific 

pollutants are 

reported.  

The micromotor could 

be accelerated or 

decelerated depending 

on the variation of the 

light intensity; The 

light-controlled 

activation and stop has 

a short response time 

0.2s 

The motion of the 

micromotors highly 

depend on fuel 

concentration; 

[99] 

TiO2 Thin film  

≈ 250nm 

Acetone and 

Benzene gases 

in a gastight 

chamber. 

Thin film on 

fixed substrate 

Acetone 

Benzene 

Enhanced visible-light 

photoactivity and 

photostability; high 

visible light 

transmittance. 

Increased PVP 

content decreases 

TiO2 crystallite size 

and thus reduces 

the photocatalytic 

activity of TiO2; The 

thin film is 

stationary. 

[100] 

Au/Pt/ TiO2 Spherical  

Particle ≈ 5µm 

H2O2 solution 130 µm/s Methylene blue,   

Rhodamine B, 

Methyl   

orange 

Using H2O2 (fuel) the 

solar photocatalytic 

efficiency can be 

enhanced more than 

110 times. 

The motion of the 

micromotors highly 

depend on fuel 

concentration or 

mechanical 

agitation to work 

(i.e. magnetic 

stirring), stochastic 

motion, Platinum is 

expensive. 

[101] 

TiO2-Au Janus particle  

≈ 1 µm 

Water 25 body length/s No specific 

pollutant is 

tested 

Requires low intensity 

UV light energy in pure 

water; Can be precisely 

controlled ; The janus 

micromotors can be 

easily modified with 

diverse functional 

groups towards 

Still operates under 

UV spectrum.    

[88] 
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complicated tasks; Fuel 

free. 

TiO2/Pt Janus particle  

≈ 800 nm 

Water 21 µm/s Rhodamine B Long-term stability, 

wirelessly controllable 

motion, long lifetime, 

small size, suitable for 

application  in macro- 

or microenvironment 

(microchannels  and 

microwells in 

microchips) 

Difficult to scale up, 

Platinum is 

expensive. 

[15] 

TiO2-Au Janus particle  

≈ 1 µm 

Water 

Methyl blue 

Cresol red 

Methyl orange 

26 µm/s 

43 µm/s 

36 µm/s 

34 µm/s 

 

Methyl blue, 

Cresol red,  

Methyl orange 

Reusability, light-

induced dye-enhanced 

motion through self-

electrophoretic effects 

in dye solutions under 

UV irradiation, high 

efficiency. 

Still operates under 

UV spectrum.    

[94] 

Au/B-TiO2 Janus particle 

≈ 3.5 µm 

Water 

H2O2 solution 

30 µm/s No specific 

pollutant is 

tested 

The Au/B-TiO2 Janus 

micromotors exhibited 

directional movement 

under broad range of 

light spectrum 

including UV (360−370 

nm), blue (420−440 

nm), cyan (460−495 

nm), 

green (540−550 nm), 

and red (590−650 nm). 

Very low speed in 

pure water ≈ 0.54 

µm/s. 

[95] 
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Figure 2.3: Recent development of photo-actuated TiO2-based microrobots: a) Double-faced Roman god Janus after which the two-sided Janus particle is 

named. b) Catalytic TiO2–Au Janus microrobots powered by ultra violet light [88]. c) Movements of two TiO2-Pt microrobots in water. (left) UV off and (right)  

UV on for a period of 1 s [15]. d) TEM images of the TiNT samples after calcination at different temperature and Au (or Pt)-loaded, this figure clearly shows 

that Au and Pt-loaded help retain the tubular structures of the TiNT samples [96]. e) Optical micrograph of a catalase−Ppy−Au nanorod (left) and TEM image 

of a Ppy−Au nanorod (right) [93]. f) SEM image of the TiO2 micromotors (scale bar 1 μm) [94]. g) Synthesis and material characterization of Au/B-TiO2 Janus 

micromotors [95]. h) Tapping mode AFM topography (left) and phase shift (right) images of Pt/Au nanorods in air [23]. i) Multiwavelength-Steerable Visible-

Light-Driven Magnetic CoO–TiO2 Microswimmers [102]. 
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Figure 2.4: Log scale plot of Volume vs Input power vs Velocity of TiO2 Photocatalyst-based Micro/Nano Devices [15], [88], [95], [98], [99], [101], [102] 

 

It is clear from Table 2.1 that a common drawback reported across the literature is the low speed of photonic 

micro/nano devices. This has led to the emergence of a research area where the target is to improve the speed of 

the device whilst keeping the size and input power small (figure 2.4: green region). Based on this metric, the most 

notable work to date is the light-powered TiO2-Au Janus microrobot presented by Dong et al. [88]. The fuel free 

Janus micromotor (diameter 1 µm) can propel in pure water under low UV light intensity 40 x 10-3 W/cm2 with a 

fast speed of 25 body length/s. This has led to follow up work in which the light driven synthetic microdevices can 

rapidly detect and degrade organic dye pollutants in aqueous environments [94].  Similar works have also been 

reported in literature such as autonomous light-activated TiO2/Au/Mg micro-agents capable of decomposition of 

biological and chemical warfare agents [98] and a motor plasmonic photocatalyst developed for remediation of 

polluted anaerobic stagnant waters [101].  In addition, these microrobots exhibit outstanding reusability in the 
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degradation and detection of pollutants. These results indicate the potential to adjust the propulsion of 

photocatalytic micro/nanorobots for “on-the-fly” degradation of pollutants in fluidic environments. These light-

driven, precisely controllable, and efficient TiO2-based photocatalytic Janus micromotors hold considerable 

promise for the design of practical photo-actuated micro/nanomachines towards a wide range of important future 

robotic applications ranging from nanofabrication [103] to environmental remediation [104] .  

 

2.2  Photovoltaics 

 

Figure 2.5: Photovoltaic Process, showing conversion of light energy to electrical energy. 

 

It is estimated that, given the solar energy constant of 136mW/cm2 photovoltaic cells could generate power 

density up to 100 mW/cm2 [105]. As such, photovoltaics is one of the most efficient methods to harvest available 
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solar energy. Photovoltaic energy harvesting uses solar or artificial light and photosensitive semiconductors to 

generate electricity. This involves three main processes: 1. absorption photon energy from light source; 2. this 

frees electrons from the semiconductor (separation); and 3. the flow of the electrons (negatively charged) and 

holes (positively charged) at respective electrodes [106]. This forms an electric current when a load is present (see 

figure 2.5). 

 

Photovoltaic technology has been the driving force in both the large-scale renewable energy industry and small-

scale energy harvesting. It also enable new industrial robotic applications, including an autonomous solar-

powered robotic observatory designed to carry out long term marine monitoring [107], the Mars Exploration 

Rover developed for space exploration [108] and a remotely operated solar-powered metal detector robot for 

landmine detection [109]. We refer the reader to prior reviews of fundamental solar photovoltaic technologies 

[48] [110] [111] [112].  

 

In recent years, research and development has focused on the development of organic thin-film photovoltaic cells 

that are cost effective and require less energy to manufacture than conventional silicon semiconductor 

photovoltaic cells. Within the last eight  years, the initial investment cost of organic thin film solar cell has fallen 

below silicon-photovoltaics ($2.50/W vs. $3.20/W) [113]. The lower cost of thin-film solar cells not only benefited 

micro-energy harvesting systems, but also suitable for a wide range of new applications due to their low thickness 

and flexibility, especially in micro-robotic systems as they often require light weight energy sources which can 

generate high power density for untethered applications. Here we will give an overview of the development in 

photovoltaic cell materials which can be used in microrobotic systems and applications of photovoltaic 

technologies in micro-robotics.  

2.2.1 Photovoltaic cell materials in microrobotics 

Photovoltaic cells are superior to other power harvesting technologies owing to greater efficiency and energy 

output. Typical efficiency are 30% for monocrystalline cells, with a power density of 100 µW/cm2 to 1000 µW/cm2 

indoors and 100 mW/cm2 outdoors [105]. However, in reality this efficiency is lower because these cells are 

incapable of absorbing photons across the full light spectrum [114]. As a result, many researchers have utilised 

micro/nanotechnologies in an attempt to modify the surface of such thin film cells, thereby making them more 

active under different UV wavelengths [115]  [116] [117] [118]. If a wider range of wavelengths are absorbed, the 

efficiency and amount of power harvested will increase. This is similar to the trend reported in photocatalysis 

where efforts have been made to expand the absorption spectrum of catalysts. 
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Thin film photovoltaic cells made up of thin layers of semiconductors stacked on to a solid substrate. Thin films 

significantly reduce the quantity of semiconductor material needed for each cell and thus lower the production 

cost of photovoltaic cells. Gallium arsenide (GaAs), copper, cadmium telluride (CdTe) indium diselenide (CulnSe2) 

and titanium dioxide (TiO2) are materials that commonly used for thin film PV cells. The highest reported 

conversion efficiencies for solar cells without concentrators are 28.8% for GaAs thin film [119], 25% for bulk single 

crystal Si [120], 21.7% for CIGS (copper indium gallium selenide) thin films [121], 19.3% for perovskite cells [122], 

13.4% for amorphous silicon thin film solar cells [123], 11.9% for dye–sensitized cells [124] and 11.1% for organic 

solar cells [125] (as summarised in figure 2.6a). Due to the high power conversion efficiency and power density  of 

GaAs thin film solar cells, they have been utilized in cutting edge aerial microrobot such as RoboBee X-wing [126]. 

However, the size of thin film solar cells remains a challenge for untethered insect-sized aerial robots as these 

devices often require high power density which can only be achieved with larger size solar cells. As such, there is 

a strong incentive to fabricate extremely lightweight thin film solar cells which can produce high power density. 

Thin film organic solar cells show strong potential to meet the strict requirements of micro robotic systems. Even 

though the efficiencies of organic solar cells remain small compared with other thin film materials such as GaAs 

or GIGS, they have been continuously improving since 1990 [127]. Organic materials have the advantage of being 

able to absorb light across the entire solar spectrum due to the presence of π-bonded electrons which are able to 

move along the delocalized π-orbitals arising from sp2 - hybridization states of carbon atoms. The charge carrier 

mobility of these materials is small (≈10-5 to 1 cm²/V-s) compared to inorganic semiconductors, but their 

absorption coefficients in the visible region of the electromagnetic spectrum are high: ~10-5 cm-1. This makes them 

good absorbers for thin-film solar cells with thicknesses of 50–100 nm [128] [129]. Most organic semiconductors 

are p-type with a relatively large optical bandgap (1.5–3 eV), reducing the production costs and the cell mass, 

because of the very thin layers involved. Due to the small size and high energy absorption in the visible region, 

organic thin-film cells could become an alternative power source for micro-robots as they can be easily 

incorporated into the robot body as an onboard energy source. Many works have been carried out over the last 

two decades to increase the power conversion efficiency of organic thin film photovoltaic cell. As shown in figure 

2.6b, organic thin film cells continually show significant increases in power conversion efficiency reaching 10% in 

2013 [130] and recently increase to 15.2% [131]. It is clear in figure 2.6b that the power conversion efficiency of 

organic thin film cells has increased by fivefold in the last two decades. Meanwhile the power conversion efficiency 

of GaAs thin-film only increased by 6% in the past 2 decades (from 24%-30%) [132][131]. According to the current 

trend, it is expected that in ten-year time the power conversion efficiency of organic thin film cells will surpass 



 

24 
 

that of GaAs thin film. As a result, in the near future, organic thin film solar cells will play an important role in 

micro robotic systems as a light-weight powerful onboard power source. 

 

 

 

 

Figure 2.6. Development of thin film solar cells. (a) Power conversion efficiency of thin film solar cells [131]. (b) Power conversion efficiency of organic thin 

film solar cells development over the last 46 years [130], [131], [133]–[146]

(a) (b) 
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2.2.2 Application of Photovoltaic technologies in micro-robotics 

 

High voltage compact photovoltaic sources can be realised by connecting multiple cells in series. In 2003, Bellew 

et al. presented a photovoltaic source with groups of up to 200 individual cells, each sized 400 µm by 400 µm, 

connected in series to obtain open circuit output voltages as high as 88.5 V [147]. The maximum power output of 

2.01 mW (62.8 µW/mm) with a solar illumination air mass of 1.71 (the air mass defines the direct optical path 

length via the Earth's atmosphere, expressed as a ratio relative to the path length vertically upwards) corresponds 

to an efficiency of 8.3%. This is low compared to efficiency over 20% commonly achieved with larger commercial 

photovoltaic cells but was sufficient for the intended small scale application.  In 2003, Hollar et al. reported what 

is believed to be the first solar-powered microrobot utilising photovoltaic technology (figure 2.7a) [148]. To create 

the large voltages needed to drive the robot, 90 solar cells were connected in series to produce an open-circuit 

voltage above 50 V. With a total effective area of 2 mm2, the solar cells generated over 100μW of power under 

solar illumination. The robot used two piezoelectric actuators to move autonomously, and its legs exerted enough 

force to lift its body above the walking surface. However, the robot has not yet been shown to walk forward and 

only shows 3 mm of motion shuffling sideways. Subsequently  a group of scientists from University of California, 

Berkeley developed a millimetre-sized, piezoelectric driven, jumping robot capable of 1.2 cm vertical jump (figure 

2.7h)  [149]. The robot has a mass of 10 mg and is powered by a solar cell similar to that reported in [148]. However, 

the robot is not robust enough to withstand multiple jumps and the jump direction cannot be controlled. Reid et 

al. reported a 0.7 mm diameter spherical robot (figure 2.7c) powered by a thin film solar cell capable of rolling 

using electrostatic actuators [150]. However, this work mainly focused on developing the fabrication process for 

creating the spherical shells rather than the locomotion, performance or applications of the as-fabricated robot. 

Edqvist et al. presented a mm-sized autonomous micro robot (figure 2.7e) including communication, locomotion, 

energy storage and electronics. The total volume of the robot is less than 23 mm3 and the weight is 65 mg. Energy 

is provided by a solar cell made of amorphous silicon (a-Si:H) with an efficiency of 23%. The cell is multifunctional 

since it provides the robot with power, and capabilities for sensing and communication [151]. Maximum power 

from the cell was 1.28 mW at an illumination of one sun (AM1.5 spectra, 100 mW/cm2). Similar work has also 

been reported through the design of photovoltaic cells intended for untethered aqueous micro-robots [152]. Four 

cells with an estimated efficiency of 12.5% could produce up to 100 µA of photo current to the electronics 

embedded in each microrobot from an incident source of green light. The microrobot consists of a microcircuit 

capable of generating small magnetic fields through an embedded conductor network to force the magnetotactic 
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bacteria that are encapsulated in micro-reservoirs to push in the desired direction. As can be seen from these 

studies, many attempts have been made to incorporate photovoltaic technologies in microrobots to act as 

onboard power sources and control systems.  

 

Exploiting recent advances in photovoltaic cells optimised for a single wavelength and high power densities [153], 

the first wireless lift off of a 190 mg insect-scale aerial robot (RoboFly) was reported in 2018 [154]. The robot is 

remotely powered using a 976 nm laser and its wings are moved by piezo actuators. In its current form, RoboFly 

can only take off and land, as other maneuvers place its photovoltaic cell out of alignment with the laser. Once its 

photovoltaic cell is out of the direct line-of-sight of the laser, the robot runs out of power and lands (figure 2.7g). 

Recently, a new design has been reported for RoboFly which significantly reduce the weight of the robot to 74 mg. 

The new version shows steering capability as well as air-water interfacial locomotion (figure 2.7d) [155]. The 

RoboBee X-wing [126] has demonstrated untethered flight using ultra-lightweight solar cells, powering 

piezoelectric actuators, via a stripped down circuit board. This robot weights around 90 mg and is powered by the 

solar cells which are positioned 3 cm above the vehicle to prevent aerodynamic interference with the wings (figure 

2.7f). Although this marks an important milestone for flying robots at the insect scale, this technology is in its 

infancy. One of the limitations of the current system is that the flight lasts less than a second because the robot 

will quickly use all its energy when it moves out of the irradiation area. Additionally, the light intensity needed for 

this untethered flight is approximately three suns, which makes it impractical for autonomous outdoor flight (the 

photovoltaic cells used can provide power densities of about 300 mW/cm2 at 3 Suns. Recently, Miskin et al [156] 

showcased a light-driven microscopic walking robot requiring only 10nW to operate (figure 2.7b). Given the low 

power requirement of the robot, it could be powered by sunlight. The authors argue that a photovoltaic cell on 

the order of 30 µm and 10% ECE could provide the robot roughly 100 nW, nearly an order of magnitude more 

power than needed to actuate the robot. Although the functionality of this robot is still limited, this is a step in 

the right direction. New actuator based on this design could be combined with more complex systems to carry-

out more sophisticated tasks ranging from cancer treatments to fighting crop pests. 
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Figure 2.7. Photovoltaic technology utilised in microrobots: a) Three-chip walking robot [148]. b) Light-driven microscopic walking robot [156]. c)  Scanning 

electron micrograph of a spherical mirorobot formed from glass-silicon-glass layers. The robot has diameter between 0.5-0.3 mm [150]. d) RoboFly version 

2 [155]. e) I-SWARM autonomous microrobot [151]. f) Insect-sized flapping-wing microscale aerial vehicle [126]. g) RoboFly version 1 [154]. h) An 

autonomous jumping microrobot [149].   
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Figure 2.8. Micro-Photovoltaic-cell microrobots progress, showing mass and input power for the robots over the last 20 years. 

 

Figure 2.8 shows a comparison of photovoltaic cell-powered microrobots since the first reported example in 2003. 

As illustrated, limited work has been done in this area and it is clear from the most recent breakthroughs in insect 

scale flying robots that most progress has been made through the development of larger robots with more 

functionalities rather than miniaturised robots. This may be due to a number of factors: it is challenging to scale 

down the photovoltaic cells to submillimetre scale [157]; the power generated by submillimetre-scale solar cells 

is not sufficient to drive the microrobots [126]; extra electronics components including voltage converters and 

capacitors may be needed to boost the voltage provided by the solar cells to power the piezoelectric actuators (as 

in the case of [126], [148], [149], [154]); and finally, submillimetre solar cells do not capture light properties such 

as wavelength and polarisation which could be used for control. Nevertheless, the studies reported above have 

shown significant breakthroughs in the application of photovoltaic technologies in micro-robotic systems and 

represent a range of high-potential research areas ranging from walking, jumping and flying robots. The challenge 

now is to produce smaller, more complex robots which require lower power to operate. It is expected that, in the 

near future, insect-scale photovoltaic robots will be fully autonomous and capable of undertaking complex and 
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high-value tasks such as swimming for bioremediation, flying for monitoring and jumping for autonomous 

exploration. 

 

2.3  Photomechanical and photothermal effects 

 

Figure 2.9: Photomechanical and Photothermal Effects. On the left side. The photomechanical effect; this is based on a configurational shape change of part 

of the molecule (e.g., an azobenzene group) upon light absorption, which disturbs the order of the liquid‐crystal network. On the right side. The photothermal 

effect; this is an intrinsic thermal excitation stage where light is absorbed and a shape change occurs through local heating.  

 

For decades, majority of roboticists mainly focused on rigid systems which enable autonomous operation through 

sophisticated control with optimal movement accuracy and velocity. Meanwhile, material scientists concentrated 

on  developing polymeric actuators that are miniature, flexible, adaptive, and stimuli-responsive. The fusion of 

robotics and material science has given rise to soft microrobots which combine key concepts from microrobotics 

and stimuli-responsive materials research. Soft microrobots offer numerous advantages over their rigid 

counterparts, exhibiting remote control and power delivery, adaptive manipulation and safe human interaction, 

with device architecture and locomotion often inspired by nature. Soft photonic microbots, in contrast to 

magnetic microbots [27]–[29] photocatalytic robots and photovoltaic robots, are driven directly from light. Whilst 

magnetic microrobots can only operate in constrained environments enclosed by bulky electromagnets, photonic 
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soft microrobots can be driven by small discrete lasers which can be a large distance from the robot. In the 

previous sections, we explored photocatalysis which uses light to drive a chemical reaction to evolve the gas that 

propels the robot, and photovoltaic systems which convert light energy first into electrical energy and then into 

mechanical movements. In this section, we review a different propulsion mechanism, based on the movement or 

deformation of body parts, for optically driven microrobotic systems. This is achieved by utilising photo-responsive 

mechanical materials, typically liquid‐crystalline elastomers—crosslinked polymer networks that can deform upon 

illumination by light. There are two main mechanisms responsible for the deformation in these polymer networks. 

The first mechanism is based on a configurational shape change of part of the molecule (e.g., an azobenzene group) 

upon light absorption, which disturbs the order of the liquid‐crystal network. We call this the photomechanical 

effect [158]. The second makes use of an intrinsic thermal excitation stage where light is absorbed and a shape 

change occurs through local heating. This is defined as the photothermal effect [159]. 

 

These optical microrobots can achieve various solid surface, underwater, and air–water interface locomotion 

modes, such as crawling, rolling, swimming, and jumping, to navigate in diverse environments to achieve their 

desired tasks. The sections below will investigate the materials and potential applications of optical microrobots 

made from photo-responsive mechanical materials. Here, we focus on recent advances in soft photo-reponsive 

mechanical materials and it applications in microrobotics, as the underlying physics and other area of applications 

have been comprehensively discussed in literature [160] [161]. 

2.3.1 Photo-reponsive mechanical materials as a source of 

actuation via photomechanical and photothermal effects. 

The fundamental actuation mechanism of photo-responsive mechanical materials governs by two processes 

namely photomechanical and photothermal effects. The photomechanical effect is the intrinsic shape change of 

materials under light irradiation. Upon exposing to light, the materials convert photo energy to mechanical 

movements due to cis-trans isomerism (see figure 2.9 left). This effect was first reported by Alexander Graham 

Bell in 1880 [162] in experiments which produced the world's first wireless telephone communication. A hundred 

years after Bell’s work, Uchino and Cross reported that a photomechanical material could be used as legs in the 

fabrication of a small-scale light-driven “walker” [163]. Since then, many attempts have been made to address key 

challenges in realizing light-driven robots. Liquid-crystal-polymers (LCPs) and hydrogels have received much 

attention because they can not only undergo large, reversible shape changes upon light illumination but can also 

respond to changing light intensity [164] [165], wavelength [166] [167], or polarisation [168] [169].  
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In contrast, the photothermal effect induces volume changes due to thermal expansion and/or small molecular 

absorption in materials as a result of light‐to‐heat conversion. To be more specific, these materials function as 

black objects that can harvest and transform energy from electromagnetic waves into heat. The increased 

temperature causes deformation due to thermal expansion and/or desorption of small molecules like water [161] 

[165] (see figure 2.9 right).  These dynamics can be found in biological species, including E.coli, blue-green algae 

and mycoplasma [170] [171] where locomotion is governed by the photothermal shape transformation which 

interact with surrounding environment. While these species have continuously evolved and optimised through 

millions of years of evolution, the optimisation of LCPs robots have been limited to laboratory experiments and 

theoretical study. As such, nature is a valuable source of inspiration for the design and optimisation of photo-

responsive mechanical material microrobots. 

 

Table 2.2 shows a collection of soft materials and their actuation stimuli. The ‘x’ marker shows whether the 

material is responsive to the specific stimuli and associated works reported in literature. The O marker presents 

opportunities in which the materials could be stimulated and controlled by light and U marker shows ongoing 

work to prove that the material is responsive to light. As seen from table 2.2, under the light column, there is a 

wide range of light-responsive mechanical materials with variable stiffness ranging from carbon to hydrogels. This 

allows micro-roboticists to pick and choose appropriate materials for specific applications as well as opens up 

many research routes. For instance, one interesting research route could be to develop soft, environmentally 

friendly, light-driven microrobots utilising the large shape change of LCEs and biodegradability of hydrogels. This 

is particularly beneficial in vivo, vitro and environmental applications as the robots can become an integral part 

of the environments and operate in harmony with other micro-organisms. As soft polymeric materials with smart 

behaviour have been comprehensively covered in review [172], here, we briefly discussed the two most popular 

classes of soft photo-responsive materials used in light-controlled microrobots namely hydrogels and liquid 

crystalline polymers. The bulk of the remaining sections will focus on discussing the development of photo 

microrobots in this area throughout literature.  

 

Soft smart polymeric materials open up new pathways for the development of photo-microrobots [173] [174] 

[175]. The intrinsic softness of polymers is highly dependent on the formulation. Young modulus range from tens 

of kPa for hydrogels [164] to MPa for liquid crystalline networks (LCNs) [176]. Hydrogels are hydrophilic networks 

able to absorb large amount of water. This is particularly beneficial for microrobots that operate in liquid 

environments.  
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Another class of photo-responsive mechanical materials for photo-microrobotics are liquid crystalline elastomers 

(LCEs) and LCNs [177]–[182]. These polymers are fabricated by grafting liquid crystal (LC) moieties (mesogens) 

inside a polymeric network. Upon light irradiation, the molecular order is changed resulted in shape deformation. 

For example, a contraction along the liquid crystalline alignment direction and an expansion in the perpendicular 

direction are observed [183], [184]. Notable features of this is the deformation is reversible once the stimulus is 

absented, and the ability to code different deformations modifying the LC alignment [185], [186]. In contrast to 

hydrogels, LCNs can operate in environments outside water, as deformation can happen in other solutions, and 

LC alignment engineering can produce bending, torsional, or rotational motion [187]. 

 

Table 2.2. A collection of soft materials and their associated stimuli. 

 

 

Electric field Magnetic field 
Pressure 

differential 

Heat 

(electrode-

photothermal, 

etc.) 

Light 

Chemical 

(solvent, 

water, pH, 

ect.) 

References 

Carbon X  X X O   

·Carbon nanotube (CNT) 

sheets, yarn 

X  X X O  [188] [189] 

[190] 

·CNT aerogel X      [191] 

Fluids X X X X X X  

·Electrorheological fluids 

(ERFs) 

X      [192] 

·Magnetorhoelogical fluids 

(MRFs) 

 X     [193] 

·Ferrofluids  X     [194] [195] 

[196] 

·Dielectric fluids 

(electroconjugate fluids 

(ECFs)) 

X      [197] [198] 

[199] [200] 

[201]  

·Liquid metals X X  X X X [202] [203] 

[204]  

·Liquid marbles X X   X X [205] [206] 

[207] 

Paper (cellulose) X X  X O  [208] [209] 

[210] 

Polymers and gels X X X X X X  

·Conductive polymers X      [211] [212] 

[213] [214] 

[215] 
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·Liquid-crystal polymers 

(LCPs), polymer networks 

(LCNs), elastomers (LCEs) 

X   X X X [177] [178] 

[179] [180] 

[181] [182] 

·Ionic-polymer–metal 

composites (IPMCs) 

X      [216] [217] 

[218] [219]  

·Dielectric elastomer 

actuators (DEAs) 

X    U   [220] [221] 

[222] [223] 

·Shape-memory polymers    X X X [224] [225] 

[226] [227] 

·Hygromorphic polymers    X O X [228] [229] 

[230] 

·Ferrogels and ferro-

elastomers 

 X     [231] [232] 

[233] 

·Hydrogels X X X X X X [234] [230] 

[235] 

 

2.3.2 Applications of Photomechanical and Photothermal 

effects in microrobots. 

Light-powered soft actuation is attractive because it can be controlled remotely and accurately, rapidly modulated, 

and easily exploited at the nano/microscale [236] [237]. Photochromic molecules play an important role in 

artificial photoresponsive devices, harvesting photo energy and converting it into useful mechanical energy via  

strain [227]. This mimics light-driven mechanisms found in nature. For instance, the light-induced isomerisation 

of retinal molecules triggers a cascade of chemical events, leading to neural signals and the perception of light 

[238]. These molecules are essential in microscale soft and compliant actuators made of polymers, gels, fluids, 

and photomechanical materials. In this section, notable progress in microrobotics is highlighted based on the 

applications of photothermal and photomechanical effects of photoactive materials in micro/nano scale devices 

such as mechanical oscillators, walkers, and swimmers which could one day lead to aerial microrobots. 
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Figure 2.10: Photomicro robots. a) An inch worm robot sit on a human finger. The inset illustrates the operational stages: light on, the robot body heats up 

and extends; light off, the body contracts and bends. [239] b) A micro walker sits on human hair. The inset shows the actuation stages: light on, the robot 

body shrinks; light off, the robot body extends. [181]  c) Caterpillar microrobot. Left inset: laser light causes deformation of the robot body; right inset: 

showing the robot squeezes through a 0.9 mm slit.[240]  d) A spiral LCPs microrobot rolls under continuous light irradiation. [241] e) An LCPs microrobot 

crawls inside a capillary. [242] f) Various locomotion strategies for fluidic propulsion: corkscrew,[243] bending, [244] and oscillation. [245] g) A concept 

diagram of a miniature swimmer. [246] h) A liquid‐crystal‐polymer robot powered by a dynamic light system (left), the robot swims in a liquid by deforming 

its body to form a traveling‐wave (right). [245]. 

 

In early 2018, an inching microrobot made from a liquid crystal elastomer film (Figure 2.10a) was demonstrated 

[239]. Upon visible-light excitation the millimetre sized caterpillar robot can be observed crawling on different 

surfaces such as a blazed grating and a paper. However, due to the lack of friction bias and time-symmetric 

(reciprocal) motion, the walking direction the walkers is dependent on substrate characteristics. The length of the 
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robot was 8 mm and the speed is 0.25 mm/s (1/32 body length). It is important to note that LCP robots can be 

made in micrometre scale using laser lithography. Figure 2.10b shows a 60 μm length micro walker sits on a human 

hair [181]. The locomotion of this robot was very sensitive to friction due to its small mass and the intrinsic (e.g. 

Van der Waal’s) adhesion. Therefore, a straight walking direction is difficult to maintain. The average walking 

velocity in this case is measured to be around 37 μm/s (half a body length). Directional movement could also be 

obtained using alternative strategies [247] [248]. Figure 2.10c shows an inch-long caterpillar robot which can move 

forward by deforming its body into a traveling-wave. The inching locomotion is triggered by shining a laser beam 

along the robot body. This induces a local bending of the polymer and enables the robot to crawl forward in the 

scanning direction. This robot also capable of squeezing through a narrow slit (inset of figure 2.10c) [240]. The 

robot is 14.8 mm long and has a speed of 0.24 mm/s. Recently, a LCP spiral microrobot rolling over large distance 

under continuous light illumination was demonstrated (Figure 2.10d) [241]. A similar rolling locomotion was also 

showed in a bilayer LCPs wheel and spring-like motor [249]. Figure 2.10 shows a class of light-driven micro-robots 

utilising photomechanical and photothermal effects reported in literature to date. These robots are capable of 

various locomotion ranging from crawling to swimming.  

 

Figure 2.11a reveals that most of the recent soft photomicro devices reported in literature are in the range of a 

few millimetre in size and require less than 500 mW/cm² of input power. This is because LCP composites have 

large and rapid response upon irradiation and can be easily fabricated into arbitrary small shapes. This enables 

them to perform complex tasks such as climbing a slope, squeezing through a slit, and pushing a micro-object. In 

addition, much research has focused on enabling these micro devices to harvest energy directly from the sun and 

to operate autonomously. The solar light intensity is between 100-150 mW/cm² and as such, efforts have been 

made to bring down the energy requirements of light microrobots to below one hundred milliwatts per square 

centimetre. The blue tetrahedral marker in Figure 2.11a shows the work of Tang et al. [250].  This is the first 

attempt to construct a light-driven electromechanical generator using the direct photomechanically coupling of 

azobenzene polymers. The device has fast and strong photoinduced bending and unbending. The bilayer film 

displayed a high unbending velocity and a fast recovering rate when a longer exposure light was switched off. 

However, the film’s bending motion was hindered by the magnet used and the azobenzene material has very low 

electricity conversion efficiency (1. 4 × 10-3 %), far lower than the conversion efficiencies of conjugated polymer 

photovoltaic cells. Huang et al. [246] (yellow marker in Figure 2.11a) reported a soft swimming micro robot with 

a gripper powered by light, which does not carry any electronic devices and batteries. The robot can carry out 

complex movements such as swimming, grabbing, carrying and transportation. However, the swimming velocity 

is low (142µm ≈ 1/185 body length/s) and the swim speed reduces as the robot swim away from the centre of 
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light irradiation. It is interesting to note that both of these robots utilise direct photomechanical effect and not 

heat-induced motion (photothermal effect). 

 

 

 

Figure 2.11: Power requirements of photomicro robots: a) Input power of photomicro robots versus their overall size and speed. b) Log scale plot of Power 

Density of photomicro robots versus their Mass. 

 

Although the majority of photomobile devices operate within UV to visible light spectrum, limited progress has 

been made to extend the effective wavelength through the visible spectrum towards the infrared.  For instance, 

Kohlmeyer and Chen (green cube in Figure 2.11a) [251] introduced IR light-driven hinges composed of an active 

LCE composite layer with IR-active fillers and a passive silicone layer. The hinges have fast, reversible bending with 

a large strain and exhibit IR wavelength selectivity. One drawback of this work is that the temperature of the 

bilayer film increases very quickly as the IR light intensity increases (T=136 °C at light intensity of 1800 mW/cm2) 

which make it unsuitable for certain applications (i.e. biomedical and environmental). Figure 2.11a, shows the 

potential to make future microrobots devices from photoactive materials which require less input power but have 

high velocity. The most notable works reported to date are a microscopic walker developed by Zeng et al. (cyan 

star in Figure 2.11a and 2.11b) [181] and a helical shaped microrobot by Mourran et al. (red sphere) [252] which 

are powered by light sources of 300 and 170 mW/cm² respectively and have speed of 0.62 and 0.25 body lengths/s 

respectively. The trend line (fitLinear function) in Figure 2.11b suggests that efforts have been made to reduce the 

size of the robots and its power requirements, and that there we may be able to predict power density for a given 

robot mass. Although Zeng et al and Mourran et al claim that they can reduce the size of their robots to 

micrometre scale , their devices are still required very large power density for a given robot volume to operate 

(a) (b) 
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(0.167 × 106 mW/mm5  and 4.25 × 106 mW/mm5 respectively) [252] [181]. The power density is calculated by 

diving the input power by the volume of the robots. As a result, more work is needed in order to develop fast and 

highly efficient light driven microrobots from photoactive materials. 

2.4  Light microrobots of the future 

Traditional robots are often made up of actuators and sensors operating in synchrony. Feedbacks from sensors 

(e.g., location, force, and temperature) are sent to actuators to carry out specific actions. As such, to create 

autonomous, intelligent light microrobots one must integrate all these functions into a miniature system in the 

order of tens to hundreds of micrometres in size. Recent works on smart LCP actuators can be considered as proof 

of this concept. Figure 2.12a demonstrates a millimetre-sized flytrap device which can identify different objects 

based on optical feedback and perform gripping action only when it encounters the right objects [253]. This 

gripping operation is initiated by reflected or scattered light gathered from the surroundings, realizing simple 

autonomous recognition of different micro-objects. Figure 2.12b shows the gripper grasps an object which has 

sufficient reflectance, while it remains open for objects that do not produce sufficient optical feedback. This 

behaviour resembles the snapping mechanism of the carnivorous Venus flytrap, which allows it to distinguish 

between living creatures (insects) and non-living environmental elements (dust particles, rain) through different 

mechanical stimuli, and to snap only when it senses a suitable prey. The second example of self-regulation in 

photoactivated soft systems is the artificial iris of Zeng et al. as shown in Figure 2.12c. The LCE iris autonomously 

opens and closes in response to the incident light intensity [24]. The light transmission reduces from 70% (open 

state) to 30% when the iris closes (Figure 2.12d). This smart device mimics the behaviour of the human iris, which 

reacts to changes in the environment (light intensity). Wiersma et al developed a microhand with colour 

recognition capability when different coloured materials gets near the finger [254]. This experiment showed LCNs 

actuators perform an intelligent behaviour distinguishing between different colours and bends only when specific 

particles are in their proximity (figure 2.12e). The most notable breakthrough recently in smart light-driven 

microrobots is the light-controlled rockets developed by Li et al [25]. The 3D printed micro-rockets can achieve a 

velocity of 2.8mm/s (62 body length/s) and imaged/tracked using photoacoustic tomography in two biological 

solutions, bovine blood, and an ex vivo mouse blood vessel covered by a mouse ear (figure 2.12f). The examples 

above have proven that the close interaction of light fields and material response may offer routes to realise 

microrobotic systems with smart features, such as self-recognition, stabilization, and automatic manipulation. 

 

It is also beneficial to consider alternative light power sources instead of the sun to power and control photomicro 

robots. Laser power beaming is particularly attractive due to its capability to provide kilowatt power through long 



 

38 
 

distances. Laser power beaming (LPB) uses electricity from a common source, such as the electrical grid or a 

portable generator, and converts it into light via a laser. This laser beam is then shaped with a set of optics, and 

directed via a gimbaled mirror (also known as the beam director) to a remote photovoltaic cell on the robot. This 

photovoltaic cell, tuned to maximise the absorption at the laser’s wavelength, will then convert the laser energy 

to electricity to be used to power photomicro robots. It has been reported that current laser sources can deliver 

power in excess of 600 mW/cm2 (that is almost 4.5 times the amount of power the sun can provide at 136 mW/cm2) 

and the range of this laser could reach up to 10km in atmosphere [255]. This could easily solve the high energy 

requirements of light driven microscale aerial robots. LPB also enables precise control as operators can target a 

single robot or group of robots specifically to carry out different tasks. This could potentially give rise to complex 

behaviours and ultimately, swarm intelligence. 
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Figure 2.12: Autonomous microrobots. a) A light-driven self-regulating flytrap [253]. b) The flytrap capturing an object [253]. c) An artificial iris opens and 

closes depending on light intensity [24]. d) Input power of the iris device versus measured light transmission (black dots) and transmitted power (red dots). 

The dashed line indicates 100% transmission [24]. e) Smart LCN microhand: the top panels show different materials (from left to right, carbon particles, 

purple and yellow polymeric micro cubes and titanium dioxide particles). The middle panels show an LCN finger does not exhibit any shape change when 
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irradiated by green light. The bottom panels show LCN response to different particles. In the first two cases (black and purple), the LCN actuator recognizes 

the objects and bends toward them [254]. f) Micro-rockets (from left to right): left most panels, SEM image (left) and energy dispersive X‐ray spectrum 

(right), middle 2 panels, optical microscopy of the microrockets without and with bovine blood, right most panels, photoacoustic tracking of a microrocket 

in a microchannel filled with bovine blood: intensity distribution (left) and depth distribution (right) [25]. 

 

Figure 2.13: Numbers of papers reviewed in this article across three photo-actuation methodologies. 

Figure 2.13 compares the number of papers reviewed in this area which represent the major research conducted 

across the three photo-actuation techniques of photocatalysis (focusing on titanium dioxide photocatalyst), 

photovoltaics and photomechanical and photothermal effects from the 1970s to the present day. This highlights 

the trend of rapidly increasing research in photoresponsive microrobots, especially over the last decade.   It shows 

that research in all three photo-actuation areas is very active, with growth especially in photoactive materials. 

This is attributed to the advancement in micro/nano fabrication techniques, allowing the production of more 

efficient photocatalysts, photovoltaics cells and photoactive materials. This opens new research routes in which 

the goal is to produce fully autonomous light-driven micro-robots. Rather than partitioning into the three photo-
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actuation technologies, we believe that in order to create the intelligent light-driven robots of the future we 

should utilise the advantages of all three technologies.  

 

The convergence of all three photoactive technologies is expressed in terms of a road map for intelligent light-

driven micro robots, as shown in Figure 2.14. The main capabilities and potential are shown, which will guide 

future research.  Photocatalysis offers great potential for miniaturisation (Nano/micro scale), fast movement and 

energy storage; photovoltaics offers complex functionalities (e.g. walking, jumping, swimming and flying), low 

input power requirements (mW) and high energy conversion rate; and photoactive materials offer adaptive 

motion, human-friendly interactions and intelligent features, such as self-recognition, stabilization, and automatic 

manipulation through the direct interaction of light fields and material responses. One example of such a future 

device is an intelligent microrobot capable of harvesting light energy using photovoltaic cells and converting that 

energy into chemical energy for storage using photocatalysts. The chemical energy then will be used to produce 

movement (walking, swimming, flying etc.) when photoactive components of the robot are triggered by light with 

different wavelengths. In addition, by embedding smart photoactive materials into the microrobots, we can create 

a fully autonomous robot capable of adapting to changing environments. This light driven robot could harvest and 

store light energy during the day for use the energy at night, seeking light sources for recharging and responding 

intelligently to different light signals to undertake specific tasks. 

 

Figure 2.14: A road map showing the unique features and area of applications of the three main photoactuation methods used in the development of light 

driven microrobots and the goal they are heading towards to create truly intelligent light driven microrobots. Green maker represents the advantages, red 

marker represents the applications. 
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2.5  Discussion 

This chapter reviewed the three main photo-actuation techniques that have been utilised in the making of light 

driven microrobots. It identified the unique features offered by each actuation strategy and its drawbacks. It 

highlighted significant breakthroughs across all three photo-actuation methodologies in the past two decades and 

proposed that smart light-driven microrobots could be achieved by combining the unique features offered by 

these methodologies. If this is achieved, one can create autonomous, self-sufficient microrobots which can 

interact safely with myriad environments and exhibit swarm intelligence in order to execute complex tasks. 

Through our analysis of leading research and extrapolation of technology trends, we expect significant 

breakthroughs in the field of light micro-robotics in the future. In this thesis, we focus on photovoltaics acting as 

a main method to harvest light energy due to its high ECE compared to other photo actuation techniques. 

Photocatalysis and photomechanical/photothermal effects will be explored in the future as ways to add extra 

functionalities to the robots and facilitate intelligent behaviours. 

 

As a result, in the next three chapters, a light driven robot was developed with an aim to realise some of the 

aforementioned features. The robot is specifically geared towards environmental applications as it is considered 

to be the most practical medium to exploit and showcase these features. The work progresses through major 

design considerations and lays the foundations to produce a proof of concept prototype towards the creation of  

a new generation of autonomous photorobots. Chapter three provides the basis of how light energy can be 

harnessed to produce power intensive actuations, chapter four showcases the design and mechatronics of the 

robot. Finally, chapter five presents an untethered version of the robot and assesses its behaviour within the wider 

aqueous environment. 
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Chapter 3 

3 Light Energy to Water Jet propulsion 

The previous chapter provided a comprehensive review of different photoactuation strategies for 

photomicrorobots and discussed the future of the field. The ability to convert light energy to different energy 

forms, either chemical or electrical energy for storage and actuation using different photoactuation strategies, is 

an important feature of future light driven robots (see figure 2.14). Across all possible area of applications for light 

driven robots, environmental monitoring/exploration is the most attractive as it is a more mature area and has 

many commercial applications. As a result, we develop a novel light driven robot capable of converting photon 

energy to electrical energy using a photovoltaic cell. The produced electrical energy is converted into chemical 

energy using an electrolyser with water as fuel. This uses similar physics to water splitting in photocatalysis except 

the input energy is electrical energy instead of photon energy. This is a more efficient and quicker method to 

convert input photon energy to chemical energy for storage compared to the direct use of photocatalysis (<1% 

for titanium dioxide as catalyst - see section 2.1 for more details). In other words, the ECE of a typical photovoltaic 

cell is 20% and the ECE of the electrolyser is 20%, we would have the overall ECE of 4% which is  more than 4 times 

higher than direct photocatalysis. The generated chemical energy will then be used to generate mechanical energy 

through an exothermic reaction. This type of reaction typically have ECE of about 20% [256] which gives the overall 

ECE of the robot of about 0.8%. However, despite the low aggregate ECE, this reaction produces high energy 

density which is desirable in energy intensive applications such as flying, swimming and continuous jumpgliding. 

This chapter will lay out the motivation and the basis behind the development  of a novel light driven, jet-propelled 

robot which can swim under water and perform leaps from water when it gets near the surface. 

 

A few animal species [257] [258] [259] [260] [261] demonstrate the remarkable capability of hybrid aerial-aquatic 

locomotion to search for food sources, chase prey, and evade predators. Hybrid aerial-aquatic robots capable of 

traversing complex multiphase environments will have a wide range of applications, such as environmental 

exploration and search and rescue missions [262].  
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Figure 3.1: Aquatic micro arial vehicle, jumpgliding (aquaMAV). (i) Plunge diving AquaMAV concept sketch [263]. (ii) Arial-aquatic flapping robot [264]. (iii) 

Aquatic jump-gliding with water-reactive fuel [265]. (iv) An AquaMAV shooting out of water [266]. (v) The EPFL jumpglider (Swiss Federal Institute of 

Technology (- EPFL), 16.5 g jump-gliding robot that can jump, perform steered gliding flight and move on ground with small jumps. [267]. (vi) CAD rendering 

of the prototype jumpgliding robot [268]. (vii) Flying Fish Autonomous Seaplane [269]. 

 

A few large, 2 to 3 metre wingspan unmanned arial vehicles are employed in real world missions [263], [269] 

(figure 3.1 (i) and (vii)). Furthermore, preliminary works have demonstrated the capability of an aerial–aquatic 

flapping propulsor propelled by adaptable wings [264] (figure 3.1 (ii)). Other study has showed the efficacy of 

jump-gliding in terrestrial robots [267], [268] (figure 3.1 (v) and (vi)). One notable work on fixed-wing aerial-aquatic 

robot is a water jet-propelled aquatic jumpglider which uses compressed CO2 gas to produce sufficient thrust to 

escape from water [266] (figure 3.2 (iv)). However, the size of this robot is still relatively big (552mm in length) and 

the operating time is short because the compressed gas module of the robot will exhaust which render it unable 

to carry out continuous operations. As such, a consecutive aquatic jumpglider has been developed to address these 

drawbacks [265] (figure 3.2 (iii)). The robot uses reactive fuel (calcium carbide powder) to produce C2H2 gas and 

then ignite this combustible gas in a no valve combustion chamber to generate powerful, repeatable combustion 

for consecutive jump-gliding. The consecutive aquatic jumpglider has demonstrated a longer operating time (22 

flights) and is about half the size of its predecessor. However, it still relies on battery power and reactive fuel to 

generate C2H2 gas for combustion. In addition, the exothermic reaction generates waste (i.e. calcium hydroxide 

and CO2) which might not be desirable in environmental applications. As such, there is a strong incentive to 

develop self-sufficient and ‘green’ robots which can safely operate in natural environments. In this chapter, we 

will discuss how light energy can be harvested from the environment as an unlimited power source and the 

physical principles behind water jet propulsion using zero waste oxyhydrogen combustion.  
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3.1  Light as an energy source  

In order for the robot to be self-sufficient and autonomous, it must be able to obtain the energy from the 

environment to operate. As discussed in chapter 2, solar cells are excellent at converting light energy to electrical 

energy with ECE as high as 20%. They have the best ECE across all photoactuation strategies reviewed and 

therefore are the best candidate for light energy harvesting. However, chapter 2 also identified some drawbacks 

which limit the applications of photovoltaic cells in small-scale robots. For instance, the energy converted by solar 

cells cannot be stored without additional components which makes it difficult for robots to operate in places where 

light cannot reach. Size of solar cells is also a problem as smaller solar cells cannot provide enough power to run 

power hungry locomotion such as swimming or flying. Various strategies have been used to address these 

problems such as using batteries to store the converted energy or shining a high intensity light beam to solar cells, 

coupled with electronics to boost the voltage needed for locomotion. These strategies do not offer a complete 

solution to create autonomous/self-sufficient light driven robots. As such, a solution is urgently needed to realise 

the potential of light driven robot of the future.  

3.1.1 Light to Electrical to chemical energy 

This section proposes a multi-phase energy conversion system which first converts light energy into electrical 

energy for tempory storage. This electrical energy is then converted to chemical energy which in turn is used to 

produce strong mechanical force though a fast chemical reaction to deliver power intensive locomotion such as 

swimming and jump-gliding (see figure 3.2). The system uses a flexible solar cell (Powerfilm 0.066W Mini Flexible 

Solar Panel) which is wrapped around the body of the robot to harvest solar energy. Solar energy is then converted 

into electrical energy through an ultra-low power solar cell charger (BQ25504, Texas Instruments) to charge a 

lithium ion battery (3.7V, 270mAh). Subsequently, the electrical energy is turned into chemical energy using an 

electrolytic module to produce oxyhydrogen gas mixture. Finally, an exothermic reaction is triggered to turn the 

combustible gas mixture to generate thrust which can be used for swimming or jump-gliding.  The entire process 

is controlled through a microcontroller (ATTiny85). The battery voltage is constantly monitored during charging 

until the battery reaches sufficient charge, the microcontroller then will trigger the electrolyser to generate 

oxyhydrogen gas. When the desired amount of gas has been reached, a signal is sent to a spark module to create 

an electric arc which will create combustion for actuation. After the explosion, the system reverts to charging 

mode and the cycle repeats. A summary of each stage is shown below. 

1. Light energy is harvested by solar cell and converted to electrical energy 

2. This electrical energy is then used to charge a LiPo battery through a solar cell charger 

3. The LiPo battery runs the microcontroller, the spark module and the electrolyser 



 

46 
 

4. The electrolyser converts input electrical energy from the battery to chemical energy through water 

splitting process and produces oxyhydrogen gas mixture. 

5. An electric arc is produced by the spark module once sufficient gas has been produced. This creates an 

explosion which converts the chemical energy (oxyhydrogen gas) to mechanical energy (water jetting). 

6. The system repeats step 3-6 until the battery runs low (roughly 20 cycles) then it reverts back to step 1. 

 

 

Figure 3.2: System diagram of the onboard electronics. This shows light energy being converted into electrical 

energy to charge a LiPo battery and this battery is then used to power the microcontroller, produce the 

combustible oxyhydrogen gas mixture and electric arc for combustion which generates water jetting for 

locomotion. 
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As solar energy is a renewable power source, the robot could potentially operate indefinitely as long as there is 

sunlight. In addition, by storing the solar energy in a battery, FLASH can have ON/OFF modes in which the robot 

goes into charging mode (OFF mode) during the day and operate (ON mode) at night. These characteristics are 

ideal for environmental monitoring applications where robots are expected to operate for a significant period of 

time so as to measure continuous changes in the environment. Owing to the inherent flexibility of solar cell, 

alternative light sources could be used to power the robot. This allows operation in places sunlight cannot reach. 

For instance, laser power beaming can be used to power the robot over long distances.  

3.1.2 Electrolyser design 

Regarding the electrolytic module design, as the electrolyser will be placed inside the combustion chamber, it is 

important that it is robust enough to withstand consecutive explosions while maintaining consistent electrical 

functionality and performance. Several designs were tested with different materials as electrodes (stainless steel, 

titanium, aluminium, copper, and platinum). It was found that platinum is the most desirable material to make 

electrodes as copper and aluminium degrade quickly during electrolysis. Titanium forms an oxide layer which 

hinders the electrical connection. Furthermore, a platinum anode does not generate toxic substances like stainless 

steel in electrode-oxidation process [270]. As a result, the electrolyser is made up of 2 platinum electrodes 

(12.5x12.5x0.025mm) which are separated by a Nafion membrane (20x20x0.2mm). To protect the electrodes from 

potential damages caused by the combustion process and ensure that the electrical functionality remains 

consistent through multiple explosions, 2 laser cut acrylic plates (25x25x2mm) with 1.5mm diameter holes for gas 

to escape are put on either side of the electrodes and bolted securely using four M2 bolts as illustrated in figure 

3.3. This electrolyser has been used in all experiments to ensure consistency in testing results. It was found that 

this design can withstand many consecutive explosions (around 400 times and counting) without any deterioration 

in performance. This result is very encouraging as the electrolytic module is essentially the engine of the robot 

which determines if the robot can be self-sufficient. 

 



 

48 
 

 

Figure 3.3: Electrolyser design. The electrolyser is made up of two acrylic plates (25x25x2mm), two platinum electrodes (12.5x12.5x0.025mm), a Nafion 

membrane (20x20x0.2mm). The electrolyser is bolted securely by 4 M2 bolts. Inset: Photo of the electrolyser unit. 

 

3.1.3 Input Energy versus Oxyhydrogen Gas Generation 

To quantify the performance of the platinum electrolytic module, it is important to establish the relationship 

between input energy (IE) versus the amount of oxyhydrogen gas generated. The voltage and current going 

through the electrolyser are measured by a potentiometer and read into Matlab through a (National Instrument) 

DAQ for analysis. The amount of oxyhydrogen generated during the experiment is trapped under a measuring 

beaker. Each experiment takes exactly 70s (see figure 3.4 for the experiment set up) and the process of the 

experiment is detailed below: 

1. The Electrolyser is placed inside a water tank with a measuring beaker sitting upside down above it.  

2. The Matlab code is initiated, all the in/output channels of the DAQ are instantiated and ready for data 

collection. The voltage and current outputs will go through a potentiostat for accurate control of the 

voltage and current (the potentiostat voltage and current can be monitered by the DAQ). 
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3. The electrolytic module is turned on for 60s with a voltage specified in the Matlab Script (ranging from 5-

10V). The voltage and current are both recorded in real time by a DAQ (USB-6211) capable of reading input 

and output simultaneously for input energy calculation. 

4. After 60s lapsed, all the relevant data is saved. 

5. The input energy at different voltages is calculated by taking an average value of the current across the 

whole experiment and multiply with the voltage and the electrolytic module run time. 

IE =  ∫ (Voltage × Current) dt
t

0

 

6. The amount of gas generated during the experiment is measured by the beaker. 

7. The input energy is varied by changing the voltage in the Matlab script, each voltage associate with 

different input energy calculated using the formular in step 5 (i.e. 5V≈40J, 6V≈80J, 7V≈140J, 8V≈220J, 

9V≈300, 10V≈420J) and repeating step 1-6. 

 

 

Figure 3.4: Electrolyser experiment set up. A 50 ml beaker is placed upside down in the water tanks to capture the produced oxyhydrogen gas. The gas 

mixture is generated by an electrolyser using a 3.7V-300mAh LiPo battery. 

As expected, there is a relatively linear relationship between input energy and amount of oxyhydrogen produced. 

This is because higher voltage will allow more current to flow between the electrodes hence speed up the reaction 

process. Figure 3.5 (red line) shows that there is a tenfold increase in both input energy and oxyhydrogen produced, 
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40-400J and 0.5-6ml respectively, when the voltage is increase from 5V to 10V. This relationship between input 

energy and gas generated forms a basis for further design characterisations in chapter 4 in which the impact of 

orifice size on water jetting was tested at different input energies and the optimal water to gas ratio for 

consecutive vertical jumps determined. 

 

Assuming the oxyhydrogen gas generated follows the ideal gas law, we can calculate the mole of oxyhydrogen gas 

within a given volume.  After that, the energy converting efficiency (ECE) is calculated by dividing the amount of 

energy released (ER) when burning the oxyhydrogen gas by the input energy (IE).   

ER = (
𝑉𝑜𝑥𝑦ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛

22.4×1000
) × (241.8 × 1000) (J) 

ECE = 
𝐸𝑅

𝐼𝐸
× 100 (%) 

Where 22.4 (L) is the molar volume constant and 241.8 (kJ) is the amount of energy (Lower Heating Value) released 

for every mole of H2 burned. 

 

Figure 3.5 (blue line) shows that the highest ECE (20.5%) was achieved at IE = 80J (6V). However, it is interesting 

to note that after a sharp increase in the ECE between IE=40J and IE=80J, the ECE reduces drastically as the amount 

of input energy increases (20.5% to 15%). This suggests that the electrolyser is most efficient when operate at 6V 

and the reduction in ECE maybe due to the overpotential effect. In electrochemistry, “overpotential is the potential 

difference (voltage) between a half-reaction's thermodynamically determined reduction potential and the 

potential at which the redox event is experimentally observed” [271]. In an electrochemical system, overpotential 

indicates the cell needs more energy than thermodynamically expected for a reaction to happen. It is ideal to keep 

the overpotential low to maximise the efficiency and minimise the heat production. However, in practice, low 

overpotential slows the reaction, and as such, there is a trade-off between the two. Figure 3.5 clearly shows the 

effect of overpotential in which the electrolyser is most efficient when IE = 80J (6V) and then reduces as the voltage 

increases. One possible solution is to make the surface areas between the electrodes and the liquid bigger; this 

will increase the current flow and keep the overpotential low [272]. Unfortunately, it is not practical to make the 

electrolyser bigger as it must be small enough to fit inside the robot body. Nevertheless, this provides valuable 

insight into the performance of this electrolyser design which one can take into consideration in future applications. 
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Figure 3.5: Relationship between Input energy and Volume of oxyhydrogen generated and its efficiency.  

 

3.1.4 LiPo battery charging and discharging characterisation 

One of the attractive feature of the proposed light driven robot is its potential to operate in the natural 

environment for an extended period of time autonomously and self-sufficiently. As such, the next step is to 

characterise the charging performance of the flexible solar cell with the ultra-low power LiPo charger. This 

characterisation will provide a  strong indication regarding the robustness of the system against the claim above. 

 

A charging test was performed to identify the time taken to sufficiently charge the LiPo battery using the solar cell. 

In this experiment, a 20W halogen desk lamp is used as an alternative to sunlight. This is because the light source 

is readily available on demand and is consistent. In addition, halogen light can produce light in the region between 

yellow and red wavelength which is similar to sunlight and best absorbed by the solar cell.  Characterisation tests 

were also carried out to identify the performance of the solar cell with respect to geometry and different light 

sources (see appendix A). The desk lamp is placed 50mm above a solar cell which lies flat on a desk. The solar cell 

is connected to the ultra-low power LiPo charger which is connected to a 3.7V-300mAh LiPo battery. The battery 
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voltage is monitored and recorded through a DAQ (USB-6351) for data analysis. The process of the experiment is 

details below: 

1. 20W halogen desk lamp is turned on. 

2. Matlab script is initiated to monitor the LiPo battery voltage and plot in real time. 

3. Once the battery voltage reaches a specific value (when it is sufficiently charged, 3.95V), the code 

terminates, and all the relevant data is saved. 

4. 20W halogen desk lamp is turned off. 

5. Analyse and plotting the results. 

 

As seen from figure 3.6a, it took around 60 hours for the solar cell to charge the LiPo battery from 5% to 70%, 3.6 

- 3.94V respectively. Next, the charged battery was used to run a platinum electrolyser to determine the 

discharging time. Figure 3.6b shows that it took around 90 minutes to discharge the LiPo battery from 70% to 5%, 

3.94 – 3.6V respectively. Note that there is a slight voltage drop between the battery voltage and the electrolyser 

voltage due to the inherent resistant between the electrodes of the electrolyser. From these results, one can 

determine that it takes roughly 1 hours to charge the LiPo battery for around 1.5 minutes of electrolysing. It has 

been determined through testing that 9 minutes of electrolysing can generate around 4ml of oxyhydrogen and 

this correlates to the optimal gas to water ratio which will be discussed in chapter 4. As such, a charging and 

discharging cycle test, 6 hours charging and 9 minutes discharging, was carried out to confirm the feasibility of the 

entire system. Figure 3.6c shows the charging and discharging cycle of the LiPo battery over a period of 160 hours. 

On average, the battery charge percentage fluctuates between 60% and 80%, 3.87 - 4.02V respectively, across all 

charging and discharging cycles. The result confirms that the system is capable of running for a prolonged period 

and provides solid evidence proving the self-sufficiency capability of the robot. By tuning the charging and 

discharging time of the system to match the input solar energy, the robot can collect sufficient energy from the 

environments to run the electrolyser, and is capable of operating for a significant period of time (i.e. weeks, 

perhaps months). Note that the charging time can be significantly reduced using higher wattage solar cells, or a 

very high intensity light source. However, high wattage solar cells tend to be very large and high intensity light 

source needs special set up and are not readily available in open environments.  
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Figure 3.6: LiPo battery charging and discharging results. a) LiPo battery charging via a solar cell. b) LiPo battery running the electrolyser. c) Charging and 

discharging cycles of LiPo battery. Note that there is a small voltage (<0.5V) generated by the electrolyser when the battery is turn off. This is because a small 

amount of Hydrogen and Oxygen generated by the electrolyser recombined which creates this voltage. This is similar to the operating principal of a fuel cell. 

These small voltages does not affect the performance of the overall system and can be consider as noise.   

 

a) b) 

c)  
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3.2  Electrolysis as a combustion gas source for water jet 

propulsion 

Significant amount of combustible gas can be stored safely in liquid form under large pressure. However, storage 

and regulating systems able to withstand high pressure are often complex and bulky. In addition, the provision of 

a pressurized flammable gas container is also a hazard. A solution for this is to produce the required combustible 

gas on the go via a chemical reaction of two stable substances. This will avoid high pressure and simplify the gas 

storage and dispensing systems. Combustible gas generation via usage of solid compounds have been employed 

in many applications. For instance, decomposition of sodium azide (NaN3) releases nitrogen (N2) was used in car 

airbag deployment. Recently, solid alkali metal hydrides have been used in the fuel cell industry for hydrogen 

generation and storage. Studies carried out by the U.S. Navy [273] [274] indicate different solid reactants (i.e. 

lithium hydrides) can be used in a torpedo propulsion system or for buoyancy control. Whilst these solid reactants 

are great candidates for a combustion gas source, they all generate waste. Water electrolysis offers a ‘green’ 

alternative because the combustion of O2 and H2 (oxyhydrogen) generates zero waste. In addition, using water in 

the environment as a fuel source would significantly reduce the weight of the robot. This is an attractive feature 

for miniature aerial-aquatic robot designs. The robot can takeoff from a variety of water bodies, from ponds, rivers 

to the ocean [275]. 

3.2.1 Combustion of Oxyhydrogen 

Hydrogen is the most abundant and renewable source of energy available and is the most important component 

of any oxy-fuel application.  The burning of hydrogen and oxygen results in only two by-products: energy release 

in the form of heat and water (H2O).  If water is seperated into H2 and O2, then re-combined by burning, the result 

is water, making it a truly “green” energy source. Oxyhydrogen will ignite when heated up to its autoignition 

temperature. The stoichiometric mixture, 2:1 (H2:O2), at normal atmospheric pressure, will ignite at about 570 °C 

[276]. The lowest energy needed to combust such a mixture with an electric spark is about 20 µJ [276]. In 

atmospheric conditions, oxyhydrogen gas mixture can ignite when there is about 4% and 95% hydrogen by volume 

[276] [277]. 

 

During ignition, the oxyhydrogen tranforms to water vapor and releases energy, resulted in a chain reaction: 241.8 

kJ of energy (Lower Heating Value) for every mole of H2 burned. The thermal energy released does not depend on  

the mode of combustion, but the flame temperature varies [278].  

 

It is known that the most explosive mixture of hydrogen to oxygen is 2:1 [279]. This is the mole ratio from the 

balance equation. It is most explosive because it allows for the maximum yield of product (water) and the 
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maximum output of heat. Because the two reactants are present in this optimum ratio, they are both completely 

consumed; in other words; nothing is wasted. 

2H2 + O2 → 2H2O + Q (Heat) 

It is thought that other ratios of hydrogen to oxygen would allow longer combustion times and reduce flame 

velocity of the oxyhydrogen explosion. In addition, porous materials such as foams might decrease the flame speed 

and the phases of the oxyhydrogen combustion. This would amplify the thrust generated from the rapid 

oxyhydrogen explosion. These will be considered in future works. 

3.2.1.1 Ignition strategies 

Two methods of ignition were considered, glow pug and spark ignition. The ignition happens when there is a 

localized rise of heat higher than the flash point of the flammable gas (create by a glow pug or a spark). The glow 

pug method has been reported in details in [280]. This is a very power-hungry device which operate at 

approximately 12V and 3A. This requires added electronics, hence more weight and is impractical within the 

current set up in which the entire system is power by a low wattage solar cell. Despite being a very reliable method 

of combustion, condensation of water vapour by product on the internals of the chamber  and glow pug can occur. 

This results in the glow plug having to evaporate the water vapour prior to heating the oxyhydrogen gas mixture 

and producing combustion. Accumulated excess water from multiple combustions could inhibit the combustion 

from taking place entirely. 

 

Due to the shortcomings of the glow pug method, a spark igniter which exploits arcing due to high voltage potential 

differences is used. This method is more efficient because the local increase in temperature is caused by an electric 

arc between anode and cathode. Sparkers are relatively energy efficient and easy to miniaturise, and can even be 

used when fully and partially submerged. 

3.2.1.2 Water jet propulsion 
The sections above have provided valuable information regarding the physics behind oxyhydrogen combustion 

and identified the most efficient ignition strategy for the light driven robot. A powerful water jet can be generated 

by igniting the oxyhydrogen gas mixture in an open ended chamber. We call this the hydrojetting chamber. This 

chamber should be robust to withstand consecutive explosions as well as lightweight to offer some swimming 

advantages.  

  

The chamber is designed after a squid’s mantle, which discharges water into a jet for propulsion. It is made of an 

acrylic tube with length 70mm, outer diameter 30mm and thickness 2mm. The combustion chamber is bolted 

securely using three long metal bars and two 3D printed end caps. A solid cap holds the electrolyser for water 

electrolysis and a hollow cap acts as a nozzle for water jet propulsion (figure 3.8c). Subscript 1, 2 and 3 were used 

to indicate variables corresponding to the oxyhydrogen gas in the robot, the air-water interface and outlet 
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respectively (see figure 3.7). Equation (1) calculates the thrust produced by a waterjet of mass flow 𝑚3̇  and velocity 

u3 [266]. Gas’ low density makes it an unfavourable propellant because thrust production is low without high exit 

velocities. As such, to achieve efficient jetting from a limited container, a heavier propellant is preferable. The 

robot can easily obtained water from the environment with the ignition of oxyhydrogen powering expulsion.  

𝑇 = 𝑚3̇ 𝑢3.   (1) 

 

 

Figure 3.7: Jet propulsion principle: ignition of oxyhydrogen expels water, propelling the vehicle. Bracketed numbers correspond to the locations indicated 

by equation subscripts.  

 

The thrust is calculated using Euler’s flow equation, applied within the hydrojetting chamber from the water-air 

zone interface (2) to the nozzle. The water flow in the chamber is considered as quasi-one-dimensional, assuming 

uniform axial flow [281]. According to mass continuity, the local velocity is a function of cross-sectional area, as 

shown in equation (2). The unsteady Bernoulli equation (3) is used, integrating from the air–water interface to the 

nozzle exit (ds) (Figure 3.7). The sum of pressure along a flow from 2 to 3 is equal to the immediate gas pressure 

in the water container [266]. 

 

𝐴2(𝑡)𝑢2(𝑡) = 𝐴3𝑢3(𝑡)   (2) 
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Where u is the velocity of water, s is the distance from the water-air zone interface (2) to the tail orifice,  p1 the 

gas pressure and is assumed to follow a dry adiabatic expansion [282], An is the jet cross-sectional area, and ρw is 

the water density. The pressure impose on the water is created by the ignition of oxyhydrogen. All these above 

suggest that the jetting is highly dependent on the geometry of the robot (i.e. body shapes and nozzle sizes). As 

such, the hydrodynamic properties of oxyhydrogen ignition are investigated by recording the explosion in slow 

motion using a Photron SAZ high-speed camera. This will provide valuable information with respect to the effect 

of geometry on water jetting and the dynamic of the combustion under water. The combustion chamber is held 

securely by 3 steel bars with one end screw tightly to the aluminium frame, the robot is partly submersed under 

water so that the water jetting hydrodynamic can be fully observed (figure 3.8b). A blast box is placed on top of 

the whole experiment set up for safety precautions. The entire experiment process is automatically control by 

Matlab (Simulink R2018a) to ensure accurate and repeatable experimental results. The experimental set up is 

detailed in figure 3.8a. Each experiment takes exactly 70s and the process of the experiment is detailed below. 

Note that the same experimental set up is also carried out to analyse the hydrodynamic effect of oxyhydrogen 

combustion with different orifice sizes in chapter 4. In this test, orifice sizes ranging from 6mm to 26mm (2mm 

increment) were used and the input energy is 400J at the applied electrolyser voltage of 10V. 

1. The Photron SAZ high-speed camera is turned on to adjust the focus and lighting for best video quality. 

2. The robot is filled with tap water and screwed tightly onto the frame ready for the experiment. The blast 

box is place on top of the test rig for safety precaution (figure 3.8a).  

3. The matlab code is initiated, all the in/output channels of the DAQ are instantiated and ready for data 

collection. The Photron SAZ high-speed camera starts recording at 1000 frame/s. 

4. The electrolytic module is turned on for 60s with a voltage specified in the Matlab Script. The voltage and 

current are both recorded in real time by a DAQ (USB-6211). 

5. At second 68th an electric spark is generated for exactly 1s causing a combustion of oxyhydrogen gas. This 

will be captured by the high-speed camera for analysis. 

6. After 70s lapsed, all the relevant data is saved. The input energy at different voltages is calculated by taking 

an average value of the current across the whole experiment and multiply with the voltage and the 

electrolytic module run time. 

IE =  ∫ (Voltage × Current) dt
t

0
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7. The input energy is varied by changing the voltage in the Matlab script and output via a potentiostat. Each 

voltage associate with different input energy (i.e. 5V≈40J, 6V≈80J, 7V≈140J, 8V≈220J, 9V≈300, 10V≈420J) 

step 2-6 are repeated. 

8. Different orifice samples are tested, repeating step 2-7 for each. 

 

 

Figure 3.8: Water jet propulsion characterisation experimental setup. a) Highspeed camera configuration. b) Testing frame. c) FLASH combustion chamber 

and exhaust nozzle (white). 

 



 

59 
 

Definitions for each stage of the combustion process have been derived from the highspeed camera footage and 

the load cell data. These common denominators enable precise and accurate quantification of the combustion 

time across all geometries and input energies tested. We define the start of the combustion process as when the 

oxyhydrogen ignites (figure 3.9. A(i), B(i) and C(i)); the thrusting phase happens when the water is pushed out of 

the combustion chamber (figure 3.9.   A(ii), B(ii) and C(ii)); the sucking phase starts when the water is sucked back 

into the combustions chamber after ignition (figure 3.9. A(iii), B(iii) and C(iii)). The end of the combustion is when 

there was no swirling of the water in the chamber (figure 3.9. A(iv), B(iv) and C(iv)). This is determined by examining 

the high-speed camera footage and the force registered by the load cell during the explosion (see appendix B for 

load cell data). The load cell data suggests that when the force is less than 0.5N there is no or insignificant swirling 

of the water in the chamber. As such, this has been selected as the end point of the explosion. As can be seen from 

figure 3.9, the entire four-phase combustion process lasts 295ms, 448ms and 454ms for nozzle size 6mm 18mm 

and 26mm respectively. During the explosion, a strong thrust was created following by a strong suction. A 

combustion time of around 70ms was reported in [280] for hydrojetting purposes. The thrusting is caused by a 

rapid expansion of oxyhydrogen gas when ignited and the subsequent suction is caused by the recombination of 

H2 and O2 gas to form liquid water. As can be seen from the video (supplementary material, movie S1), the thrust 

generated by the combustion is strong enough to shake the robot which has been bolted tightly to the frame. The 

next step is to quantify the magnitude of the thrust generated and the effect of geometry. High speed camera 

footage indicates that the explosion time is dependent on the size of the orifice. The explosion time is shorter at 

smaller orifice size and increases as the orifice size increases (see supplementary material, movie S1, S2). We 

recorded a difference of approximately 160ms between the explosion time at smallest (6mm diameter) and largest 

(26mm diameter) orifice tested. It is thought that longer explosion time would produce more efficient actuation 

and this result could prove useful in future optimisation of the robot. However, this result is enough to prove that 

the combustion of oxyhydrogen can be used for water jet propulsion. Further testing to characterise and quantify 

the thrust generated at different orifice sizes will be detailed in chapter 4. As regard to the phase iii suction, it is 

thought to be desirable as the combustion chamber will be automatically filled with water after every explosion 

and the electrolyser will be able to generate oxyhydrogen gas for the next round of electrolysis. This cycle could 

be repeated indefinitely so long as there is power supplied to the electrolyser. Further tests are needed to 

determine the effect of the suction on the swimming and jumping performance of the robot and these will be 

detailed in chapter 4. 
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Figure 3.9: High speed camera footage of oxyhydrogen combustion. A) 6mm, 400J (10V). (i) Start of explosion. (ii) Thrusting phase. (iii) Sucking phase. (vi) 

End of explosion. B) 18mm, 400J (10V) (i) Start of explosion. (ii) Thrusting phase. (iii) Sucking phase. (vi) End of explosion. C) 26mm, 400J (10V) (i) Start of 

explosion. (ii) Thrusting phase. (iii) Sucking phase. (vi) End of explosion.  
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3.3  Discussion  

 

This chapter presented a new concept in which light energy can be converted into different forms of energy to 

store and produce strong mechanical thrust using a multi-phase energy conversion system and combustion. The 

system allows an autonomous robot to operate independently as long as there is sufficient light energy. It also 

offers a “green” solution for environmental applications via water electrolysis and zero waste oxyhydrogen 

combustion. A detailed design process of the electrolytic module, which is the engine of the robot, was presented, 

and its performance was characterised. Furthermore, a series of characterisation tests for the whole energy 

conversion system were carried out to confirm the hypothesis regarding the potential for a robot using this 

mechanism to be self-sufficient.  

 

Finally, the chapter discussed the mechanism of water jetting via oxyhydrogen combustion and different ignition 

methods. In addition, the hydrodynamic property of the thrust generating mechanism is investigated under a high-

speed camera to better understand the interaction between oxyhydrogen gas and water during ignition with 

respect to the geometry of the robot. Interesting hydrodynamic behaviour was observed including thrusting and 

suction. Further characterisation on the effect of orifice sizes on hydrodynamic properties will be explored in 

chapter 4.  

 

To conclude, this chapter has laid out the basis and core components of a light-powered combustion robot, in 

preparation for characterisation tests in chapter 4. It also suggests strong possibility that the robot can be self-

sufficient and presents a “green” solution for environmental applications using oxyhydrogen combustion 

mechanism for water jet propulsion. 
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Chapter 4 

4. Light driven robot design and 

mechatronics 

Highlighted in the previous chapter, the ability to continuously monitor aquatic environments and obtaining 

specimens with aquatic robots would increase the safety and efficiency of environment health monitoring and 

enable water sample acquisition from hazardous or inaccessible regions. An aquatic-arial small scale robot able to 

swim/jump out of the water offers an efficient solution for water sample collection applications. However, small-

scale arial robots often not capable of transition to flight from water due to insufficient power. One solution for 

this problem, as presents in chapter 3, is igniting oxyhydrogen gas to obtain thrust large enough to move the robot 

in water and to shoot the robot out of the water. However, this presents some major challenges needed to be 

addressed. First, the large pressures produced by explosions on a miniature robot impose stress on its structure. 

The robot must be robust enough to withstand consecutive explosions without becoming dismantled. This 

concerns the design of the ignition chamber and electrolytic module. Second, achieving repeatable explosions 

inside the hydrojetting chamber is not easy due to the interference of water on ignition and combustion. As such, 

it is essential to deepen understanding on the hydrodynamic properties of the water and the ignition with respect 

to geometry. In addition, the robot needs to operate both over and underwater which includes floating, jetting, 

diving and refilling for take-off and electrolysing, swimming and refilling for under water operations (figure 4.1). 

Each of these operational states has contrasting requirements, posing significant challenges to the design of such 

robotic platform. It is expected that trade-offs need to be made which might limit the performance that can be 

achieved in each operational state. 

 

In this chapter, we present a novel jet-propelled robot which is able to swim under water and perform leaps from 

water when it gets near the surface. We call this robot Flare Launching Autonomous Swimming Hydrobot or  FLASH. 

The robot uses a special design electrolytic module to produce oxyhydrogen from the surrounding water. The gas 

mixture is then ignited by a high voltage spark which allows the robot to propel under water. By controlling the 

amount of gas generated inside the robot body, the robot is able to dive into the water or perform aquatic takeoff 

(figure 4.1). 
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Figure 4.1: FLASH modes of locomotion and design. (A) Proposed locomotion modes: black dashed line shows the transition from a floating state to aquatic-

arial jump state, then to jetting/diving state and finally back to floating state. Red dashed line shows the transition from a neutral buoyancy state to hydro 

jetting (underwater) state and finally back to a neutral buoyancy state. (B) CAD rendering of FLASH. (C) Solar cell and electrolyser, solar cell converts light 

energy to electrical energy, electrolyser converts electrical energy to chemical energy to generated rapid thrust. 

 

The first part of this chapter explores the relationship between efficiency and geometry and the optimal thrust 

achievable with a given design. In addition, it also investigates the hydrodynamic properties of oxyhydrogen 

ignition on each design.  The second part of the chapter investigates FLASH’s ability to perform aquatic jumpgliding. 

Finally, swimming performance of FLASH is explored and characterised.  

4.1 Optimal geometry to maximum thrust 

This section characterises the thrust generated by the ignition of oxyhydrogen with different orifice designs as well 

as analyses the dynamics of hydrojetting in an aquatic environment. Combustion of oxyhydrogen enables fast 

propulsion due to the generation of high speed water jets. This could be used for specimen collection, for example 

by using a beak at the tip of FLASH. The aim of this experiment is to introduce a novel actuation mechanism which 

utilises the thrust released from the ignition of H2 and O2 gases. We aim to investigate the maximum efficiency of 

this waterjet propulsion device, the effect of geometry on efficiency and the maximum thrust/velocity achievable 

for a given design. 
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Since it is difficult to compute the flow rate out of the orifice to work out the thrust (T) numerically, we have 

designed an experimental rig to measure the input energy to the robot and the force output of a waterjet 

propulsion mechanism (see section 3.2.2). The combustion chamber is made of a clear acrylic tube (30mm 

diameter, 50mm length, 2mm wall thickness) with two 3D printed end caps. This enable the ignition to be recorded 

using a high-speed camera and thereby the hydrodynamics of the water jetting can be observed. The future 

objective is to run the whole system untethered and miniaturise the robot. 

4.1.1 Thrust characterisation experiment setup 

The experiment was designed to monitor the input energy to the chamber and the thrust caused by the high speed 

waterjet. The energy input is measured via the input voltage and current. The electrolyser described in 3.1.1 were 

used to produce the H2 and O2 gases for these tests. The input electrical energy to the electrolytic module was 

indirectly measured through voltage and current via a potentiostat and DAQ (NI USB-6211). A submersible load 

cell (Tedea Huntleigh Compression Load Cell 20kg, 15V dc, IP67) is used to measure the thrust generated by the 

combustion. Finally, a highspeed camera records the hydrodynamics of the water jetting process which shows the 

volumetric expansion rate of oxyhydrogen gas, combustion time, water jet displacement and effect of thrusting 

and suction on different geometry. The combustion chamber was held secured by 3 long steel threaded rods with 

one end screwed tightly to a load cell (figure 4.2).  The load cell is fixed tightly to the frame to ensure accurate 

measurement. The robot is partially submersed under water in the same manner as described in section 3.3.2; 

however, the free end is now replaceable to test different orifice design. A set of experiments were carried with 

different orifice sizes and energy inputs to measure the force output. The sample sizes range from 6mm to 26mm 

with 2mm interval in diameter. Each sample is subjected to different energy inputs to determine the most efficient 

energy against force output. The entire experiment process is automatically control by Matlab (R2018a) to ensure 

accurate and repeatable experimental results. Each experiment takes exactly 70s (see figure 4.2 for the set up and 

experiment timeline). 
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Figure 4.2: Magnitude of thrust generated under different geometry experimental set up and the experimental timeline. 

 

The highspeed camera set up has already been described in section 3.3.2, the procedure for measuring the thrust 

produced by the waterjet and input energy is detailed bellow: 

 

1. The robot is filled with tap water and screwed tightly onto the inline load cell ready for the experiment. 

The blast box is place on top of the test rig for safety precaution.  

2. The Matlab code is initiated, all the in/output channels of the DAQ are instantiated and ready for data 

collection. 
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3. The electrolytic module is turned on for 60s with a voltage specified in the Matlab Script (ranging from 5-

10V). The voltage and current are both recorded in real time by a DAQ (USB-6211) capable of reading input 

and output simultaneously for input energy calculation. 

4. At second 68, the spark is turned on for exactly 1s causing a combustion of oxyhydrogen gas 

5. The load cell data of the explosion is amplified by a loadcell amplifier and recorded simultaneously. 

6. After 70s lapsed, all the relevant data is saved. 

7. The energy input is varied by changing the Matlab script and repeating step 2-6. 

8. Different orifice samples are tested by replacing the orifice and repeating step 1-7. 

4.1.2 Experiment results and discussion 

It is interesting to note that the mean force output and the energy input does not strictly follow a linear pattern 

(see figure 4.3a). This is expected because of the size of the orifice which restricts the outflow of the water jet 

when the ignition happens. This causes internal choking and swirling of water inside the robot body which hinders 

the force output. To confirm this hypothesis, highspeed camera footage of oxyhydrogen combustion under 

different orifice sizes was examined, and it was found that with smaller orifice sizes, there is significant choking 

and swirling of water and gas mixture within the combustion chamber which reduces the force output (see 

supplementary material, movie S2).  This behaviour is less significant as the orifice size increases which explains 

the rise in the force output in steps of approximately 5N. In addition, the increase in orifice size allows faster water 

escape hence the overall combustion time is reduced (see supplementary material, movie S1). For instance, there 

is a reduction in combustion time of around 50ms when comparing the highspeed camera footages of orifice size 

6mm and 26mm (see supplementary material, movie S1, S2). As can be seen from the graph, there is a linear trend 

between the thrust generated and orifice size of 6mm to 16mm. However, this linear trend breaks down and the 

curve flatten as orifice size increases. The maximum thrust (40N) was achieved by a largest orifice size of 26mm 

and largest input energy of 421J. This is expected as larger orifice will allow the water and gas to escape more 

easily due to less choking and swirling (see supplementary materials, movie S1 and appendix B, table B.1). In 

addition, larger input energy will produce more oxyhydrogen gas hence bigger explosion and bigger force. These 

are key findings as with this results, one can optimise the robot design to maximise efficiency and thrust. The time-

domain plots of force for different orifice sizes can be found in appendix B. 
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a) 

b) 
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Figure 4.3: Oxyhydrogen combustion characterisation: a) Force outputs vs energy inputs under different orifice sizes. The coloured ribbons are standard 

deviation of 3 tests. b) Oxyhydrogen combustion time with different geometry. c) Average energy inputs versus average force outputs for each orifice size. 

The coloured ribbons are standard deviation of 3 tests. 

 

Regarding the efficiency of FLASH, figure 4.3c  and table B.1 show that the average force response at lower energy 

input (25N) is approximately the same as higher energy input (26.5N). This trend is repeated across all tested 

samples and there are a few possible explanations for this. The first one being the ratio of gas and water mixture 

in the robot body, as explained at the beginning of section 3.3.2, where the thrust is produced by the mass of 

water/air and its velocity. More energy input will produce more gas which leads to bigger explosion, hence more 

force. However, the low density of the gas and the constraints of the orifice means thrust production is negligible 

without very high exit velocity. As such, it is more efficient to use a heavier propellant, such as water. Unfortunately, 

due to the size of the robot, more energy input means more gas and as such less water available to propel. When 

more gas is ignited, even though it creates a more powerful explosion, the thrust produced has been inhibited by 

lack of sufficient water. For the case of less gas, even though the explosion is not as powerful, more water is 

available to be ejected and as such, more force is produced. The second explanation is because of the system 

geometry (i.e. orifice size), it is suspected that a significant proportion of the energy created by the combustion 

has been consumed internally due to choking and swirling of water and only a certain amount of fluid can escape 

through a particular orifice. A bigger orifice allows fluid to escape more quickly hence more force. These findings 

enable us to drive the robot at a more energy efficient mode and open up possibility for miniaturisation as a small 

onboard power source can be installed onto the robot body. It is important to note that the force response is 

c) 
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lowest at the lowest energy input (≈50J). This is expected as there is not enough gas generated at this energy level 

to create a large enough explosion to push water out as efficiently as if there were more gas. This also indicates 

that there is a minimum amount of oxyhydrogen gas needed for efficient locomotion. As such, optimal gas to water 

ratio for effective locomotion will be investigated in the following vertical jump test. A smaller orifice size will cause 

more choking and produce less output force, it has been decided that the smallest orifice size needed to obtain an 

acceptable output force is 6mm diameter.  

 

As mentioned in chapter 3 (section 3.1), the preliminary results suggest that the combustion time may be 

dependent on orifice size and it is thought that a longer combustion time would be beneficial for the locomotion 

of the robot. As such, the combustion times at different input energies and various orifice sizes have been 

characterised. The combustion time is measured by the high-speed camera and the load cell readings described in 

chapter 3 using the same definition for the start and end of the combustion process.  Figure 4.3b shows a significant 

increase in combustion time as the orifice size increases. The longest explosion time is 475ms at 421J input energy 

and 14mm orifice size, while the shortest explosion time is 224ms at 46J input energy and 6mm orifice size. This is 

consistent with the preliminary results and confirms that the explosion time is dependent on geometry of the 

orifice. The explosion time generally increases as input energy increases for all orifice size (6mm and 26mm). This 

is expected as higher input energies produce bigger explosions with longer thrusting and sucking phase. However, 

we observed long combustion times for orifice size 8mm at lower input energies (46J-146J). This unexpected 

phenomenon  could be due to the stochastic nature of the combustion process in which undesirable additional 

choking and swirling of fluid in the chamber prolong the explosion time. This phenomenon is mitigated at higher 

input energies of this particular orifice and the explosion time revert back to its expected trend similar to that of 

the 6mm size orifice. It is thought that bigger explosions produced at higher input energies may mitigate the 

internal choking and swirling.  Bigger orifices let fluid escape readily which produce larger thrust with less internal 

choking and swirling. This lengthen the explosion time due to longer thrusting and sucking back phases. It is 

thought that longer explosion time would be beneficial as longer explosion means longer mass transfer rate, hence 

higher driving force. 

 

Throughout these series of characterisation, it was observed that to optimise the performance and efficiency of 

FLASH, one needs to maximise the thrust output, keep the input energy low and have long explosion time. 

However, there are trade-off between these three parameters and as such, it depends on the applications to 

decide which set of parameters is the most suitable. For instance, for environmental monitoring application, the 

robot needs to operate for an extended period of time and should be able to traverse different terrains and the 

ability to consume minimal amount of energy to perform locomotion (swimming, aquatic jumpgliding) is therefore 

important. In this case, one should look at minimising the input energy and maximising the force output. Long 

explosion time can be overlooked in this application as aquatic jumps require short bursts of powerful thrust to 
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break the surface tension of water. Therefore, short explosion time is preferable. Nevertheless, long combustion 

time is beneficial for efficient swimming locomotion and as such, a right balance is required to ensure the optimal 

performance of FLASH in any desired application. 

 

In this section, we have quantified and characterised the dependence of thrust generation and orifice geometry. 

This robot has demonstrated powerful force output (40N) indicating strong swimming and aquatic jumping 

potential. The geometry and input energy dependence of combustion time have also been characterised. It has 

been found that there is a relationship between explosion time versus orifice size and input energy. The 

experiment results suggest several areas for optimisation towards thrust and efficiency maximisation, combustion 

time, miniaturisation, automation and water sampling and sensing application. Further testing will be carried out 

to realize the full power of oxyhydrogen combustion to develop a suite of new mesoscale devices that will 

culminate in a hybrid, aerial-aquatic microrobot. 

4.2 Aquatic-aerial transition 

As discussed in the previous chapter, combustion offers a way to produce impulsive aquatic escape without the 

requirement for a pressurised container and a release strategy. Churaman et al. [283] reported the first 

autonomous jumping microrobot weighing only 314 mg that were capable of performing 8 cm vertical jump using 

explosive nanoporous energetic silicon, a solid energetic formulation that produces gas when ignited. Recently, 

roboticists have demonstrated takeoff of 100mg RoboBee using oxyhydrogen combustion for aerial-aquatic 

transitions [284].   

 

One major limitation of the above robots is they need an offboard power source to operate. As such, bigger, 

untethered soft terrestrial jumping robots which use explosion to move have been introduced [285] [286] [287] 

[288]. These robots used pressurised liquid container of combustible gas as fuel (i.e. butane or methane), 

connected to a silicone combustion chamber by electronic valves and ignited by an electric spark. Nonetheless, 

the employment of multiple fuel containers and flow regulating equipment led to a big increase in mass and 

complexity for a small scale arial robot. This integration would be impractical in an aerial-aquatic robot. It is 

expected that a full design and characterisation of the soft rover will be implemented in the future.  In the previous 

section, we have presented the concept of a novel light driven water thruster for high-power, seamless aquatic-

aerial transition. It uses water from the environment to generate actuation pulse through the ignition of 

oxyhydrogen gas to create propulsion. Capable of providing up to 40N of thrust, this offers a robust means to 

transition from water surface to flight through the use of one single actuator. This section will characterise the gas 

to water ratio at various orifice geometry to establish the optimal ratio and geometry for aerial-aquatic takeoff. 

As input energy directly links to amount of combustible gas generated and the combustion of this gas mixture 



 

71 
 

directly links to thrust magnitude, in this section, three energy level showcasing the most significant gas to water 

ratio will be tested (50J, 200J and 400J). To simplify matters, the FLASH robot will jump vertically with a takeoff 

angle of 90o rather than launching at an angle or follow a particular direction. Figure 4.4 describes the operational 

stages of the robot in this vertical jump experiment. Finally, it is also important to note that the FLASH design used 

in this test is a simplified version of the final design for untethered use. This design has several advantages which 

can be beneficial for aquatic jump-gliding. For instance, a long tube design and pointed head will help FLASH break 

the water surface tension more easily and facilitate smooth water to air transition and vice versa. In addition, the 

rocket shape design will simplify future analytic physics model on flight trajectory as it can be modelled as a ballistic 

projectile. Finally, the screw on head and orifice offer ease of maintenance and design optimisation. It also reduces 

the weight of the robot while proving to be robust enough to withstand consecutive explosions. To prevent FLASH 

from getting damaged through multiple explosions and prolong the life span of the robot, the pointed head of the 

robot is hollowed out and a small duckbill-umbrella combination valve (8.2mm diameter, minivalve.com) was 

placed inside the head. This serves three purposes. The first is to regulate the jetting direction during combustion, 

the small valve inside the head will cause the water to escape through the tail orifice rather than through the head 

for optimal jetting performance. The second is to relieve the high pressure build up in the chamber during the 

explosion which might damage the robot and the electrolyser. Upon inspecting the slow motion footage of the 

vertical jump experiment, we notice droplets of water shotting out from the head of FLASH with high velocity 

immediately after the explosions. This was not the case in the thrust characterisation experiment when the head 

is not hollow. As such, we believe that the pressure from the explosion might deform the soft valve and force the 

water droplets out thereby acting as a high pressure safety valve. Excessive high pressure might lead to cracking 

in the hydrojetting chamber and as a result, reduces the robot operation lifetime. Finally, it prevents sucking 

through the orifice which might hinder jump performance.  

 

Figure 4.4: Overview of the aerial-aquatic robot operational stages. 1, water intake; 2, electrolysis; 3, ignition; 4, water jetting, showing choke release valve. 
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4.2.1 Vertical Jump experiment setup 

This experiment was designed to characterise the jump height of FLASH at a given energy input (figure 4.5). The 

energy input is measured through the input voltage and current. The electrolyser described in 3.1.1 were used to 

produce the oxygen and hydrogen gases. The electrical energy input to the electrolytic module was measured 

through voltage and current via a potentiostat and DAQ. Finally, a camera is used to capture the vertical jump 

height of the robot. The robot is suspended by electrical wires inside a clear acrylic tube (80mm diameter, 3mm 

thickness) which is put inside a glass water tank. The acrylic tube base is raised by 10mm to allow water to escape 

more easily and simulate takeoff from an open body of water. The robot is partially submersed under water with 

just the head protruding from the water surface. A soft valve (figure 4.6d)  is placed inside the head for flow 

regulation and pressure relieve (figure 4.6a). The rear end of the robot is replaceable to test different orifice sizes. 

The orifices size tested ranges from 6mm to 26mm with 2mm interval in diameter. The head (figure 4.6c) and 

orifice (figure 4.6g) are screwed on to the clear acrylic body (figure 4.5f)  using Teflon tape and rubber oring to 

ensure a water-tight seal. Each design is subjected to different energy inputs to determine the most efficient gas 

to water ratio. The entire experiment process is automatically control by Matlab (Simulink R2018a) to ensure 

accurate and repeatable experimental results. Each experiment takes exactly 90s and the experimental process is 

outlined below: 
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Figure 4.5: Vertical jump experiment. Vertical jump experimental set up. b) Electrolyser. c) Head valve (8.2mm diameter). d)Tail orifice. e) FLASH’s Head. f) 

FLASH’s body (hydrojetting chamber). g) FLASH robot.  
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Figure 4.6: FLASH architecture. a) Cross sectional diagram of FLASH. b) FLASH robot. c) FLASH’s head. d) Head valve (8.2mm diameter). e) FLASH’s body 

(hydrojetting chamber). f) Electrolyser. g) Tail orifice.  
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1. The robot (figure 4.6b) is suspended inside the clear acrylic tube and filled with tap water. The tube is 

placed into a glass tank full of water and the base is raised by 10mm by two clear acrylic sheets.  

2. The Matlab code is initiated, all the in/output channels of the DAQ are instantiated and ready for data 

collection. 

3. The electrolytic module (figure 4.6f)  is turned on for 80s with a voltage specified in the Matlab Script 

(ranging from 5-10V). The voltage and current are both recorded in real time by a DAQ (USB-6211) capable 

of reading input and output simultaneously for input energy calculation. 

4. At second 88, the spark is turned on for exactly 1s causing a combustion of oxyhydrogen gas. 

5. The jump height created by the oxyhydrogen explosion is recorded by a camera. 

6. After 90s lapsed, all the relevant data is saved. 

7. The energy input is varied by changing the Matlab script and repeating step 2-6. 

8. Different orifice samples are tested by replacing the old orifice and repeating step 1-7. 
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4.2.2 Experiment results and discussion 
 

 

 

 

Figure 4.7: Surface plot of vertical jump height vs different nozzle diameter vs oxyhydrogen gas/water volume fraction.  

 

Figure 4.7 shows a 3D surface plot of FLASH vertical jump height with different orifice sizes at different gas to 

water volume fraction. Through this experiment, it has been determined that there are several parameters which 

affect the jump height of FLASH. The first one is nozzle size, figures 4.7 shows that the jump height generally 

increases as the orifice size increases and peaks at 18mm diameter. This is expected as previous experiments show 

that larger nozzle size will make it easier for water to escape due to less choking and swirling. It is important to 

note that the jump height drops as the nozzle size increases past 18mm, this is might be due to the gas to water 

ratio. Previous section has clearly stated that a higher density expellant (i.e. water) is preferable to produce more 

efficient locomotion and with the right gas to water ratio one can optimize the locomotion performance of FLASH. 

Figure 4.7 indicates that this optimal ratio is 0.15 (4ml) gas to water ratio; this is equivalent to around 200J of input 
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energy. Combining these two parameters, it has been determined that the optimal design which produces the 

maximum jump height of 23 cm is 18mm diameter nozzle and the optimal gas to water ratio is 0.15. Figure 4.8A 

shows the vertical jump performance of the optimal parameters mentioned above. A strong flame can be seen in 

figure 4.8A(i) which indicates the start of the explosion. Figure 4.8A(ii) shows FLASH jumping out of water. This 

followed by a strong jetting phase which can clearly be observed in figure 4.8A(iii). Figure 4.8A(iv) shows the 

maximum jump height of FLASH at these parameters. 

 

In addition, the combustion of the lowest amount of gas to water ratio, 0.02 (0.5ml, 50J input energy), is not 

powerful enough for FLASH to completely jump out of the water. Figure 4.8B (i) to (iv) clearly shows that even with 

the best orifice size (18mm), the robot still unable to jump out of the water. The maximum jump height in this case 

is about 8cm and for the robot to completely clear the water, the minimum jump height must be 10 cm (yellow 

and red regions on the graph- figure 4.7). This is consistent with the results observed in previous experiment in 

which the gas generated at this energy level cannot generate a big enough thrust to propel the robot out of the 

water. This, however, can be exploited for under water swimming mode in which FLASH can be operated at energy 

saving mode in the dark, at night or places where light cannot reach. Nevertheless, this minimum vertical jump 

height threshold has established an important design parameters one should consider to optimise the jump gliding 

performance of the robot. By examining the experimental footages in which FLASH was unable to completely jump 

out of the water, this could be due to small orifice size or insufficient gas or the combination of both. We also 

observed a suction happening immediately after the rapid expansion of gas. Similar hydrodynamic behaviour was 

also observed in the force response block test (see appendix B for more information). This suction dampens the 

jump efficiency and as such, it is important to minimise this phenomenon to improve jump performance. To 

address this, we added a soft one-way cross valve at the end of the nozzle to reduce the unfavourable suction. The 

valve will minimise the back flow through the orifice which will help the robot perform better jumps. This valve 

couples with the small valve at the head of the robot to regulate the flow of fluids in (through the top) and out 

(through the nozzle) of FLASH for optimal performance. To confirm this, we have tested the jump performance of 

the robot with and without the soft duckbill-umbrella valve - using the best nozzle design (18mm diameter) and 

running under same input energy (50J). Figure 4.8C clearly show a significant difference in jump performance 

between the one with valve and no-valve. The one with valve was able to completely jump out of the water (figure 

4.8C(iii)) as compared to the one without (figure 4.8B(ii)), with a difference in jump height of 3 cm (figure 4.8B(iv) 

and figure 4.8C(iv)). This shows a 30% increase in jump height and the robot tested at this orifice size/input energy 

was able to jump out of the water. Finally, it is important to note that the combustion of oxyhydrogen gas to 

generate rapid thrusting is a complex and chaotic process which depends on many intrinsic physical and chemical 

variables such as gas to water ratio, reaction process, launch angle, robot geometry etc. These may explain the 

rather large standard deviation in figure 4.7. 
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Figure 4.8: Vertical jumps test results from the 18mm orifice size. A) 200J (8V – 0.15 gas to water ratio). (i) Start of Jump (explosion). (ii) Jump out of water. 

(iii) Jetting phase. (iv) Maximum jump height (23cm). B) 50J (5V – 0.02 gas to water ratio) with no valve added. (i) Start of Jump (explosion). (ii) Fail to jump 

out of water. (iii) Jetting phase. (iv) Maximum jump height (8cm). C) 50J (5V – 0.02 gas to water ratio) with valve added. (i) Start of Jump (explosion). (ii) 

Jetting phase. (iii) Jump out of water. (iv) Maximum jump height (11cm). 

 

This section has provided solid evidence regarding FLASH’s ability to jump out of water. It has identified the 

parameters governing the vertical jump performance of the robot and established the optimal geometry and gas 

to water ratio which produce the maximum jump; 18mm orifice size, 0.15 gas to water ratio and 23cm jump, 

respectively. The minimum jump threshold for the robot to completely clear the water has been established which 
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allows different operation modes to be explored. For instance, a low energy mode can be used for swimming at 

night and the high energy mode can be used for jump-gliding. In the next section, we will visualise the water jetting 

flow produced by the most optimal design and explore the hydrodynamic properties the hydrojet propulsion by 

combustion. 

4.3 Water jetting flow visualisation 

This section introduces a method to capture and visualise the hydrojet produced by FLASH under vertical and 

horizontal orientation to gain insights into the jumpgliding and swimming performance respectively. Fluorescent 

dye flow visualization is one of the most well established and efficient technique designed to investigate, quantify 

flow structures and theorize fluid flow behaviour [289] [290] [291]. Using similar set up as discussed in section 4.1, 

the robot is suspended in the middle of a tank and fixed at the head. The entire fixing frame was painted black so 

that it camouflages with the black background and produce high quality flow visualisation. Nozzle size of 18mm 

and the gas to water volume fraction of 0.15 (≈200J) were used for the vertical orientation test (Figure 4.9A) as 

these produced the highest vertical jump (23cm) and ensure that a clear jetting phase can be observed and 

captured in the experiment. This test highlights the hydrojetting phase of FLASH in jumpgliding locomotion mode. 

 

Regarding the horizontal orientation test (Figure 4.9B), nozzle size of 6mm with the same gas to water volume 

fraction as in the vertical orientation test were used. This nozzle size was selected because it has a longer 

combustion time as compared to the 18mm nozzle size. It is thought that this will highlight the difference in the 

hydrojetting phase at various orifice sizes. In addition, this test will verify our hypothesis that longer combustion 

time may lead to more efficient swimming locomotion. Matlab (2018a) was used to run the electrolyser, control 

the spark module and recording data. A highspeed camera was used to record the interaction between the 

combustion and the surrounding fluid. 
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Figure 4.9: Oxyhydrogen combustion fluorescent dye flow visualisation: A) FLASH vertical oxyhydrogen combustion flow visualisation (18mm, input energy 

220J (8V). i) FLASH just before the instant when the oxyhydrogen gas is ignited (start of explosion). ii) Combustion started (start of jetting phase). iii) During 

jetting phase (high speed waterjet form a vortex ring which hits the bottom of the tank). iv) End of jetting phase (Lots of small vortices were created around 

the highspeed waterjet). B) FLASH horizontal oxyhydrogen combustion flow visualisation (6mm, input energy 220J (8V). i) FLASH at the instant when the 

oxyhydrogen gas is ignited (start of explosion). ii) FLASH at the instant after the ignition (start of jetting phase). iii) During jetting phase (high speed waterjet 

form a vortex ring which hit the bottom of the tank). iv) End of jetting phase (Lots of small vortices were created around the highspeed waterjet).    

4.3.1 Experimental setup 

Experiments were conducted in a 60x40x40 cm glass tank filled with water. The robot was fully submerged so that 

the combustion hydrodynamics can be observed under water. The behaviour of the fluid during the oxyhydrogen 

combustion is highlighted by using an optical fluid visualization method: the addition of fluorescent dye in 
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combination with UV illumination. This simple/low-cost fluid flow visualization technique provides an immediate 

qualitative measure of how underwater combustion of oxyhydrogen interacts with a fluid by highlighting the flow 

pattern during the jetting phase right after the explosion. An alternative technique is the particles tracer method 

(PIV, Particle Image Velocimetry) where particles are added to the flow and illuminated by a laser light in order to 

trace the fluid pattern. PIV also allows the collection of accurate quantitative data in the form of particles velocity 

measurements thanks to particle image velocimetry. For our experiments, the dye was created by mixing 

Monument Fluorescein Drain Dye (MON1260S) with water, in accordance with the manufacturer’s recommended 

dilution rate (250mg per 10ml of water). ≈1ml of the dye solution is added to the robot using a pipet after the 

desire amount of oxyhydrogen has been generated. 

 

4.3.2 Experiment results and discussion 
 

Figure 4.9 shows that the jetting phase last 272 ms and 2775 ms for vertical and horizontal tests respectively. As 

can be seen from figure 4.9A(i), B(i), after the dye was added to the robot, there are some diffusion of the dye leak 

through the nozzle. This is expected and is a common phenomenon. However, to obtain high quality flow 

visualization, it is important to minimise this effect by either performing the combustion shortly after the dye was 

added or adding a soft valve at the end of the orifice to limit the diffusion. In this experiment, we chose the first 

option due to its simplicity. It is also to keep it consistent with the thrust characterisation experimental results. 

This is because we did not use the soft valve in that experiment and we would like to have comparable results 

between the thrust characterisation and flow visualisation experiments. The second option will be considered in 

future work as adding a soft valve at the end of the nozzle has shown to improve the vertical jump performance 

of the robot (previous chapter). Figure 4.9 A(i), B(i) captures the instant when the oxyhydrogen gas mixture was 

ignited. It is interesting to note that the flame was clearly seen in 4.9B(i), however, no flame was observed in 

4.9A(i). This could be due to several factors. Firstly, the flame is so small it cannot be seen under the lighting 

condition. Secondly, combustion of all H2 and O2 gases after explosion creates a suction effect and sucks the liquid 

back into the chamber (figure 4.9A(ii)); this hinders visibility. Finally, the propagation speed of the flame maybe 

too fast to capture with the highspeed camera used (running at 240 fps). Note that the same camera and settings 

were used for both tests. This results, however, further support the hypothesis that the combustion time is 

dependent on geometry.  

 

In figures 4.9A (ii) and 4.9B(ii), highspeed jets, highlighted by the fluorescent dye path, can be seen escaping the 

nozzle causing significant turbulence in the tank. From the timestamps, it can be seen that the 18mm (horizontal) 

nozzle produce a much faster waterjet than the 6mm (vertical) nozzle (7 ms compared to 42 ms). This suggests 

that a faster thrust was generated by 18mm diameter nozzle. This is desirable in jumpgliding locomotion where 
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fast powerful thrust is required to break the surface tension. Moreover, upon investigating the highspeed footage, 

the waterjet also generates a significant number of counterclockwise vortices (figure 4.9A(iii)).This can also be 

seen in the supplementary movie S3 where the fluorescent dye dispersed rapidly into the surrounding water. With 

respect to the 6mm nozzle size, the highspeed jet forms a vortex ring (figure 4.9B(iii)) which propagates through 

water at a seemingly much lower speed than that of 18mm nozzle (see supplementary movie S4).  

 

The end of the jetting phase is set to be when there are no longer any significant disturbances in the tank (no 

visible fluorescent vortices can be seen). As can be seen from figures 4.9A(iv) and 4.9B(iv), the jetting phase of the 

smaller orifice is approximately 10 times longer than that of the larger orifice (273 ms compared to 2775 ms). This 

observation suggests that a longer combustion time could potentially generate a more efficient swimming 

locomotion. However, further tests using particle image velocimetry are required to quantify and confirm this 

hypothesis as the fluorescent dye flow visualisation does not provide a quantifiable solution to support the claim. 

 

The fluorescent dye flow visualization has highlighted (visually) interesting hydrodynamic behaviours of the 

waterjet produced by the combustion of oxyhydrogen. The highspeed camera footage shows that a strong thrust 

produced in a short period of time generates many vortices, causing significant turbulence in the surrounding 

water body. In the next section, underwater locomotion of FLASH will be investigated in detail. 

4.4 Underwater locomotion 

To ensure the consistency in the robot performance, underwater swimming tests will be carried out with the same 

combustion chamber using the best nozzle size obtained from the vertical jump test (18mm). The input energy will 

be kept at 200J which will give 0.15 gas to water ratio. These parameters were used to obtain the best vertical 

jump experiment. By using the same parameters, it is thought that FLASH would be able to perform both out of 

water and underwater locomotion without further trade-off between jumping and swimming performance. In this 

experiment, the same design of FLASH as described in the previous section will be used.   

4.4.1 Experimental setup 

The swimming test was carried out in a 200 cm (diameter) x 100 cm (height) tank outdoor. A rotating system is 

placed in the middle of the tank to test the swimming efficiency of FLASH (see figure 4.10). The robot is placed 

about 15cm underwater and fixed to a rotating rod through a hollow L-shaped aluminium tube. The length of the 

tube is 40cm, the diameter is 10mm and the thickness is 1mm. Moreover, the L-shaped rod is place just above the 

water surface to avoid introducing additional drag when the robot is running. All the electrical wires were run 

inside the hollow supporting tube to avoid water damage and interference. A shaft incremental optical encoder is 

installed onto the rotating rod to record the displacement of the robot. The rotating rod is fixed at both ends to a 
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heavy aluminium base and a cross bar via freely rotating ball bearings as seen in figure 4.10 to prevent unexpected 

movement of the rod during combustion process. The experiment is controlled using a matlab code which records 

the input energy into the electrolyser and the displacement of the optical encoder. A camera (iPhone 11 pro) is 

used to record the robot locomotion underwater.  

 

 

Figure 4.10: FLASH underwater locomotion. a) Experimental set up. b) FLASH no valve swim test. c) FLASH with valve added swim test. The position of FLASH 

after the explosion finish has been superimposed on the image of FLASH before the explosion in a and b. 

4.4.2 Experimental results and discussion 

Figure 4.11 show FLASH tethered swim test results. The results indicate that FLASH is capable of swimming 

underwater with the average swimming distance of 65mm ± 14mm per explosion ( figure 4.10b and supplementary 

materials movie S5). The furthest and shortest distance travelled recoded for this experiment is 77mm and 49mm 
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respectively. The large standard deviation is due to the highly chaotic and complex nature of the combustion 

process. The formula used to calculate the distance is described below: 

Distant travelled = (encoder reading (deg) / 360) x (2πr) (mm) 

Where the encoder reading is converted to degree and r is the length of the L-shaped tube (400mm). Further 

experiments were carried out to optimise the swimming performance of FLASH. Section 4.2 indicates that adding 

a soft valve at the end of the nozzle would improve the jump height of FLASH by as much as 30%. As such, in these 

further tests, a similar soft cross valve is attached at the end of the nozzle (figure 4.10c). As expected, the 

swimming distance increased by 35% to 101mm (figure 4.11 and supplementary materials movie S6). This indicates 

that the robot overall efficiency can be improved by regulating the water intake during the combustion process.  

 

Figure 4.11: FLASH tethered swim test results for the two cases of no tail valve and added tail valve. 

 

To showcase the underwater locomotion of the robot, we have carried out an unconstraint tethered test in which 

FLASH is allowed to freely swim inside the tank with only thin wires connect to an external power source (figure 

4.12a). A small styrofoam (20x20mm) is attached to the head of the robot to ensures that the head of the robot is 

always higher than the tail of the robot. This prevents the oxyhydrogen gas generated from escaping through the 
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open end and ensure the spark module, located at the head of the robot, can ignite the combustible gas efficiently 

(figure 4.12a). It took roughly 80s for the FLASH to float up from the bottom of the tank to the water surface with 

the head slightly poking out of the water (figure 4.12 a to c). This is expected as 80s is also the time the electrolyser 

operates. Upon ignition, the robot quickly swims through the water before sinking back to the bottom of the tank. 

Figure 4.12d shows the start of the explosion, a power thrust was created which allows the robot to surf on the 

water surface. This can be seen clearly in figure 4.12e where multiples vortexes were left in the travel path of 

FLASH. This phenomenon is similar to what normally seen in stone skipping in which the rock (in this case FLASH)  

generated lift by pushing water down as it travels across the water at an angle. This might allow the robot to travel 

greater distance if the conditions are met. However, it is important to note that this could depend on many factors 

such as the robot geometry, its floating angle and its weight. As such, this could be explored in future work with 

an untethered FLASH design. FLASH’s underwater locomotion can be described below. 

1. Gas generation (sinking underwater) 

2. Floating to water surface (buoyancy change) 

3. Jump out of water 

4. Surfing (jumpgliding) 

5. Sink back to underwater (buoyancy change) 

This is similar to that of a submarine and has been observed consistently through multiple attempts 

(supplementary materials movie S7).  

 

This section has demonstrated the ability of FLASH to swim efficiently underwater. The valve system designed to 

regulate the flow of fluid during combustion has been proven to increase the performance of the robot significantly. 

It is thought that by manipulating the buoyancy of the robot, different operation modes can be achieved. For 

example, the gas to water ratio can be controlled to enable the robot to move around underwater or float up to 

the water surface and jump out of the water (supplementary materials movie S7). This will be explored in the next 

chapter in which an untethered version of the robot is developed. 
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Figure 4.12: FLASH tethered unconstraint swim test. a) experimental set up. b) Electrolyser turned on to generate oxyhydrogen gas. c) FLASH floats up to the 

water surface due to change in buoyancy, the Styrofoam attached around the head of the robot ensure it float at the right orientation for optimal performance. 

d) Start of the explosion. e) FLASH can be seen surfing the water due to the hydro-jet produced from the explosion. f) End of the explosion. g) FLASH sinks 

back to the bottom of the tank due to the change in buoyancy. 
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Chapter 5 

5 Untethered FLASH 
Building upon the experimental results from the previous chapters, we now undertake the development of an 

untethered FLASH robot, including the mechanical system, software, and electronics. The robot is demonstrated 

operating underwater for an extended period of time without supervision. We also demonstrated the robot’s 

capability to recharge itself when encountering a light source and float up when the battery runs out for data 

collection and recovery. Such performance is possible due to FLASH’s unique propulsion system and reliance on a 

single actuator, which triggers the reaction and combustion process. This also allows the entire system to be 

waterproof, increasing its reliability.  

5.1 FLASH mechatronics 

Figure 5.1 shows the untethered FLASH robot. It is composed of similar components as described in section 4.2.1. 

With an addition of a soft 20mm diameter cross valve (minivalve) to the rear end to optimise performance and 

flow regulation. We also added some fins to the screw-in rear end part for aesthetics. The flexible solar cell 

(Powerfilm - 0.066W Mini Flexible Solar Panel) is wrapped outside the robot body and Styrofoam floats are 

adhered around the solar cell to increase the buoyancy of the robot and ensure that the solar cell is always facing 

up for optimal light energy harvesting. The flexible solar cell is waterproofed with a double-layered of clear 

polythene tubing (38mm width) and heat sealed. A photodiode (Vishay, BPW34 IR + Visible Light Si Photodiode, 

65 °, Through Hole) is placed on top of the solar cell to monitor light intensity and instruct the robot to stop for 

charging when it encounters a light source. To ignite the oxyhydrogen generated by the electrolyser inside the 

robot, a spark module capable of producing a high-power electric arc, similar to the circuit commonly found in 

electric lighter, was used. This provides a reliable ignition source for underwater operation as the electric arc can 

not only provide the spark energy needed to ignite the gas but can also act like a glow plug to burn off excess 

moisture around the electrodes. This will prevent the sparker tips being fused together when in close proximity, 

hence, extend the life-time of the sparker. The spark module is waterproof with heat shrink tube and hot glue.  



 

88 
 

 

Figure 5.1: Untethered FLASH robot prototype. 

 

The electronics used to control the robot is a miniaturised replication of the system described in section 3.1 with 

surfaced mount components and a thin PCB board. The Arduino chip is replaced with an ATTiny85 chip which is 

sufficient to control the robot. Figure 5.2 A-C detail the schematic, board design and soldered board of FLASH’s 

onboard electronics respectively. The board and its associated electronic components are dipped in silicon rubber 

(Smooth-on Vytaflex 20) for waterproofing.  
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Figure 5.2: FLASH electronics. A) FLASH electronic schematic. B) FLASH board design. C) FLASH electronic board. 

 

As can be seen from figure 5.2 A, the robot is controlled using an ATTiny85 chip. This chip offers a compact yet powerful 

micro controller which is suitable for this particular application. Moreover, it uses the same programming language 

as an Arduino which makes the transition to this prototype seamless. Two digital outputs from the Attiny85 chip 

control two power transistors (MJD31-Mouser) which drive the electrolytic module and the sparker. The 

electrolyser is turned on for 9 minutes to generate the desired amount of combustible gas mixture. After that, the 

sparker is turned on for 1 second to ignite the gas mixture. This is done via a signal which is sent to an 

electromagnetic relay to close the switch of the spark module which produce a high-power electric arc. The whole 

system is powered by a 3.7V 270mA LiPo battery. The analogue input of the attiny chip is connected to the 

photodiode which constantly monitors the light intensity of the environment. When the ambient light exceeds a 
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certain threshold, this signifies the robot has encountered a light source, the chip is put to sleep and the robot 

stays in the area for a period of time to charge up the LiPo battery. The chip is put to sleep using a watchdog timer 

function which wakes up every 8 seconds to check if the robot is still within the light source. If this is the case the 

robot will go back to sleep and wakes up after a further 8 seconds. This cycle keeps repeating until the robot drifted 

away from the light source, the ambient light falls below the threshold or the robot has been charging for a 

predetermined amount of time. The robot then fully wakes up and carries on its normal routine. Figure 5.2 B shows 

the board design layout and figure 5.2 C is the soldered-up board from the design layout. 

5.2 Experimental set up 

The untethered test was carried out in the outdoor tank, (see 4.4.1). A Grasshopper 3 vision camera (FLIR-USB3 

Vision) with a Canon EF 24 lens was used to record a time lapsed video of untethered FLASH underwater swimming 

performance at a capturing speed of 1 frame per second. The camera was fixed 2 meters above the tank on to an 

aluminium frame so that it can provide a top view of the entire tank. The camera was set to continuous recording 

until stop and the entire recoding period was about 24 hours. However, the robot only operated for around 12 

hours before the battery ran out completely and floated up. As such, the time lapse video is cut to show only when 

FLASH is active. The camera is connected to a laptop (Dell latitude 7390) which runs a specialist vision software 

(Flycapture2) to process the recoded time lapse video. A custom-made halogen spotlight was fixed at the side of 

the tank to provide a light source to recharge the robot (see figure 5.3). The spotlight was made from a housing 

and lens of a commercial 3W LED pinspot light (Amazon), the LED light bulb was replaced with a 20W, 12V Halogen 

bulb to provide higher light intensity. A cooling fan (5V Raspberry Pi fan) was connected in parallel with the light 

bulb to provide necessary cooling for prolong operation. A adapter/housing for the replacement light bulb and the 

fan was 3D printed and hot glued to the commercial part.  

 

Figure 5.3: Untethered FLASH underwater locomotion experiment setup. 
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5.3 Experimental results and discussion 
 

The experimental result shows that FLASH is capable of operating underwater for a long time and exhibits 

interesting behaviours which could be beneficial for environmental applications. As can be seen from the 

supplementary video S8, the robot can swim well underwater and can cover the whole area of the tank during its 

operation. It can also operate continuously for 12 hours which is better than similar environmental robots reported 

in literature [265], [292]. This makes FLASH a good candidate for environmental monitoring and search and rescue 

tasks where the robots are often required to operate for a long time to collect data and able to cover a large area. 

Figure 5.4 shows how FLASH compares to similar state-of-the-art robots reported in the literature using six key 

metrics. The graph clearly shows that FLASH (thick dark purple line) is capable of consecutive thrust generations 

via combustion of oxyhydrogen gas and is smaller in terms of size and weight compared to other jump/gliding 

robots. We are aiming to improve the robot flying and/or jumping/gliding performance in future work. 

 
Figure 5.4: FLASH key metrics performance compare to similar state-of-the-art robot in literature [263], [265], [266], [283]–[288].   

 

Figure 5.5 a to d illustrate different operational states of FLASH. The robot starts at the bottom of the tank fully 

submerged (figure 5.5a). FLASH then will turns on the electrolyser to split the water into oxyhydrogen gas and use 

it for combustion which produce thrust to propels it forward. This process is repeated multiple times to create 

locomotion, this is defined as random swim. The green line in figure 5.5b shows the robot travelling path and the 

red circle indicates the robot position. Figure 5.5c shows that when FLASH encounters a light source, it would stop 

to charge its battery. After the battery has been sufficiently charge, the robot resuming random swim. Figure 5.5d 
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clearly illustrates this as the robot propels away (red circle) from the illuminated area. This feature allows the robot 

to potentially operate indefinitely and fully integrate with the environment to carry out various tasks.  

 

FLASH can also adjust its buoyancy to float up to the surface when the battery runs out by splitting water into 

hydrogen and oxygen without igniting them. The excess gas adds buoyancy to the robot and causes it to float up 

for data collection, recovery and/or maintenance. This allows FLASH to have different modes of operation. Figure 

5.6 illustrates the operational state diagram of the robot. The first is underwater swimming in which the robot 

performs a random swim. The second is hibernating in which the robot would come into sleep mode to charge its 

battery when it encounters a light source. The third is floating when the battery runs out. In addition, it is possible 

to ignite the excess amount gas generated in the third mode which would propel the robot out of water, as 

demonstrated in section 4.2. This would be beneficial for traversing different terrains and expand the robot 

functionality (figure 5.6 black dotted lines). Untethered and unsupervised jumpgliding is a complex process and 

command significant further investigation. As such, this fourth mode of operation would be explored in future 

work. 

 

FLASH’s takes exactly 9 minutes between combustions and the thrust generated from the explosion propels it 

forwards. It is thought that the unique propulsion mechanism could also allow the robot to clean the surroundings 

through producing burst of waterjets every time it moves and clean of the debris along its path. This could be very 

useful in environmental remediation applications. Moreover, the propulsion mechanism employed is clean and 

produce no waste where the products of the water electrolysis process is recombined into water via combustion. 

As such, FLASH will not negatively affect or alter the surrounding environment during deployment which is one of 

the main criteria when one evaluates the performance of an environmental robot. 
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Figure 5.5: Untethered FLASH underwater locomotion. a) FLASH sits at the bottom of a water tank. The video speed is 180x (i.e. 9 mins = 3s in the video). b) 

FLASH performs random swim. The red circle indicates the position of the robot, the green light indicate its travel path. c) FLASH stops to charge its battery 

when it sees a light source. d) FLASH resumes random swim after the battery is sufficiently charged.  
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Figure 5.6: Operational state diagram of FLASH. The solid black lines show the robot current capability, the dotted black lines show the robot potential 

capability. 

 

In summary, this chapter has demonstrated that FLASH is a well-suited robotic platform for environmental 

applications owing to its attractive features of long operating time, recharging using renewable energy, clean and 

harmless propulsion system, and ease of maintenance. The prospect of environmental robots capable of fully 

integrating with the environment presents a green solution to address many urgent environmental problems. 

FLASH represents a new class of smart light driven environmental robots which open ups many interesting 

research areas. One of them is combustion within a soft body. It is thought that soft materials would enable more 

efficient underwater locomotion and provide the compliance the robot needs to interact safely with the 

environment. This would further enhance the performance and trust worthiness of FLASH as an environmental 

robot. As such, in the next chapter, we will present my initial investigation into biodegradble soft hydrogel as a 

potential class of materials for soft body combustion. 
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Chapter 6 

6 Conclusion and future work 
This thesis presents a proof of concept light driven swimming robot (FLASH) capable of gathering energy from the 

environment to perform different modes of locomotion such as swimming underwater and jumping out of water. 

Following the development of novel light energy to oxyhydrogen combustion actuator, characterisation and design of 

FLASH, this chapter summaries the main contributions of the work and presents an outlook for future research. 

6.1 Conclusions  

The aim of this thesis was to design a self-sufficient, environmentally friendly, light-driven robot. This work consists of 

a review of different photo-actuation techniques employed by light driven microrobots in literature, followed by a 

detailed characterisation and architecture of the robot. Finally, stimuli-responsive soft materials for future smart light-

driven robots are investigated.  This resulted in the original contributions as follows. 

6.1.1 Review of Photo-actuation techniques used in light driven 
micro-robots. 

Three main photo-actuation approaches have been widely adopted in the design of photo-microrobots namely, 

photocatalysis, photovoltaic, photothermal/mechanical effects. Chapter 2 discusses the advantages and disadvantages 

of each actuation method and the area of applications for light driven microrobots. It shows that over the past decade, 

significant amount of work has been carried out across all three photo actuation strategies. This is due to the 

improvement in small-scale fabrication techniques and deeper understanding of molecules interactions/behaviour at 

microscopic scale.  

 

Photocatalytic devices have been widely investigated due to its simple control, small size, abundant, low-cost and high 

efficiency. However, one common challenge reported throughout literature is the low velocity of photocatalytic 

microrobots. As such, efforts have been made to enhance the velocity whilst maintaining small size and input power. 

Notable works including wireless steering and velocity control Janus micromotors [88], swimming microrobots that 

detect and degrade organic pollutants [94] and autonomous micro-agents capable of decomposing biological and 

chemical warfare agents [98] . These microrobots exhibit exceptional ability to detect and degrade various pollutants 

with long service life. Due to these unique qualities, photocatalytic Janus microrobots present great potential in 

environmental remediation applications.  
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Despite having advantages over other photo-actuation strategies such as high ECE and energy output, researchers still 

face significant challenge in the integration of photovoltaic cells in microrobots as an on-board power source due to its 

big size. Fortunately, recent advances in micro/nano fabrication have made it possible to manufacture small-scale and 

high-power density photovoltaic cells [153]. This has enabled the development of many state-of-the-art insect scale 

aerial robots namely RoboFly [155] and RoboBee X-wing [126]. These robots, however, require intense light energy to 

generate sufficient power to takeoff (at least three times the light intensity of the sun in the case of RoboBee) and 

unable to sustain continuous fly. Nevertheless, advances in nanofabrication could soon make it possible to manufacture 

micro scale solar cells, and with the fast-improving capabilities of nanoelectronics and communication technology, these 

microrobots could be the future solutions to many environmental problems such crop pollination. 

 

Light induced soft actuation due to photomechanical and photothermal effects offer many advantages at the 

nano/micro scale such as wireless control and fast modulation. However, some challenges still need to be addressed to 

realise the full potential of this technology. For instance, these photo-robots only response to limited light spectrum 

and the power density required for a given mass is significant. Nevertheless, progress has been made to extend the 

responsive wavelength of these devices [251] and initial steps have been taken towards reducing the size and the power 

requirements of these photo-robots [252] [181]. Looking at the current trend in literature, it is expected that in the near 

future, photomicrorobots made of photoactive materials would be able to carry out complex tasks such as walking, 

jumping, swimming, manipulation and transportation. 

 

In conclusion, many research routes can be explored to realised fully autonomous light driven microrobots. The road 

map (figure 2.13) highlights the benefits of converging all three light actuation strategies to create intelligent photo-

microrobots of the future. For instance, a robot capable of harvesting light energy using solar cells and converts that 

energy to chemical energy for actuation. Furthermore, by embedding photo-responsive materials into the design of the 

robot, smart behaviour can be programmed into the robot. 

6.1.2 Waterjet propulsion via oxyhydrogen combustion 

Chapter 3 presents a multi-phase energy conversion system turning photon energy into electrical energy for storage 

and subsequently chemical energy for actuation. This is realised by a flexible solar cell, an ultra-low power solar cell 

charger and a custom-made electrolytic module, respectively. Photovoltaic has been chosen as the primary candidate 

for light energy harvesting due to its relatively high ECE of 20%. Solar energy is a renewable energy source and readily 

available in the environment. As such a photovoltaically powered robot should be able to operate indefinitely 

autonomously and safely within the environments if it receives enough sunlight.  

 

A custom design of an electrolyser, the ‘engine’ of the robot, has been demonstrated and characterised. Platinum was 

found to be the best electrodes for electrolysis out of the whole cohort of metals tested in terms of degradation, 

performance, and toxicity. A linear relationship has been observed between the input energy and amount of 
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oxyhydrogen gas produced by the electrolyser. The ECE of the module peaked at 20.5% (80J IE) then reduced to 15% as 

the IE increases. This is due to overpotential effect which hinder the reaction efficiency. The rugged design has 

demonstrated impressive resistance through multiples cycle of explosions (400 times plus) without noticeable 

deterioration in performance. This further supports the self-sufficiency of light-powered autonomous robots. 

 

The viability of the energy conversion system was also investigated through analysing multiple charging (LiPo charger 

active) and discharging (electrolyser active) cycles of a LiPo battery. Halogen light was used as an alternative to sunlight 

due to the similarity between the light spectrum produced which are best absorbed by the solar cell. The results show 

that the electrolyser can run for 1.5 minute for every hour of charging while the LiPo battery is at 5%-70% (3.6-3.94V) 

charged. It took around 9 minutes to generate enough gas (≈4ml) to meet to the optimal gas to water ratio for actuation. 

As a result, 6 hours charging, and 9 minutes discharging cycle was carried out over 160 hours to validate potential the 

self-sufficiency of a light powered robot. It has been found that, after 26 cycles the system is still operating normally 

and on average, across all cycles, the battery charging percentage varies between 60%-80%, 3.87-4.02V respectively.   

 

Finally, the theory behind combustion of oxyhydrogen and the hydrodynamic relationship between this combustible 

gas ignition and waterjet propulsion were investigated. Literature stated that the product of water electrolysis produces 

the most explosive mixture of oxyhydrogen gas because it allows the maximum yield of water and heat. Sparking was 

chosen as the method of ignition due to its low energy requirement, ease of miniaturisation and effectiveness 

underwater. 

 

These above laid out the fundamental requirements for the design and testing of the FLASH autonomous light- powered 

robot in subsequent chapters.  

6.1.3 FLASH architectures and characterisation 

In chapter 4 and 5, we developed the FLASH, a light driven, jet-propelled robot capable of consecutive aquatic-arial 

jumps and swimming for an extended period in the environment. The robot presented in this thesis has been 

demonstrated to perform swimming and consecutive aquatic-arial takeoffs. The dependence of geometry on 

oxyhydrogen combustion thrust generation and hydrodynamics have been characterised. We have identified the design 

parameters governing the vertical jump performance of the robot and established the optimal geometry and gas to 

water ratio which produce the maximum jump, 18mm orifice size, 0.15 gas to water ratio and 23cm jump, respectively. 

The minimum jump threshold for the robot to completely clear the water has been established which allows different 

operation modes to be explored. For instance, a low energy mode can be used for swimming at night and the high 

energy mode can be used for jump-gliding.  

 

The fluorescent dye flow visualization has highlighted the hydrodynamic behaviour of the waterjet produced by the 

combustion of oxyhydrogen. The highspeed camera footage indicates a strong thrust produced in a brief amount of 
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time and generated many vortices causing significant turbulence in the surrounding water body. Moreover, it is thought 

that this turbulent behaviour could be utilise in environmental applications where the robot can produce a strong 

waterjet to clean up the surrounding area. 

 

We have also showcased the ability of FLASH to swim efficiently underwater. The valve system designed to regulate the 

flow of fluid during combustion has been proven to increase the performance of the robot significantly. It is thought 

that by manipulating the buoyancy of the robot, different operation modes can be achieved. For example, the gas to 

water ratio can be controlled to enable the robot swim around underwater for data collection or float up to the water 

surface and jump out of the water to traverse different terrains or for environmental samples retrieval.  

 

The untethered FLASH robot has demonstrated the robot’s ability to operate for an extended period of time within the 

environment without supervision (12 hours). The robot also exhibits different mode of operation such as underwater 

random swim, hibernation (charging) when encounter light source, changing buoyancy to float up when battery runs 

out. This indicates that FLASH is a suited candidate for environmental applications as well as open up interesting 

research areas into green environmental robots which can fully integrate with the environments. 

6.2 Limitations and Future work 

This research introduces a novel light powered, combustion-driven robot for environmental applications. We investigate 

the influence of the underlying physics and main design parameters on performance of the robots. This includes detailed 

analysis on the multi-phase energy conversion system, combustion to waterjetting, design parameters as well as 

operational modes. This leads to the development of an untethered FLASH robot. A comprehensive description of the 

mechatronics of the device was included. The robot is capable of underwater swimming for an extended period in the 

environment due to its unique propulsion system and the ability to obtain energy from its surroundings. The reliance 

on a single actuator to trigger the exothermic reaction and combustion of oxyhydrogen gas offer an environmentally 

friendly solution for various environmental applications. However, there is scope for improvement in several aspects of 

FLASH. 

6.2.1 Combustion in soft body 

It is important to note that all state-of-the-art aerial-aquatic robots reported in literature has a stiff combustion chamber 

which is beneficial for reliable and repeatable jumpgliding or takeoff and landing. In addition, the stiff body simplifies 

physical modelling of the robots in terms of flight trajectory calculations and combustion dynamic analysis. It also 

enables effective design, characterisations and miniaturisation. However, combustion in soft and compliant materials 

may enable innovative methods for underwater locomotion. For instance, the use of combustion has shown to increase 

the speed of terrestrial soft actuators [293] [287] [285] and could introduce new ways to increase the displacement 

speed of underwater actuators. For example, a terrestrial jumping soft robot was able to reach 3.6 m/s velocities using 

methane combustion [285]. It was found that the combustion causes no damage to the silicon membranes because the 
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temperature decreases to below 300 oC degradation point of silicon within 10ms after the combustion was initiated 

[287]. Further work has shown that an untethered soft jumper is capable of withstanding combustion temperatures of 

greater than 500 oC for multiple cycles (> 30) [286]. Inspired by the motion of the soft bodied cephalopods, a Combustion 

Powered Hydro-Jet Engine (CPHJE) using methane combustion and expandable silicon bladder for underwater 

propulsion was developed [292]. The 0.7kg CPHJE can achieve velocities as high as 450mm/s and able to produce 

consecutive actuation with the same bladder. Nonetheless, the need of multiple liquid fuel containers and flow control 

equipment has led to a substantial increase in weight and complexity making it not feasible to integrate into miniature 

aerial-aquatic vehicles. A promising on-going work, currently carried out by researchers at Cornell university, on a soft-

robotic rover for Europa exploration capable of harvesting electrodynamic power from the environments for locomotion 

via oxyhydrogen combustion [280] could be considered to be an attempt to remove the need of off board power source 

and reduce the amount of components the robots need to operate. However, this work is still at a very early stage, only 

theoretical concepts and preliminary results were investigated and reported, respectively.  

 

Although there are many benefits in exploring combustion in soft body, one should recognise that there is a trade-off 

between miniaturisation and softness for combustion powered microrobots. This should be taken into account in future 

version of FLASH to realise suitable solutions for particular applications. 

6.2.2 Improvements to FLASH’s current limitations 

One of the limitations of the current system is the fast combustion time which hinders the performance of the robot. It 

is thought that it may be beneficial to change the molar ratio of oxyhydrogen (2:1) to maximise the potential benefits 

from longer burn times and reduced flame speeds of the oxyhydrogen combustion. In addition, oxyhydrogen 

combustion within porous materials (i.e. foams) might decrease the flame speed and as a result, increase the amount 

of power collected. Another limitation is the long charging time of the robot, which is about 6 hours for every 9 minutes 

of electrolysis. This time could be shortened by utilising a bigger solar cell and/or more efficient LiPo charger. However, 

this would increase the size/weight of the robot and ultimately affect the performance. We believe that as battery and 

nanofabrication technologies advance, miniaturisation of the robot could be achieved without performance trade-offs. 

FLASH currently has no methods to detect whether the hydrojetting chamber is full, or whether a desire amount of gas 

has been generated before launch. This could be addressed with further sensor integration. The usage of shape memory 

alloy (SMA) would be advantageous to realise complex control and added functionality such as steering and objects 

manipulation. Finally, with the integration of functional light sensitive material [253], [254], directional control and 

swarm intelligence could be achieved. An interesting area that could be explored in the future is phototaxis, where 

FLASH fins, made from light responsive materials, ‘sense’ nearby light source and guide the robot towards it.  This would 

enable autonomous behaviour and more complex control and/or information sharing through light intensity and 

wavelengths. 
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Appendix 

Appendix A 

Characterisation of solar panel performance between curved 

and flat state and at different light sources. 

This section details the characterisation of the energy harvesting system used in FLASH. Several light sources were 

tested at different distances between curved and flat state of the solar cell (see figure A1 for experimental set up). 

It was found that halogen light yields the best result as compared to LED because the light produced by halogen 

bulb mostly fall into yellow to red spectrum which are better absorbed by solar cells [294]. For example, when 

comparing between the LED and halogen spotlight, blue and cyan lines respectively, at the same shining distance 

of 320mm, it was found that the halogen light source can produce significantly more voltage to the solar cell than 

the LED light source, 3.25V as compared to 2.5V. In other words, the LED spotlight is around 23% less effective 

than the halogen spotlight. 
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Figure A1: Solar panel performance characterisation experimental set up. 

 

Furthermore, the geometry of the solar cell also affects its performance, as can be seen from figure A2 the curved 

solar cell perform worse than the flat solar cell. For instance, the curved halogen desk lamp (green line) produced 

5% less voltage than the flat halogen desk lamp (red line) at the same shining distance of 50mm. This is because 

in the curved state, the area of absorption of the solar cell is reduced hence the reduction in voltage. 

 

Figure A2 also shows that the further away the solar cell from the light source, the worse it performs. For instance, 

there is a significant reduction (25%) in voltage produced by the solar cell between the same halogen light source 

when it was place at distance 320mm and 50mm apart, red and pink lines respectively. This is expected as the 

further away the solar cells from the light source, the worse it performs due less photons hitting the 

semiconductors.  
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To address this drawback, one can use a series of lenses to focus the light beam so that the light source can be 

further away from the solar cell whilst maintaining similar voltage. This is particularly beneficial for applications of 

FLASH in the environment as it allows remote powering and targeted control. As can be seen from figure A2, 

halogen spotlight can provide similar voltage to the solar cell when compares to a halogen desk lamp at more than 

4 times the distance, red and cyan lines, respectively. It is important to note that the same halogen light bulb (20W, 

12V) has been used for both the spotlight and the desk lamp and it is clear from the graph that there is a big impact 

between the focused and unfocused light sources (cyan and pink lines) on the performance of the solar cell. To be 

specific, the halogen spotlight at 320mm distance (cyan line) produce about 25% more voltage in the solar cell 

than the halogen desk lamp at the same distance (pink line). 

 

To conclude, this characterization experiment suggests that there are four factors one should consider when 

choosing the lighting system to power FLASH. The first is the type of light (i.e. Halogen or LED). The second is the 

geometry of the solar cell. The third is the distance of the light source from the cell and the last is the type of lenses 

most appropriate for a specific application (i.e. spotlight or coarse light). It was found that halogen spotlight is the 

most suited light source to power FLASH as it produces light in spectrums best absorbed by the solar cell and can 

be placed at a further distance than coarse halogen light without sacrificing the efficiency of the solar cell. 

Moreover, the light intensity of halogen light can be easily controlled by changing the voltage/current supply 

making it more flexible and adjustable in terms of light output and colour tone. This is important for remote 

powering as one can maintain the efficiency of the solar cell by adjusting the light intensity in accordance to the 

robot position with the light source. In addition, the colour tone can also be adjusted to activate smart light 

sensitive material for complex control.  



 

128 
 

 

Figure A2: Solar panel performance characterisation against different geometries and light sources. 
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Appendix B 

Average thrust generated at lower and higher energy inputs 

comparison 

This section presents additional details related to the optimal geometry to maximum thrust generation (Chapter 

4, section 4.1) which were omitted in the main text. 

 

Table B.1: Average force responses at lower and higher energy inputs comparison across all tested samples. 

Sample Lower Energy Inputs 

(J) 

Average Force 

response at lower 

energy inputs (N) 

Higher Energy Inputs 

(J) 

Average Force 

response at Higher 

energy inputs (N) 

1 (6mm diameter) 88-220 4.682 313-421 5.738 

2 (8mm diameter) 88-220 11.515 313-421 12.273 

3 (10mm diameter) 88-220 17.703 313-421 17.492 

4 (12mm diameter) 88-220 19.751 313-421 21.019 

5 (14mm diameter) 88-220 23.709 313-421 25.273 

6 (16mm diameter) 88-220 31.494 313-421 28.360 

7 (18mm diameter) 88-220 30.842 313-421 31.019 

8 (20mm diameter) 88-220 32.217 313-421 34.151 

9 (22mm diameter) 88-220 34.305 313-421 37.188 

10 (24mm diameter) 88-220 33.905 313-421 39.586 

11 (26mm diameter) 88-220 34.623 313-421 40.275 

Average all samples 88-220 25.0 313-421 26.58 

 

Table B.1 shows the average force response at lower input energy is similar to that of higher input energy, 25 N 

and 26.5N respectively. This suggests that it will be more efficient and economical to operate FLASH at lower 

energy input with the given design. The largest average force response is 40N at higher input energy and with the 

largest nozzle. The table also shows that the amount of input energy has limited effect on the thrust generated as 

there is little difference in the amount of force generated at lower and higher energy in across all tested sample. 

The parameter has the most significant impact on thrust generation is orifice size. As can be seen from table B.1, 

there is a relatively linear relationship between orifice size and thrust generation.  
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Loadcell force response of oxyhydrogen combustion at 

different input energy for all samples 

This section provides additional information related to the optimal geometry to maximum thrust generation 

(Chapter 4, section 4.1). 

(i) Sample 1 – 6mm 
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(ii) Sample 2 – 8mm 

 

(iii) Sample 3 – 10mm 
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(iv) Sample 4 – 12mm 

 

(v) Sample 5 – 14mm 
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(vi) Sample 6 – 16mm 

 

(vii) Sample 7 – 18mm 
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(viii) Sample 8 – 20mm 

 

(ix) Sample 9 – 22mm 
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(x) Sample 10 – 24mm 

 

(xi) Sample 11 – 26mm 

 

Figure B1: Oxyhydrogen combustion thrust generation at different geometries. 
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Appendix C 

B:Ionic Glove: A Soft Smart Wearable Sensory Feedback 
Device for Upper Limb Robotic Prostheses 
 

Based on work presented at the following peer reviewed venue. Nguyen Hao Le is co author of this paper. 

M. F. Simons, K. M. Digumarti, N. H. Le, H. Chen, S. C. Carreira, N. S. S. Zaghloul, R. S. Diteesawat, M. Garrad, A. T. 

Conn, C. Kent, J. Rossiter., "B:Ionic Glove: A Soft Smart Wearable Sensory Feedback Device for Upper Limb Robotic 

Prostheses," in IEEE Robotics and Automation Letters, vol. 6, no. 2, pp. 3311-3316, April 2021, doi: 

10.1109/LRA.2021.3064269. 

 

Contribution statement: All the authors were involved in conceptualisation of design, planning of experiments and 

writing the final manuscript. M. F. Simons fabricated the structures. M. F. Simons and K. M. Digumarti and N. H. Le 

performed the experiments, analysed the data and wrote the first draft. 

 

This section details the design, fabrication and experimental characterisation of the B:Ionic glove, wearable over 

a robotic hand which contains sensing, computation and actuation on board. It uses shape memory alloy (SMA) 

actuators integrated into an armband to gently squeeze the user’s arm when pressure is sensed in novel electro-

fluidic fingertip sensors and decoded through soft matter logic. 

 

System design 

The B:Ionic glove (Fig. C1 and C2) consists of three components: i) a glove worn on the prosthetic hand with a soft 

sensor pad underneath each fingertip connected to silicone channels and containing a conductive liquid, ii) an 

electro-fluidic controller (Soft Matter Computer), and iii) a tactile armband. When the pad is pressed, the volume 

change forces the conductive liquid through a network of silicone channels. This fluid then bridges the gap 

between pairs of electrodes along the channel, closing the electrical circuit. In its simplest form, each pad is 

connected to one coiled SMA actuator on the armband. Once the circuit has been closed, the corresponding SMA 

on the armband contracts as the current drawn from the battery heats the SMA actuator, generating skin-

stretching and squeezing sensations on the skin. 
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Figure C1: Illustration of the B:Ionic glove, consisting of pressure pads containing conductive fluid wrapped around the fingertip of a prosthesis, an electro-

fluidic control unit including the battery, and an armband actuated by shape memory alloys (SMAs) by way of heating and cooling, generating axial, radial 

and circumferential forces on the user’s arm. 

 

Figure C2: The B:Ionic glove prototype as demonstrated on a non-amputee, where the components on the left hand side are to be mounted on the upper 

limb prosthetic device and the components on the right hand side are to be worn on the residual limb of the user. 

 

Pressure Pad Tactile Sensors 

The pads are fabricated using silicone elastomer (Dragonskin 10, Smooth-On). They are cast in two parts using 3D 

printed moulds. After curing, the two silicone parts are joined using Sil-Poxy adhesive (Smooth-On) to form an 

enclosed cavity as illustrated in Fig. C3. The pads have an outlet channel that wraps around the finger so that the 

silicone tube inserted into this channel runs along the dorsal side of the hand to reduce possible interference. This 

tube acts as the physical connection between the pads and the Soft Matter Computer and carries the fluid that is 

used for communicating touch. The relation between the force applied to the fluidic pad and the displacement of 
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fluid in the channels was characterised as follows. A single pad with an outlet channel was affixed to a linear stage. 

The pad was filled with a coloured fluid and the initial position of the meniscus in the channel was marked. As the 

linear stage moved, a probe pressed down onto the pad. The force applied on the pad was detected by a force 

transducer placed underneath it. Simultaneously, the displacement of the fluid meniscus in the channel was 

recorded on camera. Pads with three different cross sections and the same internal volume were tested: rectangle, 

square and circle. A graph of the relationship between force and displacement of the fluid is shown in Fig. C4 with 

the mean and standard deviation of three trials for each shape. The circular pressure pad proved most sensitive, 

showing the least amount of force for the same fluid displacement. This may be due to the corners of the square 

and rectangular designs increasing the tension across the surface of the pad as it is pushed, making it harder to 

displace the liquid compared with the circular design. A displacement of 25mm required a force of 2.5N (σ=0.7N), 

2.1N (σ=0.4N), and 1.4N (σ=0.9N) for the rectangle, square and circle geometries respectively. Positional deviation 

of the probe across trials and complex local interactions at the fluid-wall interface might influence the variance. 

The circular pad design was chosen for the following experiments and in the glove prototype. 

 

Figure C3: Three-step fabrication process of the pressure pads. The top and bottom parts of the pads are cast separately from silicone in 3D printed moulds. 

They are then joined together to form an enclosed cavity. The pad is then rolled up to create a fingertip collar. 

 

Figure C4: Characterisation of the sensitivity of pressure pads with three different cavity shapes (rectangle, square and circle). The plot shows the 

displacement of conductive liquid along a connecting channel under different forces exerting on the pressure pads. 
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Electro-Fluidic Control 

The control unit is based on the Soft Matter Computer (SMC) developed by Garrad et al. [295]. For this device, the 

SMC was made out of silicone (PDMS, Sylgard 184, Dow Corning) cast into a 3D printed mould. Salt water was used 

as the ionic-conductive fluid. It has the benefit of being low-cost and non-toxic in case of leakage. The SMC contains 

five channels for silicone tubes to slot in to. Each channel has two holes separated by 10mm into which gold plated 

copper electrodes can be inserted and then sealed with silicone adhesive (Sil-Poxy, Smooth-On). Wires are 

soldered to each electrode and connected to a DC battery which is turned into an AC current via an H-bridge circuit. 

AC is required to prevent electrolysis of the salt water. To demonstrate the potential SMC control of the device, 

we developed a system that would allow for more complex tactile information processing and feedback (Fig. C5). 

Two pressure pads, A and B (representing two fingers), were set up with an OR gate followed by an AND gate along 

the tubing. The channels were filled with saturated salt water (40g NaCl per 100ml water) to the level such that 

pressing either of the pads activates the OR gate, and pressing both pads activates the AND gate. The SMA 

actuators were substituted for LEDs to visualise the moment the fluid made an electrical connection, which was 

recorded on camera. A gap of 30mm between the OR and AND gates ensured a clear separation between the two 

different signals. The working system is demonstrated in the Supplementary Video. 

 

Figure C5: Model of control setup, including OR and AND gates so that the user may be able to determine when two of the fingers are in contact with an 

object. The LEDs replace the SMA actuators of the armband for this test setup to visualise connectivity. 

 

Tactile Armband 

To provide mechanotactile stimulation to the user’s upper limb, we designed a wearable haptic interface (Fig. C6). 

The design of the tactile armband was based on the Squeeze armband presented in [296] , but further developed 

and optimised for this study. The armband consists of five re-entrant hexagon auxetic units arranged end-to-end, 

with the addition of hinges along the beams allowing for strong contraction of each unit. It was 3D printed 
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(Wanhao Duplicator i3) with flexible filament (TPU, RigidInk). Coiled SMA wires (BioMetal Helix, BMX series 150) 

were connected across the centre of the units and secured with glue. When in its relaxed state, the auxetic units 

are open and in a square shape. When the SMAs are activated, they contract, squeezing the skin in an axial 

direction. Small PLA printed circles were also adhered to the underside of the armband to increase the sensations 

felt at these contact points on the skin. Due to the auxetic nature of the armband, contracting one auxetic unit will 

also result in a shortening or contraction of the armband, generating additional circumferential and radial forces 

on the user’s arm (Fig. C1). 

 

Figure C6: 3D printed tactile armband consisting of five re-entrant hexagon units. Coiled SMA wires provide contraction of the device, while the Kapton tape 

provides a heat resistant layer between these wires and the skin. The tactile points on the bottom of the armband aims to increase the sensations felt on the 

skin at these points of movement. 

 

USER STUDY 

We investigated subjective responses to the sensations generated by the armband on 20 healthy and non-

amputee volunteers (8 female; 12 male; age range 20-50yrs). The armband was tested in isolation to ensure that 

the responses provided by the participant were directly related to the armband only. The armband was placed on 

the participant’s arm and activated by an external power supply, with a minimum of 5s between each stimulation 

to allow the SMA actuators to return to their initial state. Participants were visually isolated to prevent them from 

seeing any actuation which may interfere with their responses. The user study comprised two parts: determining 

sensitivity threshold and identifying pressure and position. 

Sensitivity Threshold 
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The first part of the user study aimed to determine the sensitivity threshold of the participants’ skin; the lowest 

value of power supplied to the SMA actuator that creates a noticeable sensation on the participant’s skin. Two 

sites for the armband were used: the lower-part of the upper arm and the upperpart of the lower arm, 

approximately 3cm from the elbow joint either side (Fig. C7). We used Psychophysics Toolbox Version 3 (PTB-3) 

on Matlab (2019b) to run the QUEST adaptive algorithm as described by [297]. One SMA of the armband was 

stimulated (central location) with an initial random estimated threshold of µ=0.1386W (σ=0.03465W), correlating 

to 200±100mA through 3.465Ω. Depending on the response of the participants, the algorithm would provide a 

greater or lesser current for each subsequent stimulation, converging on the user’s sensitivity threshold. The 

sensitivity threshold of the two sites are similar, with a mean of 0.149W (σ=0.046) for the lower arm and 0.165W 

(σ=0.045) of the upper arm. A paired-samples t-test confirmed that there was no reliable difference between the 

lower and upper arm in terms of sensitivity, t(19)=1.39, p=0.182, d=0.31. 

 

Figure C7: Location of armband placement on upper arm (left) and lower arm (right) for the user study. 

 

Strength and Location Mapping 

The second part of the user study aimed to determine the ability of the participants to distinguish between 

different strengths and different locations of activation. First, one SMA (central location) was activated randomly 

at three different powers relative to the participant’s threshold value: 1.1, 1.5, and 1.9 times the threshold value. 

As P = I2R (P=Power; I=Current; R=Resistance), where R is assumed to be constant, this correlates to 1.05, 1.22 and 

1.38 times the current at threshold. The participants were asked to rate the strength of the sensations on a scale 

of 0-3 (0 = did not feel, 3 = strongest). Secondly, all SMAs were activated individually in a random order at 1.5 times 

the power of the participant’s threshold value. The participants were asked which SMA was activated. 

 

Participants found it difficult to distinguish between different powers of actuation of the armband (Fig. C8, left), 

with only 66% correct responses. The three levels of power used for differentiation were chosen to ensure a range 

within the capabilities of the SMA wires (150-400mA) which was tailored to their skin sensitivity. A lower power 

would result in the SMA contracting more slowly and with a lower contraction than a higher power. Higher powers 

also require a longer period for cooling and participants noted that it was sometimes the relaxation that they felt 

as opposed to the initial squeezing. In general, people with a lower skin threshold found it easier to differentiate 
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the lowest strength from the highest two, whereas people with a higher threshold found it easiest to distinguish 

the highest strength from the lowest two. This may be because when the sensitivity is high, the highest strength 

is close to the maximum capability of the SMA and some people recorded they could feel a slight heat from the 

SMA wires. In comparison, participants found it easier to detect the different locations of tactile stimulation with 

81% correct responses. However, where users incorrectly guessed a position, they almost exclusively selected the 

position next to the correct one (Fig. C8, right). Some participants found the outer two locations of the armband 

(i.e. correlating to the thumb and little finger) the hardest to distinguish. This may be due to the thicker velcro 

strap at the end of the armbands making it stiffer. Most participants could distinguish between three particular 

regions of stimulations: region containing location 1 and 2, region containing location 3, and region containing 

location 4 and 5. As location 3 was used throughout the previous part of the user study, participants may have 

become familiarised with the location of this stimulation. 

 

Figure C8: Confusion matrices in percentages of (left) the three different powers where P1 = 1.1, P2 = 1.5, and P3 = 1.9 times the threshold power, and (right) 

the five different locations; F1 = thumb, F2 = index, F3 = middle, F4 = ring, and F5 = little finger. 

 

PROOF-OF-CONCEPT 

To demonstrate how the device could be used in a realworld scenario, we set up a two fingered robotic gripper 

controlled by a user wearing the armband (Fig. C9). A fluidic sensor pad was attached to each finger of the gripper 

and connected using the OR/AND gate logic as described above (Fig. C5). A screen was placed between the 

participant and the robotic gripper to hinder visual cues and force the participant to rely solely on the tactile 

feedback provided by the B:Ionic glove. The objective of the task was to grip a Rubik’s cube placed between the 

fingers of the grippers with sufficient force to allow it to be picked up. This test highlights how the glove could 

offer a sense of touch for upper-limb amputees who currently can only rely on their vision to grasp objects [298]. 

In addition, the glove could assist them in better handling of delicate objects. Both gripper fingers were controlled 
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independently by separate servo motors connected to switches with 3 modes: closing, stop, and opening. The user 

attempted to close the gripper until both pressure pads were in contact with the object. If only one of the pads is 

in touch with the object, only the SMA connected to the OR gate contracts. When both pads contact the object 

with sufficient force, the SMA connected to the AND gate also contracts, allowing the user to identify when the 

object is safely gripped. The OR/AND gate logic operates as a discretised version of pressure sensing. We have 

successfully demonstrated grasping of a Rubik’s cube using the B:Ionic glove sensor system using only tactile 

feedback from contraction of the SMA actuators (Supplementary Video). We also showcase how a possible control 

architecture could be achieved with simple OR/AND gate logic. Although only one user participated in this proof-

of-concept study and only grasping of a Rubik’s cube was tested, we aim to expand this to a full-scale user study 

in future work to investigate the effectiveness of the glove and the tactile response of the system on various 

objects. The successful demonstration of working OR/AND gate logic, though simple in this first demonstration, 

opens up the possibility to perform complex computations in more elaborate tasks [295]. 

 

Figure C9: Illustration and video frames of the proof-of-concept demonstration. The user wears the armband and controls a two fingered gripper (outlined 

with a red dashed line) bearing pressure pads to grasp a Rubik’s cube using the sensory feedback encoded by the control unit (OR/AND gates). 

 

Discussion 

This paper presents the B:Ionic glove, a wearable tactile feedback device for use with upper limb prosthetic 

devices. Experiments were conducted to test the ability of the device to bridge the sensory gap between a 

prosthesis and the skin. The various components were characterised separately and a prototype of the whole 

device is shown in Fig C2. The geometry of the pressure pad affects the sensitivity of the device (Fig. C4), however 
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sensitivity can also be adjusted by the level of fluid in the channels, where more fluid will require less force to close 

the electrical circuit. This can be fine-tuned by the user for specific tasks and will be addressed in future work. 

 

The SMC controller has scope for further control and computation, such as integral memory. For example, fluid 

could move from one sensor channel (e.g. A) to another (e.g. B) after a grasp, self-adjusting sensitivity ready for 

the next grasp. Further factors that could affect the control, especially in terms of the time delay in the system, 

include volume and viscosity of conductive fluid, diameter of the channels, space between the gates, and space 

between pairs of electrodes. The lower and upper arm did not have significantly different sensitivity thresholds. 

The data presented in [299] shows that the two-point discrimination distance is greater on the upper arm than the 

lower arm. This suggests that there are more sensory nerve endings present on the forearm and therefore we 

would expect the sensory threshold for the forearm to be lower. More trials of experiments are needed to study 

this. Forces exerted on the user’s skin by the armband were not measured directly, however previous work on a 

tactile device actuated by the same coiled SMA actuators shows a force of approximately 1.25N when actuated at 

2.5V for 2s [300]. The participants found the location differentiation test to be intuitive. The normal pressure 

distributed across the arm generated by the auxetic nature of the armband did not interfere with the participants’ 

ability to distinguish between actuation sites. The two-point discrimination threshold as stated by [299] for the 

forearm is approximately 38mm. The distance between the SMA actuators on the B:Ionic armband is 32mm, so 

increasing this distance may also improve user’s ability to distinguish between different sites of stimulation. We 

are currently extending the preliminary user studies in this work to optimise the number, placement, and strength 

of the wristband actuators and to widen the scope of the user group in order to increase the repeatability of the 

results. Efforts were made to ensure all SMA actuators were of the same length but variation in resistance from 

3.31-3.70 was found. Lower resistance instilled a stronger SMA response. Further work would need to characterise 

this. The armband was not moved after measuring the participant’s sensitivity threshold, as a slight change in 

location on the skin, or tightness of the strap, could potentially change sensitivity. Care was taken to ensure the 

armband was placed in the same position for all participants with the middle actuator in line with the participant’s 

middle finger when resting their arm on the table in front of them. We know from literature that skin sensitivity 

varies not only from proximal to distal areas of the arm, but also circumferentially around the arm with more 

sensitive skin on the medial and posterior forearm for women and men respectively [301]. We allowed enough 

time between stimulations for the SMAs to return to their relaxed state. However, repeated stimulation of the 

same area of skin could lead to saturation of the mechanoreceptors and therefore a lower sensitivity. In general, 

people tended to find the device pleasant and stated the sensations as “tingling”, “twitching”, “something 

crawling”, or “muscle activity”. 

 



 

145 
 

To continue the development of the B:Ionic glove, we are currently performing further user evaluations. While the 

evaluation in this paper focused on assessing the performance of the individual glove components, these further 

experiments will measure the performance of the entire system on a range of every day tasks including grasping 

a range of commonly used objects. We are also planning a series of experiments involving users of prosthetic limbs. 

This will allow us to measure task performance in a realistic scenario, while also gathering qualitative feedback 

about ease of use and device comfort. For the B:Ionic glove to operate in the real world, it must be capable of 

operating untethered, with power consumption low enough to enable long-term use. The SMA actuators used in 

the wristband require an operating voltage of 1.5-3V, meaning they can be powered by a small lithium polymer 

battery. By using an electro-fluidic control scheme, we eliminate the need to power pressure sensors or a micro-

controller. While the electro-fluidic control scheme currently requires additional electronics to generate an AC 

signal, we are currently investigating alternative conductive fluids to overcome this limitation. 

 

Summary 

This paper presents the proof-of-concept of the B:Ionic glove which has the potential to be used as a sensory 

feedback device with upper limb robotic prostheses. The device is completely soft and wearable with on-board 

computation. We have shown that the device can be used to relay different strengths and locations of pressure 

from prosthetic fingertips to the user’s skin, with scope for more complex computation. In future work, we will 

test the device on upper limb amputees to assess the device in real applications. With this device, they may be 

able to grasp objects more naturally and intuitively without relying solely on visual feedback. This could reduce 

phantom limb pain and increase embodiment, consequently increasing acceptance of the prosthetic device and 

reducing the current high rejection rates. 
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Appendix D 

Towards self-healing stimuli-responsive soft robots for 
environmental interaction 
 

 

Figure 6.1: Demonstration of printing and self-healing with KGM-Borax ink. (a) A 3D printed upright star shape with KGM-Borax ink and Ultrez support. The 

ink has been mixed with a fluorescent dye for visualisation. (b) Washing the printed structure in salt water. The star is clearly visible in the presence of UV 

light. (c) The star after the support structure has been washed away. (d) A cut is made to split the star into two parts. (e) When the cut surfaces are brought 

together, the material heals and the star shape is regained. (f - i) Demonstration of healing under water. (f) Two separated KGM-Borax samples, indicated by 

arrows, submerged under water prior to healing. (g) The healed sample after 5 minutes of contact. (h) Healed sample at rest, prior to stretching. (i) Healed 

sample as it is being stretched. Scale bar = 1cm. 

 

Soft materials are inspiring the next generation of light driven intelligent and versatile devices [302]. This has been 

highlighted in the photo-responsive mechanical materials and light driven robots of the future in chapter 2. These 

soft robots are able to adapt and react to challenges in their operating environments. For instance, a robust soft 

stimuli responsive material could form FLASH’s body which is suitable for various applications, exploration in 

confined spaces or locomotion on uneven terrain [303]. Silicone elastomers, urethanes and foams are typically 

used in the construction of soft robots. However, these materials are generally not responsive to environmental 

stimuli or environmentally friendly. As such, hydrogels have been proposed as promising alternative materials [304] 

due to their attractive properties. They are capable of maintaining their structure while holding or expelling large 

quantities of water, many times the mass of the substance itself [305]. They are capable of physically and 

chemically reacting to external stimuli such as heat, electric fields, magnetic fields, pH, ionic concentration and 

light intensity, and in some cases, combinations of the above [306]. Depending on the composition, hydrogels are 

also biocompatible and can degrade benignly at the end of their life. There is also the possibility of fabricating 

edible robots [307] [308]. 
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Polysaccharides are one class of hydrogels with great potential as a material for soft robots. These are commonly 

derived from biological sources - from animals (chitin, chitosan), from plants (pectin, galactomannan, 

glucomannan), from algae (alginate, carrageenan, agarose), or from microbes (xanthan, gellan) [309]. 

Consequently they are typically biodegradable, and are considered to be non-toxic and biocompatible [310]. Gels 

of this type have been studied for a wide variety of applications: as bio-materials in tissue engineering [311] [312], 

for the transport and controlled release of drugs [313] [314], as rheology modifiers in cosmetics, and as food 

additives. 

 

Konjac glucomannan (KGM), a polysaccharide, is derived from the corms of Amorphophallus konjac and consists 

of β-1-4 linked D-glucose and D-mannose in a molar ratio of 1:1.6 [315] [316]. Like many polysaccharides, konjac 

has a history of use as a foodstuff, in particular in the Levant (using an analogue derived from the salep orchard 

[317]) or as konnyaku noodles or jelly in East Asian cuisine. The customary method of preparation of konjac gel is 

to induce gelation through heating an aqueous KGM solution in the presence of an alkali. Glucomannan chains 

contain randomly scattered acetyl groups which are removed on addition of the alkali. Heating causes aggregation 

of the chains due to hydrogen bonding and hydrophobic interactions [318] [319] [320]. Unlike other gels held 

together by hydrogen bonding (such as gelatine), these chains will not disentangle upon reheating, and so the 

gellation of KGM prepared in this manner is thermo-irreversible. This makes the freeform fabrication and 3D 

printing of alkali-based KGM challenging, since the gel cannot be shaped once it is set. 

 

An alternative means of gellation of konjac is through the addition of the crosslinking agent sodium tetraborate 

(borax) [321]. This is the basis for the ink presented in this paper. Borax, in aqueous solution, exists as equal parts 

of boric acid and tetrahydroxyborate ion (see equation 1). 

 

 𝐵4𝑂7
2− + 7𝐻2𝑂 ⇌ 2𝐻3𝐵𝑂3 + 2𝐵(𝑂𝐻)4

− Eq. 1 

 

The tetrahedral borate ion interacts with the cis-hydroxy groups on mannose to form a crosslink (figure 6.2). This 

manner of crosslinking gives the KGM-Borax gel unique properties. Firstly, the equilibrium represented in equation 

1 can be altered by the addition of an acid or an alkali [322]. Consequently, the crosslinked KGM-Borax gel is 

responsive to changes in pH, with alkaline conditions producing a mechanically stronger gel. 
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Figure 6.2: Konjac glucomannan chains crosslinking. (Left) A pair of Konjac glucomannan chains, each with D-mannose and D-glucose linked through a β-1-4 

glycosidic bond. (Right) KGM chains cross-linked through the borate ion. 

 

Second, in the presence of free borate ions, the KGM-Borax gel also exhibits self-healing, while remaining stiff 

enough to maintain its form [322]. Several approaches have been proposed to realise polymers that repair 

themselves, popular among which are dynamic covalent bonds [323] [324] and reversible chemical reactions [325] 

[326]. The latter has been employed in the context of soft robotics. The advantage of the KGM-Borax gel is that 

the healing is autonomous, requiring no external stimulus, and the participating ions are intrinsic to the gel. 

Sensitivity to pH and the ability to self-heal make this a particularly important material for future gel-based robots. 

A common method to fabricate soft robots is by casting a soft material into a carefully designed mould. This 

manner of fabrication is low cost, well characterised, and offers a low barrier to entry. As such, many  

biocompatible, high tensile strength hydrogels reported in literature use casting as a main fabrication method to 

form shapes [327] [328] [329] [330]. However, moulding can be challenging when it comes to manufacturing 

complex internal structures as parts can be easily damaged during the removal process. Although this could be 

mitigated through the self-healing process, it often requires external stimulus and could impact the mechanical 

properties of the materials. In addition, it would add a layer of complexity into the fabrication process. In contrast, 

three dimensional free-form fabrication of soft robots has the potential to unlock many new opportunities [331]. 

Using additive manufacturing, it is possible to fabricate complex geometries that incorporate multiple functions 

such as sensing and actuation into the mechanical structure [332]. Unfortunately, most of the high tensile strength 

hydrogels mentioned above are not compatible with 3D printing due to their high viscosity and low shear thinning 

properties [330]. 

 

Hydrogels are commonly used as inks in printing scaffolds for cell culture [333]. However, printing large 3D 

structures with these gels is challenging due to their inability to support their own weight. To overcome this, a 
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support gel can be used [334]. Yet, other challenges, such as precise control of temperature in the case of gelatine-

based gels, remain unaddressed. In this context, the KGM-Borax gel presented in this paper is an attractive choice 

for 3D printing because the entire fabrication process takes place at room temperature. While aqueous KGM 

solutions have recently been deposited by bio-printing [335], borax crosslinked KGM has only been used in casting. 

The ability to print with the gel allows the fabrication of intricate geometries not realisable with other forms of 

fabrication. Furthermore, since the KGM-Borax gel is responsive to an external stimulus, the geometry and 

function of a printed part can be altered to suit a desired function after it has been fabricated, enabling 4D printing 

[336]. 

 

In this paper, we show a novel method of printing with borax-crosslinked KGM gels. Our work is the first 

demonstration of printing and curing using a KGM-Borax gel. We also provide a rheological characterisation of the 

printable ink and the resultant crosslinked gel. We also determine the most appropriate printing parameters. 

Additionally, we investigated the self-healing property of KGM-Borax gels, which occurs without requiring an 

external stimulus. We present results of tensile testing to demonstrate the robustness of the gel after it has been 

damaged and repaired. We present the entire process of preparing a printable ink, fabricating free form structures 

using additive manufacturing, curing the printed structure, washing the support material to extract the part, and 

self-healing of the structure upon infliction of damage. We also demonstrate a novel feature of the KGM-Borax gel 

which is the self-healing of the gel when it is completely submerged in water. This behaviour is demonstrated, for 

the first time, in this paper. 

 

Material and methods 

Ink preparations 

Konjac glucomannan was purchased as konjac gum powder from Special Ingredients Ltd., Chesterfield, UK. Borax 

(sodium tetraborate decahydrate ACS reagent>99.5%, S9640) was purchased from Sigma Aldrich. 500mg of KGM 

powder was gradually dissolved in 50mL of deionised water at room temperature. The mixture was continuously 

agitated using an overhead stirrer (Cole Parmer, 50006-03) at 1000rpm for 30 minutes. The mixture was then 

allowed to rest for 16 hours to ensure thorough wetting of solute particles. Borax was dissolved in deionised water 

to make 11.8mM solutions. Prior to printing, 3ml of 11.8mM borax solution was added to the prepared KGM 

solution. The addition of borax partially crosslinked the KGM. It was then mixed in a dual axis planetary mixer 

(Thinky, ARE250) for 5 minutes at 2000rpm. This partially crosslinked gel was used as the ink for 3D printing as 

soon as it was prepared. 

 

Support gel preparations 
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To print complex three-dimensional shapes with overhangs, a support structure is required. This was realised by 

using a support gel made of high molecular weight polyacrylic acid. Carbopol Ultrez 10 NF was obtained in powder 

form from Lubrizol. Sodium hydroxide was purchased from Fisher Scientific (15678110). 4g of Ultrez was dispersed 

in 400mL deionised water by stirring to form a solution. 8M sodium hydroxide was added to neutralise the pH, 

which immediately resulted in the formation of a gel. This gel was prepared in bulk and stored in air-tight 

containers at room temperature. Just before printing, the gel was transferred to a smaller container of 30mL 

volume, and spun in a planetary mixer at 2000rpm for 10 seconds to remove air bubbles. 

Printing protocol 

A bioprinter, (Bio-X, Cellink), was used to print the ink. Partially crosslinked KGM-Borax ink, prepared as described 

in section 6.1.1, was loaded into 3mL syringes. A regulated positive pressure was used to drive the ink through a 

nozzle. A secondary syringe was loaded in a similar manner with Ultrez (prepared as in section 6.1.2) and used to 

deposit the support gel. 

 

Printing was carried out at ambient temperature (20°C) with the syringes and the print-bed maintained at this 

temperature. Glass was used as substrate for printing. After printing, a two-step process was followed to produce 

a crosslinked structure free of support material: 

1. The print (including support material) was removed from the substrate and immersed in a vat of 94mM 

borax solution. The excess of borate ions ensured thorough crosslinking of the KGM chains and cured the 

ink. 

2. The support structure was removed by gently agitating the print in a 3wt% aqueous solution of sodium 

chloride (obtained as a powder from Honeywell Fluka, 71382). Ultrez disassociates in the presence of the 

salt and was easily washed off, leaving the finished KGM print. 

Print parameter characterisation 

The controllable parameters for a KGM-Borax gel print are the pressure applied, the speed at which the print-head 

moves, and the diameter of the nozzle. With the aim of achieving a detailed print, the minimum workable nozzle 

diameter was first established. A syringe nozzle of diameter 0.41mm (22 gauge) and length 32mm was the smallest 

size through which the ink could consistently flow. To determine the optimum printer parameters for this nozzle, 

a series of tests was performed by printing zig-zag lines on a glass substrate with varying values of pressure and 

speed. In each case, the width of the printed line was measured prior to curing at 5 positions under a microscope 

(Hirox KH-7700, Japan). The distance between the tip of the nozzle and the print-bed, i.e. the layer height, was 

maintained at 0.4mm. 
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Rheological characterisation 

Rheological characterisation of our KGM-Borax printable gel material was carried out using a rotational rheometer 

(TA Instruments Discovery HR-30). Two materials were studied: the ink used for printing and the crosslinked gel. 

For the ink, the mixture was prepared as described in section 2.1. As the ink was a medium viscosity liquid, a cone-

plate geometry was used, with a cone angle of 4° and plate diameter of 40mm. Ink was loaded onto the plate using 

a syringe, the was cone lowered to its truncation gap and excess ink was removed. 

 

For the crosslinked gel, samples were printed without support as 40mm diameter, 1mm thick discs using the 

prepared ink with a nozzle of 0.4mm diameter and a rectilinear infill of 100% density. The discs were cured after 

printing with a 94mM borax solution. They were used within 24 hours of their preparation. As the crosslinked gel 

is a soft solid, samples were tested using a 40mm diameter Peltier plate with parallel geometry. The samples were 

carefully placed onto the surface of the lower plate, and the upper flat plate was lowered until a force was detected. 

For both materials, the linear viscoelastic (LVE) region was first determined using an amplitude sweep of the 

rotational strain at a frequency of 63 rad/s with deformation ranging from 0.5 to 500%. Frequency sweeps were 

then performed on fresh samples within the LVE with a fixed oscillation strain of 1% and frequency ranging 

between 0.4 and 100 rad/s.  

 

In all cases, the temperature was controlled at 20°C. Before testing, samples were left for 1 minute to reach 

mechanical and thermal equilibrium. Each study was repeated with a new material sample three times. 

Tensile test 

Tensile testing was performed to characterise the self-healing ability of the fully cured gel. Test specimens for 

measuring the peak load and elongation at break were prepared in a manner similar to that followed in making 

the ink for printing (section 6.1.1) up to the addition of borax. A higher-concentration solution of 94mM borax was 

then used to crosslink the gel. 3mL of borax solution was used for every 50mL of ink. On mixing of the borax, the 

gel was immediately cast into cylindrical containers (diameter 5mm, length 65mm) and left to set for 24 hours to 

ensure complete crosslinking had occurred. 

Tensile tests were performed using a universal testing machine (Instron 3343 with 1kN load cell). A gauge length 

of 35mm and a test speed of 100mm/min were used. The samples had an initial diameter of 5mm. Samples were 

loaded by hand between parallel grips, the faces of which were tightened until the gel was held firm. The test 

configuration is shown in figure 6.5. 

 

Samples for self-healing experiments were prepared identically to the ones above. They were cut in half and the 

exposed surfaces placed next to each other with no external load. Points were marked on either side of the join 
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to show its position. Samples were left to heal for 5min, 30min or 60min respectively. During this resting time, no 

external force was applied to the ends. After resting, these samples were tested under tension as described above. 

The tensile test results were post processed using MATLAB 2018a and moving median technique to filter out 

undesirable noise. 

Results  

Rheological properties of Kojac Hydrogel 

The result of the rheological examination can be seen in figure 6.3. It can be seen from figure 6.3b that with 

increasing frequency, the storage modulus (G′) and the loss modulus (G′′) gradually increase. Since G′ is higher 

than G′′ across the full frequency range, the elastic behaviour of the materials predominates over its viscous 

behavior. In addition, with increasing frequency, i.e. low relaxation time, sample flexibility is diminished and they 

become increasingly rigid. The error of the test method was less than 8%. 
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Figure 6.3: Rheology test results. (a) Storage and loss moduli of the KGM-Borax ink as a function of amplitude of the rotational strain at a frequency of 63rad/s. 

(b) Storage and loss moduli of the KGM-Borax ink (11mM Borax) and fully cured KGM gel (94mM Borax) as a function of frequency, with a fixed oscillation 

strain of 1% and within the linear viscoelastic region. 
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Printing of Kojac Hydrogel 

The results of experiments to determine print quality for various printing parameters are shown in figure 6.4. The 

width of the printed track varies as a function of print speed and extrusion pressure for a given nozzle size. For 

instance, the minimum line width of 650μm was achieved at 40kPa and 60mm/s and the maximum line width of 

5700μm was measured at 100kPa and 10mm/s. At constant pressure, a decrease in width was observed on 

increasing print speed. At a set print speed, higher pressures resulted in wider print tracks. The mean standard 

deviation in width across all pressures was measured to be 4, 5 and 6.5% of the average track width at 40, 50 and 

60mm/s speeds respectively. This provides important information for 3D fabrication. 
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Figure 6.4: 3D printing results. (a) A schematic showing the preparation of the KGM-Borax ink, printing with it, post curing and washing away the support. (b) 

Optimisation of printing parameters by printing zig-zag lines with various parameters. One of the samples at 40kPa pressure and speeds of 10-50mm/s. Scale 

bar = 1mm. (c) Mean and standard deviation of print width measured at 5 locations for various printing parameters. 
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Tensile properties of Kojac Hydrogel 

 

Results from the tensile testing can be seen in figure 6.5. To characterise the self-healing capability of the gel, an 

approach similar to that of López-Díaz et al.[337] was followed. Two parameters are considered: maximum load 

before failure (𝐿𝐹) of the gel, and the load at 50% extension (𝐿𝐹50%). The healing efficiency (𝜂) for each of these 

parameters is the ratio of the value measured for the healed gel versus that of the virgin gel. Therefore, for the 

load at failure, healing efficiency, 

 
𝜂𝐿𝐹 =

𝐿𝐹𝐻𝑒𝑎𝑙𝑒𝑑

𝐿𝐹𝑉𝑖𝑟𝑔𝑖𝑛
 Eq. 2 

The mean value of 𝐿𝐹𝐻𝑒𝑎𝑙𝑒𝑑 was 39.5mN and the mean value of 𝐿𝐹𝑉𝑖𝑟𝑔𝑖𝑛was 188.2mN, giving 𝜂𝐿𝐹 = 21%. This can 

be seen in figure 6.5a. The load at failure of the virgin specimens is roughly five times that of the healed specimens.  

In a similar manner, for the load at 50% extension, healing efficiency, 

 

 
𝜂𝐿𝐸 =

𝐿𝐸50%,𝐻𝑒𝑎𝑙𝑒𝑑

𝐿𝐸50%,𝑉𝑖𝑟𝑔𝑖𝑛
 Eq. 3 

The mean value of 𝐿𝐸50%,𝐻𝑒𝑎𝑙𝑒𝑑 was 20.6mN and the mean value of 𝐿𝐸50%,𝑉𝑖𝑟𝑔𝑖𝑛 was 21mN, giving 𝜂𝐿𝐸  = 98%, a 

high healing efficiency (see inset, figure 6.5). 
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Figure 6.5: Tensile test results. (a) Load-extension profiles of crosslinked KGM-borax samples as prepared and after healing. (b – e) A self-healed sample being 

stretched to break. (b) Sample before test, at rest length of 35mm. Arrows indicate the position of the seam where the sample was cut and healed. (c) Sample 

at an intermediate extension. (d) A crack appears in the material at the location indicated by the arrow. (e) Snapshot of the sample prior to breaking. 



 

158 
 

Discussion 

Evaluation of print quality showed that the KGM-Borax ink remains printable at pressures as low as 40kPa and 

speeds from 10mm/s up to 90mm/s. At higher speeds and lower pressures, the print fails. This was due to 

insufficient flow of the material and poor adhesion of the extrudate to the print bed. At higher pressures and lower 

speeds, the width of the track was more than 13 times larger than the diameter of the nozzle. The smallest average 

printed gel track width was 0.78mm and was attained at a speed of 40mm/s and pressure of 40kPa. Extrapolating 

from the optimisation study presented for alginate-gelatine gels in [338], the KGM-Borax ink prints at a finer 

resolution (0.78mm vs. 1.13mm) even with a larger nozzle (0.41mm vs. 0.26mm) while requiring less extrusion 

pressure (40kPa vs. 100kPa). 

 

The KGM-Borax was designed to be of a low enough viscosity to extrude through small nozzles. This was achieved 

by partial crosslinking. Printed structures therefore required further curing with a solution of higher borax 

concentration to stabilize the structure. The abundance of borate ions in the curing solution facilitates high 

crosslinking of the polysaccharide chains, resulting in more rigid structures. The high concentration of the borax 

solution and the long (24 hour) curing time ensure that the low-volume (<10ml) samples cure fully, and therefore 

the degree and rate of curing were not considered for this investigation. For larger samples it is expected that 

accounting for these will be necessary, as KGM at the core of the sample will remain uncured until the borax 

diffuses to it, and there will be a stiffness gradient corresponding to the degree of curing. The temperature of the 

sample while curing may also have an effect. It is anticipated that temperatures above room temperature will 

reduce curing time, but at the cost of lowering the quality of the print due to the decreased viscosity of both the 

support gel and KGM ink. 

 

The gel presented here is soft and can autonomously self-heal. Other biocompatible gels in the literature offer 

higher tensile strengths [327] but do not self-heal autonomously. Previous work [339] suggests that modification 

of the gel by addition of microfibrillated cellulose can improve gel strength whilst retaining the other properties. 

Alternative nanofillers, in particular nanoclay, have also been shown to improve the tensile strength of KGM gels, 

although these were not crosslinked with borax [340]. 

 

There is also potential for improving the characteristics of the gel through blending with other polysaccharides. 

Intermixing with xanthan has been shown to significantly increase the strength of thermally gelled KGM [341], and 

experimentation with KGM-Guar-Borax blends within our lab has shown initial results of qualitatively stronger gels 

which retain the autonomous self-healing and pH responsivity of KGM-Borax. 
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A range of 3D KGM-borax structures were printed. A polyacrylic acid-based support ink was used to maintain the 

3D structure of the KGM-Borax ink while printing. This support material showed no noticeable change in properties 

in the presence of the borax curing agent and is easily removed by NaCl solution. The support material was 

extruded from a second nozzle at the same time as the ink. Figure 6.1a-e shows a three-dimensional star as printed 

in its upright position with support material. The support gel holds the structure intact until it is subsequently 

cured in a concentrated borax solution. When cut and placed next to each other without additional force, the 

samples were able to repair the damage (figure 6.1e). The 3D printed parts retain the ability to mechanically heal 

and regain mechanical strength. 

 

An alternative approach to achieving complex 3D structures is to print the ink directly into a container filled with 

polyacrylic acid support material [334] [342]. However, this method requires long preparation time as air bubbles 

need to be removed from the gel to ensure high quality printing. Another problem is that the support gel inhibits 

the permeation of borax solution at the post curing stage. This leads to the printed parts being incompletely 

crosslinked and easily damaged during the extraction process. The last drawback is that the maximum height of 

the printed structures is limited to the length of the nozzle. In contrast, printing support gel simultaneously with 

the KGM-Borax ink requires significantly less preparation time and quantity of support material. We also observed 

that this method allowed the borax solution to permeate through the support material during post-curing. This 

ensures the printed parts are fully cross-linked. Another advantage is that it allows the printing of taller structures 

while using nozzles of shorter length. 

 

The Carbopol Ultrez support as currently used is neutral in pH and has no effect upon the surface of the KGM-

Borax print. However, it retains the gelation and shear-thinning properties which make it an effective support 

material even when excess sodium hydroxide is added. There is therefore potential for stiffening of the KGM-Borax 

gel due to an increased pH if an alkali support was used. 

 

The KGM-Borax gel presented here is made with readily available materials and does not require a carefully 

controlled temperature profile to manufacture. Since it only requires mixing of the reagents at ambient 

temperatures, it is easier to manufacture, in contrast to other polysaccharide gels, which, for example, require 

thermal gelling with an alkali. 

The KGM-Borax gel is a pH responsive material. This is due to the shifting of the borate ion equilibrium described 

in equation 1. A decrease in pH favours the dissociation of ions from the polysaccharide chains and results in a 

weakening of the gel. An increase in pH has the opposite effect, stabilising the tetrahedral structure of the borate 

ions and strengthening the gel. Song et al. [322] consider the rheological properties of a similar KGM-Borax gel at 

both pH 2 and pH 10. They demonstrate an increase in shear storage modulus within the LVE region on the order 
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of 15x when transitioning from acidic to alkali conditions. This property can be exploited to design programmable, 

task specific, responsive soft robots that react to environmental changes. 

 

Self-healing polymers have been used in the context of soft robotics [325] [326]. Typically, polymer networks are 

crosslinked with a thermoreversible Diels-Alder reaction. A recent study investigated 3D printing with these gels 

[343]. An external stimulus, in the form of heat, is required to trigger the process of healing. In contrast, the 

printable KGM-Borax gel presented here does not require an external stimulus to initiate healing. The borate ion, 

which contributes to the healing, is intrinsic to the gel. Another intrinsic and autonomous self-healing material has 

been presented where polyborosiloxane was used to repair damage [344]. Dynamic bonds between boron and 

oxygen in the polyborosiloxane networks contribute towards healing. Polyborosiloxane is not prone to 

deterioration such as evaporation of the solvent, which is common in the case of hydrogels. However, natural 

degradation of the gel may be a desirable property in applications including environmental monitoring and 

remediation that employ large numbers of micro or nano robots. A timed, benign decay of the gel would eliminate 

post-operative cleanup and additional pollution of the environment. Further study is required to quantify the 

biodegradability of the KGM-Borax gel. 

 

A further feature of the printable KGM gel is its ability to heal under water (figure 6.1 j-m). Cylindrical samples, 

made in a manner similar to those used in the tensile tests, were cut in half and brought together when completely 

submerged in water. The samples healed within 5 minutes. Under tension, they were able to withstand stretching 

in excess of twice the initial length (figure 6.1m). This is the first demonstration of underwater healing in KGM-

Borax gels. This ability is highly desirable in robots operating in aquatic settings. The healing efficiency under water 

will be further studied in future work. 

 

3D printable polysaccharide gels are a potential route towards self-healing stimuli-responsive light driven soft robots. 

The hydrogel could replace the current solid body of FLASH and make it more compliant. For instance, due to the 

inherent softness and the strong underwater self-healing capability, FLASH can easily navigate through different 

obstacles and repair damage cause by collisions. It also enables safer environmental interaction due to its 

biodegradability. The edibility of KGM gels depends on the crosslinker used. While KGM itself is edible, the presence of 

borax makes it unsafe for ingestion in large quantities. While not toxic in minute quantities, any potentially detrimental 

effects of borax on humans and the environment can be avoided by using alternative crosslinkers or incorporating KGM 

into other gels such as Xanthan gum and Carrageenan [345]. This could open up many interesting research avenues. For 

example, a light driven smart robot becomes food for the animals in the environment at the end of its life cycle. 

 


