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Abstract 

Smart materials with bio-inspired structure and stimuli-responsive 

features can sense the external and internal condition changes, such as 

temperature, light intensity, pH or ion concentration. Those unique functions 

have been widely utilized in cutting edge engineering applications, such as 

flexible sensors, soft robotics and tissue engineering. Meanwhile, conventional 

manufacturing methods such as moulding, and lithography-based 

microfabrication still represent the mainstream force in scale up 

manufacturing. Considerable limitations for these technologies, such as on 

demand rapid prototyping, the high cost and low-volume production, remain 

to be overcome. In this PhD project, I explored the advanced manufacturing in 

facilitating the complex structure, with higher controllability, lower 

prototyping cost and extended applications (flexible sensors, soft robots, bio-

medical devices, etc.). The key practice is to utilize the high-resolution 3D 

printing technology to create dedicated bio-inspired structures based on 

functional materials. Combined with advanced micro/nano engineering, we 

have achieved a variety of techniques/prototypes for future applications, such 

as optical control, micro-fluidic and bio-medical systems, etc. 
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Chapter 1  

Introduction 

This Chapter describes the general background for this project. This 

section will start by briefing on some natural existing structures, then 

introducing manufacturing techniques and recent developments (including 

additive manufacturing). The aim and objectives of this thesis will be stated. 

1.1 3D Printing of Bio-inspired Structure and Device 

for Advanced Engineering  

3D printing is an advanced method of manufacturing products by 

means of layer-by-layer construction, with the assistance of computer-aided 

design (CAD) [1, 2]. 3D printing has led to a revolution in the modern 

manufacturing technology. The existing printing technologies (fused 

deposition modelling, selective laser sintering, selective laser melting, etc.) 

have been able to print products regardless of the geometrical constraints [3] 

with good resolution [4]. In contrast to old method like casting, 3D printing 

can print any shape products and be brought into real use very quickly. 

Moreover, 3D printed objects can be more detailed and require much less post 

processing, which can decrease the costs by as much as 75% [5]. 3D printing 

has been used not only in engineering, but also in the medical field. Before 3d 

printing, doctors would replace the crushed skull part with metal mesh which 
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has two major disadvantages: it is weak and imprecise. 3D printing make the 

surgery safer and easier [6] by allowing doctors to precisely design parts of the 

skull to replace the broken parts. 3D printing technologies have been 

developed for multiple requirements, and the printable materials include ABS, 

PLA, metals, ink, photopolymer resins, etc. It is applied to the production of 

metal, biocompatible and composite parts with responsive functions. Some of 

the most credited challenges for 3D printing are to develop related bio-inspired 

structures and devices for biological and medical applications [7-11]. 

Through natural selection over millions of years, naturally occurring 

structures have been optimized. Mimicking the features that exist in natural 

materials is not a trivial undertaking. Researchers developed many epoch-

making designs by imitating a wide variety of natural structural materials — 

ranging from wood, antler, bone and teeth, to silk, fish scales, bird beaks and 

shells. For example, based on the ultrasonic location ability of bats and 

porpoises, Sokolov produced the first optical image in 1939 [12]; the first volta 

battery was invented by generating organs of electric fishes [13]; those 

buildings with large-span and thin-shell, such as the Sydney Opera House, 

were created in imitation of the eggshell structure [14]. These bio-inspired 

properties enable new functions and thus lead to frontier applications, such as 

micro-fluidic [15], optical control [16, 17] and marine engineering [18]. The 

bioinspired materials/structure effectively combine the desirable properties of 

their components often perform significantly better than the sum of their parts. 

They offer a path to tackle the challenges through the development of a 
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confluence of mechanisms that interact at multiple length scales, from the 

molecular to the macroscopic. While there some underlying nano/micro-scale 

mechanisms need be clarified to address the critics, the bioinspired materials 

strategies have advanced the technical innovation in the frontier to 

engineering. I have implemented same principle here, to design an octopus 

enabled soft robotic griper in Chapter 5, and develop a human lens inspired 

intraocular lens in Chapter 6. 

With the recent development of soft robotics structures, responsive 

materials fulfil the control with their stimulus responsive feature. For example, 

a hydrogel structure can be triggered by pH value [19], temperature [20], 

magnetic [21], electric potential [22], ion concentration [23] etc. Our project 

focuses on developing soft robotics with responsive materials. Once these 

materials receive external stimuli, the robotics can grip, swell/shrink, re-

structure, etc. Stimuli-responsive materials were also developed to multiple 

stimuli. These stimuli-responsive materials can achieve colour changes, 

electronic performance changes (such as direction), etc. These properties have 

a wide range of further applications, especially in such areas as medical 

applications, various sensors as well as and information technology [24]. 

However, the challenge remains in the manufacturing, especially in the scale-

up fabrication of products in a higher customized way, with more efficiency 

and lower costs. 

1.2 Aims and Objectives 
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The main aim of project is to develop advanced structures and 

production methods which meet certain needs as inspired by the existing 

biological structures in nature i.e., the advanced bio-inspired structures and 

the advanced production methods. 

The knowledge required for this project is: 

1.  Develop the structural designs for this project according to the 

existing natural structures using CAD and Solidworks software to design our 

own structures. 

2. Develop manufacture Methods which can produce our own designed 

structures as mentioned above, such as 3D Printing. 

3. Develop materials that can meet the design requirements. This 

project uses hydrogel, elastomers (i.e., PDMS). 

The performance of our bio-inspired structures can be obtained from 

DSA, optical microscope, SEM, optical test and simulations. The optical 

microscope provides an initial rough assessment of the 3D printed moulds in 

the first instance. DSA provides swell and shrink, which influence the overall 

structure. SEM shows the deposition distribution of all chemical elements on 

the surface. Optical test verifies the practicability of the product from the 

perspective of application, and whether it achieves the expected effect. 
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The primary aim of the project is to develop a new type of advanced 

manufacturing technology to produce corresponding bio-inspired structures 

and develop further applications. 

Objectives of this project are listed as below: 

1. Explore the relationship between conductivity and fabrication 

accuracy on the surface of conductive polymers. Seeking find a way that FIB 

can manufacture on the polymer surface with high precision at low cost. 

2. Based on existing soft materials (hydrogel), research and develop bio-

inspired soft robotic structures. 

3. Using advanced manufacture technology, such as 3D Printing, to 

produce our designed IOLs based on soft materials (hydrogel). 

1.3 Thesis Structure 

Chapter 1: Introduction. A general description of this project and its 

contribution to the bio-inspired structures design and manufacturing and soft 

robotics. 

Chapter 2: Literature review. The current developments related to my 

project are introduced in this chapter. Typical soft robotics and their 

development history are introduced. Soft, responsive materials are presented. 

Advanced manufacturing methods are provided as part of this chapter. 
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Chapter 3 Experimental Methods. This chapter introduces surface 

characterization methods including Optical Microscopy (OM), Laser Scanning 

Confocal Microscopy (LSCM), Scanning Electron Microscopy (SEM), Drop 

Shape Analysis (DSA) etc. In addition, the simulation method which provides 

mathematic characterization. 

Chapter 4 Spatially Engraving Morphological Structure on Polymeric 

Surface by Ion Beam Milling. This chapter reports a new and highly efficient 

fabricating method to achieve a controllable roughness polymer surface using 

focused ion beam (FIB) technology. 

Chapter 5 Spatially and Reversibly Actuating Soft Gel Structure by 

Harnessing Multimode Elastic Instabilities. Autonomous shape 

transformation soft robotics are described in this chapter. It is achieved by 

swelling competition of hydrogel between the cylindrical surface area and the 

annulus surface area. 

Chapter 6 Tuneable Morphological Deformation of Polyelectrolyte 

System as a Tool for Ocular Applications with Facile Fabrication Process. 

Controllable focal length of hydrogel IOLs can be changed using a different ion 

concentration. 

Chapter 7 Theoretical Development. 

Chapter 8 Conclusion and Future Work. 
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Chapter 2  

Literature Review 

The aim of this PhD project is to investigate the use of 3D printing to 

develop a novel Bio-inspired structure and device for advanced engineering. 

This chapter systematically reviews the developments of bio-inspired 

structures, the role of structure-property relationships and related 

manufacturing techniques, materials and applications. The review starts from 

naturally existing and bio-inspired structures and includes some related and 

developed examples. Then, the fundamental understanding of advanced 

manufacturing techniques is presented. Developments on responsive 

materials and applications are also briefly covered. 

2.1 Bio-inspired Topography Structures and Their 

Enable Functions 

It is well known that bio-inspired structures with unique features are 

essential for many engineering applications. Soft bio-tissues can generate the 

deformations or mechanical instabilities structure by growing under 

constraint. These deformations or mechanical instabilities (i.e., undulation 

and fold) have brought the unique properties to fulfil the physiological and 

pathological functions [25-31]. The shortening of smooth airway muscle can 

create the mucosa folds and obstruct the airways, and in asthma such 
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obstruction increases due to the thickening of the airway walls [30, 31]. 

Another example is fingerprint patterns which can result from the buckling of 

the layer of basal cells of the foetal epidermis [25]. Compared to those 

structures which are not inspired by biological structures, bio-inspired 

structures show significant improvements in properties (Figure 2.1). This 

chapter briefly details some of the latest developments on bio-inspired 

traditional structures and their engineering applications. The role of structure-

property relationships and related manufacturing techniques will be explored 

to give an insight into the rise of 3D printing in the modern manufacturing. 

 

Figure 2.1: Biomaterials can provide inspiration for the design of novel bio-

inspired structures. 
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2.1.1 Smart Surface with Switchable Wetting Feature 

Wettability is the ability of a surface to be wet by a liquid and for a drop 

of a liquid to move across a solid interface seeking to reduce its own surface 

area, leading to the balance of the three forces. The physics behind a static 

contact angle is the balance of forces of the three interfaces [32, 33]. The 

Young’s Equation (Equation 2.1) give a mathematical illustration of solid-

vapor interface, the solid-liquid interface, and the liquid-vapor interface, as 

shown in Figure 2.2, where the biphasic interfaces as possessing “contractile 

forces” acting on the three-phase contact line of the liquid drop. 

𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣 cos 𝜃                       Equation 2.1 

 

 

Figure 2.2: Interfacial tensions leading to the formation of a water drop. 

 

The Wenzel (Equation 2.2) [34] and Cassie-Baxter (Equation 2.3) 

[35] equations describe the wettability theory in an advanced format by 
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considering the chemically heterogeneous surfaces and rough surfaces from 

the thermodynamic perspectives. 

                      cos 𝜃𝑟 = 𝑟 cos 𝜃                       Equation 2.2 

      cos 𝜃𝑐 = 𝑓1cos 𝜃1 + 𝑓2cos 𝜃2                  Equation 2.3 

Where 𝑟 is a roughness factor, equivalent to the ratio of the surface area of the 

rough surface with the surface area of the smooth surface. 𝑓1 and 𝑓2 are the 

surface area fractions of two surface chemistries, and 𝜃1 and 𝜃2 are the contact 

angles for the respective pure surfaces. 

The above equations have brought enormous advantages to design and 

fabrication of the surface with desired wetting status, for a variety of 

engineering applications. Inspired by the surface of a lotus leaf in nature, Feng 

et al. proposed the use of super-hydrophobic/super-lipophilic (“oiling-

remove”) metal mesh for oil/water separation [36, 37], as shown in Figure 

2.3 [38]. Since then, superhydrophobic membrane materials have received 

widespread attention due to their potential to selectively absorb oil from water 

[39], their self-cleaning ability [40], anti-icing coating [41] and corrosion 

resistance. The part of the oil-water mixture made by the leakage of offshore 

crude oil and the discharge of oily wastewater from industrial production is in 

an immiscible form, which brings great challenges to the initial treatment, oil 

recovery and environmental protection [42-44]. Due to the selectivity for the 

relative density of oil and water, the single special wettability material 

generally used to achieve the separation process through intermittent 
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operation, limits the practical application. Therefore, it is of great significance 

to design a new material with inverse special wettability to separate oil/water 

mixtures [45, 46]. 

 

Figure 2.3: a) Different kinds of droplets on the surface of the SSM@NWs-

PFDS; b) A jet of water was bounced off by the surface of the SSM@NWs-PFDS; 

c) - d) The pristine SSM and SSM@NWs-PFDS were immersed into the water; 

e) The SSM@NWs-PFDS floated on the surface of water while the pristine 

SSM sank to bottom; f) The as-prepared SSM@NWs-PFDS suspended at the 

interface of oil and water while the pristine SSM sank to bottom [38]. 

 

Generally, the surface properties of solids are strongly influenced by the 

surface geometry and chemical composition. In recent years, surface wrinkling 

has attracted great interest as a key technology for the dynamic control of 

surface morphology. The reversible wrinkling process has been extensively 
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developed and widely used in many applications, such as tuneable diffraction 

gratings [47], micro lens arrays [48, 49], dry adhesives [50, 51], flexible 

electronic devices [52], dynamic scaffold [53], and colloid transfer [54]. 

However, most studies on the reversible wrinkling process have tried to control 

the surface characteristics of the non-patterned plane, and the adjustable 

surface characteristics with wrinkles have not been extensively studied.  

With the above perspectives, there is an interesting development of a 

multi-functional transparency adjustable smart window with a layered 

structure. Seung Goo Lee et al. demonstrated stretchable smart windows, 

whose surface morphology consists of an array of nanopillars on a corrugated 

Polydimethylsiloxane (PDMS) film (Figure 2.4) [55]. The surface can be 

reversibly switched between a transparent stretched state and an opaque 

released state. In addition to the controllable optical properties, the wetting 

performance can also be systematically adjusted between the water-pinned 

state and the superhydrophobic state by changing the surface topography 

(such as the aspect ratio of nanopillars or the amplitude of micro-wrinkles) 

[56]. Figure 2.4 a outlines the process of preparing a layered PDMS film [57]. 

After the strain is released, due to the different elastic moduli between the 

relatively hard silicate-like top layer and the soft and compliant PDMS 

substrate, periodic wave microstructures perpendicular to the pre-strain 

direction will be generated on the PDMS surface covered with nanopillars [58]. 

The wrinkled film is stretched back to the initial strain and the microscale 

structure is removed, leaving only the nanopillar array structure. The 
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mechanically sensitive reversible wrinkle patterns can control the micro-

roughness. Since the optical and wetting properties can be simply switched and 

controlled by changing the external strain, the system can develop potential 

applications, such as multifunctional smart windows, microfluidic device and 

biological sensor. 

 

Figure 2.4: Fabrication of hierarchically structured PDMS films. a) Scheme 

describing the fabrication process comprising replica moulding, surface 

wrinkling, and treatment of the PDMS film; b) Low magnification scanning 

electron microscopy (SEM) image of the fabricated surface. The insets show a 

higher magnification image and a cross-sectional view [55]. 
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2.1.2 Autonomous Structures for Soft Robotics 

Robotics is especially important and provides a wide range of important 

functions (from positioning and motion control to visualization). Unlike 

traditional robots, which are made from rigid materials and components to 

fulfil the requirements of high precision, such as rapid movement, high force, 

and easy control, soft robots are primarily made of soft and pliable materials 

for the functions. Recently, there has been a rapid growth in the field of soft 

robotics which has been accelerated by the following technologies [59-61]:  

• Rapid evolution of computing techniques and computer-based systems 

for complex design, precision manufacturing, control and hard robotics;  

•  Polydimethylsiloxane (PDMS) elastomers which are used widely as a 

structural material to facilitate manufacturing (to achieve rapid 

prototyping) with its unique properties (transparency, ease of disinfection, 

biocompatibility, etc.) [62];  

• Soft lithography [63] and microfluidics [62] which have been developed 

into products/prototypes with suitable pneumatic and hydraulic 

chambers or channels; 

• Digital manufacturing; 

• The development of mechanics in soft composite material for controlling 

anisotropic motion when driving [64]. 
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In short, the combination of all of the above technologies provides: 

elastic materials with excellent properties, suitable for prototyping and 

production; manufacturing methods derived from mature methodology, soft 

lithography which is suitable for prototyping and production; manufacturing 

methods are derived from mature methodology, soft lithography is suitable for 

prototyping and production; manufacturing methods are taken from mature 

methodology, soft lithography [63] and PDMS microfluidics [62]; a convenient 

and flexible method of manufacturing most of the moulds required for the 

design of pneumatic channel networks; direct methods to control strain 

anisotropy by forming flexible but non-expandable sheets (or other composite 

designs) and PDMS composites based on origami/paper-cutting structures 

[64]; computer-based design, control and vision tools.  

Because of the practicability and ease of manufacturing of robotic 

grippers, they have been widely used, and various supporting structures have 

also been designed and manufactured. Tentacles [65] has been designed and 

displayed in large numbers, influenced by the admirable dexterity of the 

octopus. Simple Walker [66] proved easy to make and was developed with 

limited applications. However, they all provide a useful test platform for the 

development of autonomous, mobile systems. Exploring other possibilities has 

led to many interesting, even strange features. For example, the chameleon’s 

tongue [60] demonstrates the surprisingly fast movement of the soft actuator 

(it takes less than 200 milliseconds to fully coil the tentacles [67], and 

combustion-driven jumper [68] demonstrates the possibility of generating 
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much pressure on-board (by using the methane-air mixture filled with 

PneuNet, and then it is ignited with a spark) [69, 70]. Other methods of 

internal pressure generation—for example, the decomposition of hydrogen 

peroxide into oxygen and water [71-75] have been created, but with limited 

practical use. 

2.1.3 Adaptive Structures for Flexible and Variable Electronic 

The adaptive multi-layer structure has been an important design for the 

microelectronics. For example, the layered array of posts composed of micron-

sized polymer bristles covered with carbon nanotubes is designed for micro-

electronics applications to provide a spatulate, mimicking the fibrous bonding 

surface of a gecko. These bionic structures can better adhere to rough surfaces, 

providing a new platform for various applications [76]. Adaptive structures are 

structures that change their structures, form or characteristics in response to 

change in the environment. Bilinear systems with adaptive structures are 

common in nature and can be used for engineering design and control. In 

many cases, they provide higher performance and controllability than linear 

systems. 

The flexible bionic electronics that combine electronics and bionics, it 

is expected to be used in biological systems, such as monitoring equipment. 

For example, electronic skin imitates natural skin and can sense ultra-low 

pressure (<1 Pa) [77-80]. The electronic nose mimics the human olfactory 

system's ability to distinguish smell and has been developed for food and 
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beverage detection, environmental monitoring, and disease diagnosis [81-84]. 

The electronic eye can achieve an equal biaxial tension of more than 50% and 

a total field of view of 180°, and it has a compressible and stretchable design 

[85]. In order to allow the electronic ear to "hear" the sound, the rigid 

diaphragm in the microphone has traditionally been used to detect the sound; 

however, the planar and rigid format limits its in-vivo application [86]. 

Recently, flexible mechanical sensors based on force-induced resistance 

changes [87-94], capacitance [95, 96], current [97], and piezoelectric voltage 

[98, 99] have shown potential for sound pressure detection. Previous studies 

have shown that the microstructure is beneficial to achieve high sensitivity and 

fast response in pressure detection. Gold plated cylindrical PDMS 

microstructures have been used to make connectable devices for throat voice 

monitoring [100]. A resistance pressure sensor composed of PEDOT: PSS-

polyurethane coated on the pyramid structure has been used to detect the neck 

pulse by connecting it to the throat [101]. Flexible tactile sensors based on 

pyramidal microstructure graphene arrays have been proven suitable for 

information transmission applications [102]. However, it is very challenging 

to simulate a flexible eardrum that responds to sound/voice vibration in a 

suspended state which has similar flexible mechanical properties (with 

Young's modulus of 20–32 MPa), a wide frequency response range 

(approximately 20–22050 Hz) and responds to sound/voice vibration in a 

suspended state, high sensitivity (the lowest sound pressure detection limit is 

20 µPa), and ultra-fast response time real-time detection and recording. 
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Yang Gu et al. designed and manufactured a new type of flexible 

electronic tympanic eardrum (EE, Figure 2.5) based on single-walled carbon 

nanotubes (SWNT) and flexible substrates, which can detect and record 

sounds in the 20-13000 Hz frequency domain with ultra-fast response time 

resolution (76.9 µs) and high signal-to-noise ratio (SNR, 55 dB) [103]. The 

performance of flexible EE paves the way for implantable acoustic 

bioelectronics in clinical prosthetics applications. 

 

Figure 2.5: Configuration of the electronic eardrum (EE). a) Image of the 

flexible EE placed in an ear model. The inset figure shows the image of the 

bended EE; b) Schematic configuration of the EE device. It has double-layered 

structure. Each layer has one PE layer, micro-patterned PDMS film, SWNTs-

network and copper wire electrode; c) Side-view SEM image of curved PDMS 

film with pyramid microstructures, scale bar is 30 μm. 
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Stretchable, conductive and flexible films (SCFFs) are ubiquitous in 

sensors [104-107], touch screens [108-110], supercapacitors [111], conductive 

electrodes [112-117], and flexible electronics [118-120]. High mechanical 

flexibility, electrical conductivity, and elongation are the basic characteristics 

that SCFFs should have to achieve high-performance flexible devices [121-123]. 

In addition, the components of such films need to include an elastic substrate 

and a conductive network to give the film flexibility and high conductivity, even 

during mechanical deformation [124-126]. Flexible electronic films are usually 

used under frequent tension, bending or pressing conditions. However, SCFF 

is limited by the properties of elastic materials, and is expected to have longer-

term and stable electrical performance under certain deformation states in 

practical applications [127]. In this regard, SCFF can simultaneously achieve 

shape fixation and the deformation reversible continuous elongation range of 

electrical conductivity will be valuable. 

Recently, there have been several alternative methods to develop a new 

type of SCFF by using various types of conductive shape memory polymers 

(SMP), and their composite materials have been sought [128-131]. SMP is a 

stimulus-responsive polymer material that can memorize and maintain a 

deformed shape and can return to its original shape in response to external 

stimuli (thermal, electrical, magnetic, optical, or chemical) [132-139]. Some 

examples of SCFFs with shape memory effect (SME) include shape memory 

self-powered mechanical sensory sensors [139], shape memory light-emitting 

diodes [140, 141], shape memory thin film transistors [142-145] and optical 
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devices [146, 147], which represent the future of flexible electronics devices. 

Although recent progress has been made in the realization of shape memory 

conductors in stretchable composites, many studies have focused on mixing 

conductive nanoparticles or nanowires into elastic polymers and electro spun 

polymer nanofibers [140, 148, 149]. This may hinder electron transmission, 

and the separated conductive components from the substrate can cause 

unstable conductivity when the plastic substrate deforms [124, 126]. Another 

approach relies on the use of shape memory conductive composites that are 

inherently stretchable, fixable, and reversible, so that they can achieve variable, 

stable, and programmable conductivity for flexible electronic devices. 

Pandeng Tang et al. reported a SMP-based flexible electronic film 

(Figure 2.6) which involves a double-layer interpenetrating architecture to 

promote the responsiveness and programmable conductivity of variable 

flexible electronic devices [150]. One of the advantages of using silver 

nanowires (AgNW) in conductive composites is the excellent electrical, optical, 

and mechanical properties produced by the material itself, or the overall 

interconnect structure [151, 152]. Polycaprolactone (PCL)/polyethylene 

stretchable matrix ethylene glycol (PEG)/AgNWs films (PPAFs) are composed 

of covalently cross-linked PCL/PEG hybrids obtained by electrospinning 

technology. In addition, double-layer nanofiber composites benefit from the 

combined AgNW through spin coating technology to form interpenetrating 

fibre conductors. The double-layer nanofiber composite material is composed 

of a covalently cross-linked PCL/PEG hybrid obtained by electrospinning 
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technology. The hybrid is realized as a fibre matrix of a stretchable film, and 

spin coated silver nanowires to be a fibre conductor. 

 

Figure 2.6: Fabrication and structure of dual-layer composite films with the 

shape memory property. a) Illustration of the fabrication of PPAFs via 

electrospinning nanofibers and spin-coating AgNWs; b) Molecular 

mechanism of preparing the matrix layer with a crosslinked network; c) Cross-

sectional and d) interface SEM images of the interpenetrating area in PPAFs; 

e) Digital photograph depicting the persistent integration of the creeper 

twining the bamboo stem in nature. The AgNWs interpenetrating into the 

matrix network are marked by yellow arrows [150]. 
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2.2 Advanced Manufacturing Techniques 

Advanced manufacturing is a leading manufacturing technology that 

adopts the computer-aided design techniques to the real-time manufacturing 

process, which can improve the efficiency of product manufacturing 

significantly [153-155]. This manufacturing technique has been well 

established in the past few years, and it also has been expanded into varied 

downstream application fields with predicted business advantages [156, 157]. 

While 3D printing fabricates inanimate objects, the emerging 4D printing 

allows for animated structures that change their shape, function, or properties 

over time when exposed to specific external stimuli after fabrication. The 

shape-morphing in 4D printed structures is normally driven by a stress 

mismatch in the parts of the structure under a stimulus. This project mainly 

focuses on the development of a new advanced manufacturing route by 

printing bio-inspired structures [158] using novel materials [159] for future 

engineering applications. The general mainstream manufacturing techniques 

will be scoped with Photolithography for micro-fabrication, precision 

manufacturing (FIB) for nanofabrication and additive manufacturing. Within 

additive manufacturing, we will holistically review the 3D printing 

technologies and the applications. We will make an extension to the responsive 

materials and structures that are sensitive to stimuli, and mechanics enabled 

morphing structures. 

2.2.1 Photolithography  



 
 

23 
 

In last few decades, we have witnessed exciting progress in 

transforming the technologies from lab to fabrication, however, there are more 

research outcomes yet to be transfer into products to enter the market. For 

scale up production and commercialization, industrial manufacturability of 

newly developed materials/fabrication techniques is a prerequisite. 

Lithography, a technique originated from the ancient Greek, has been proven 

as a very successful modern form of microfabrication as a key technology in 

producing integrated circuits, microsensors, photonic crystals, biomedical 

devices, ink jet printers, solar cells, and projection display systems [160]; Since 

the 1960s, lithography has played a leading role in the manufacture and mass 

production of integrated circuits. Continuous progress in micro technologies 

has led to the need to manufacture much smaller features than a micron for 

increased device performance, lower power consumption, and faster response 

time [161]. Moore's Law reflects the market need for ever-decreasing transistor 

sizes, usually requiring photolithographic exposure at the shortest possible 

wavelength [162]. At the same time, emerging nanotechnology requires 

miniaturization of the mechanical, chemical or medical systems of the lab-on-

a-chip in the fields of photonics, biophysics, and photo fluidics. 

As a current mainstream and representative manufacturing method 

that linked to multiple processes in my thesis, Lithography offers high-

precision fabrication. It can potentially open new avenues for the manufacture 

of 3D engineered materials exhibiting optimized properties and 

multifunctionality, by integrating the nano-materials processing method. 
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Therefore, it is very important to review the development of this fabrication so 

that it can shed the lights on the related design and manufacturing of the 

product in my thesis. A typical lithography technology (Figure 2.7) includes 

the following steps: (1) coating a substrate with a UV-sensitive polymer thin 

layer(photoresist); (2) selectively exposing the UV light/electron/ ion beams; 

(3) subsequently removing the selected areas of the film through dissolution in 

an appropriate solvent and developing the resist image (a.k.a. Lift-off) [163]. 

Conventional lithographic techniques can be broadly divided into two groups 

based on the type of mask used. In methods where a physical mask is used, 

patterns are generated by exposing the resist to photoirradiation through a 

mask that is in contact or in close proximity with the resist surface [164]. In 

methods where a software mask is employed, a scanning beam irradiates the 

resist surface sequentially through a software-controlled program where the 

patterning mask is defined. The most used form of mask less (or software mask) 

lithography today is electron beam (e-beam) lithography. 



 
 

25 
 

 

Figure 2.7: Schematic illustration of lithography process [165]. 

 

The optical projection lithography at 193 nm wavelength is one of the 

widely applied techniques in the scale-up manufacturing due to the ability to 

extend its service life and achieve an astonishing 10 nm state-of-the-art 

resolution. For further miniaturization, alternative methods need to reach 

industrial production [166]. Ultraviolet-assisted NIL can break through the 

current resolution limit of DUV technology and EUV lithography technology. 

Its light intensity is 13.5 nm, and its position, which can guide the transistor to 

expand to smaller nodes, is very good. However, shorter wavelengths are 
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required to produce ICs with smaller features therefore pushing the physical 

limits and leading to the development of alternative techniques.  

The next-generation lithography (NGL) techniques including extreme 

ultraviolet (EUV) lithography, X-ray lithography, e-beam lithography and 

focused ion beam (FIB) lithography have been studied [167]. The current 

target resolution is 7 nm, and the feature size of semiconductor devices is 

rapidly approaching the size of molecules and polymers in these photosensitive 

materials. The inherently disordered polymer resist has inhomogeneities on a 

length scale of less than 10 nm, which leads to defects and structural collapse 

and is therefore not ideal for this extreme lithography technique. Therefore, it 

is necessary to develop alternative systems that exhibit a well-controlled 

morphology at these dimensions. Highly ordered molecular systems such as 

calixarene or metal oxide-based resists are promising systems for this 

technology. Including photo-responsive units, such as azobenzene, 

nanoparticles in self-assembled resist materials also show great potential for 

molecular alignment, and feature resolution and orientation can be better 

controlled. By combining top-down and bottom-up patterning strategies, these 

optically addressable systems have achieved sub-5 nm capabilities. 

Since the 1990s, non-conventional patterning methods have attracted 

considerable interest as simpler and cheaper choice to fabricate micro/nano 

structures. Two representative methods are nanoimprint lithography and soft 

lithography where the patterning is facilitated by pressing a mould against a 

softened thermoplastic polymer or a liquid polymer precursor and trapping the 
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pattern in the solid state either by cooling the mould material (thermal NIL) 

or by UV-curing the polymer precursor (UV-NIL).  Nanoimprint lithography 

is a competitive method of patterning sub-10 nm features [168]. The imprint 

process is fast and repeatable and commercial nanoimprint tools are already 

available for academic and industrial purposes [164]. Therefore, NIL has been 

attracting more and more attention in both research and commercial 

applications. However, there are still certain drawbacks. NIL, based on a hard, 

stiff mould, requires very high pressure (4.1-13.1 MPa) [169] and an extremely 

flat surface for patterning [170]. Soft lithography based on an elastomeric 

stamp has emerged as an attractive alternative to thermal NIL and will be 

explained in detail in the next section. 

Soft lithography in which the elastomeric mould with patterned 

structures on its surface is used to generate features from nanometre to 

micrometre is a promising alternative to thermal NIL. The key element of soft 

lithography is the soft elastomeric mould which is typically prepared by 

pouring an elastomer prepolymer over the master whose surface has been 

patterned with complimentary structures as described above. The mould is 

then cured and peeled off from the master. In principle, any elastomer can be 

used to cast the mould, but the most common mould material used in soft 

lithography is polydimethylsiloxane (PDMS). Sylgard® 184, containing a 

liquid silicone rubber base (i.e. a vinyl-terminated PDMS) and a catalyst or 

curing agent, is a commercial two-part PDMS kit that is widely used for 

fabrication of stamps with feature sizes of 500 nm and larger [171].  
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2.2.2 Precision Manufacturing Technique - Focused Ion Beam 

(FIB) 

Focused ion beam (FIB) systems use a finely focused ion beam (usually 

gallium ions), which can be used to locally sputter or grind the sample surface 

exposed to the ion beam under high beam current conditions during operation. 

FIB systems have been commercially produced for many years and are mainly 

used in the semiconductor industry, so they are mature and can be widely used. 

Figure 2.8 a shows the process scheme using FIB [172] milling structure. In 

FIB milling, usually a gallium (Ga) primary ion beam hits the sample surface 

and sputters off a small amount of material which leaves the surface in the 

form of secondary ions or neutral atoms [172, 173]. Therefore, under a high 

primary current, material can be effectively removed from the sample surface, 

so that samples with feature sizes less than 1 micron can be accurately milled. 

The material removal rate by sputtering, also called sputtering yield, depends 

on the substrate materials and many other processing parameters, including 

ion energy, incident angle of the ion beam, and grinding conditions.  

At the same time, the sample can be imaged with very high accuracy 

during the milling process (for example, using the attached scanning electron 

microscope (SEM) in a dual-beam tool). As a result, FIB milling has become a 

popular tool for processing high-quality 3D micro-devices and high-precision 

microstructures made of high-performance bulk materials [173, 174]. Figure 

2.8 b shows the SEM image of the cutter head structure processed by FIB 

milling. FIB milling has also been used as a post-processing tool, for example, 
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to fine-tune the quality of the resonator by ablating a small amount of material 

[175].  

 

Figure 2.8: a) Schematic diagram of FIB milling; b) Tip structure milled 

using a Ga focused ion beam [173]. 

 

The potential disadvantage of FIB milling is its slower processing speed. 

To improve the material removal rate in FIB milling, FIB assisted etching 

(FIBAE), also known as chemical or gas assisted ion etching, can be used. In 

FIBAE, the ion beam is used to initiate a chemical reaction between the surface 

of the sample and the gas molecules adsorbed on the surface of the sample, 

thereby increasing the material removal rate. In addition, by injecting reactive 

gas precursors into the grinding process, the material removal mechanism can 

be changed locally, and the related grinding shape can be changed [173]. 

Commercial FIB tools for FIB milling are widely available from various 

suppliers. 
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There is an urgent demand for the further miniaturization of devices 

from the micro scale to the nanoscale for practical applications. FIB irradiation 

is a robust technique for surface engineering of polymers and can be used in 

an array of multi-disciplinary fields from medicine to engineering. Examples 

are designing bio interfaces for tissue engineering and regenerative medicine, 

microfluidics, biosensors and optics [47, 48, 176, 177]. The area exposed to the 

ion beam can be selected by controlling the relative movement of the ion beam 

and polymeric substrate, or for applications that need very precise control over 

the exposed area by maskless patterning method. In 2015, Lobo et al. used 

focused ion beam (FIB) technology to fabricate MSC devices with an 

interelectrode spacing of 1 µm, which demonstrated a large capacitance, low 

time response and a low equivalent series resistance [178]. Until recently, only 

one work using FIB to prepare the rudiments of NSCs with nanoscale slits has 

been reported. The prepared NSCs showed apparent enhanced capacitive 

performances [179] which triggered the development of NSCs. However, the 

research remains lacking without further study of fine structure and unique 

charge storage mechanisms. Transition metal dichalcogenides (TMDs), an 

emerging kind of 2D material, have shown extraordinary potential in pseudo 

capacitance.  

The ion bombardment induced manufacturing has been previously 

investigated for different surfaces such as glassy metals [180], amorphous 

[181-184] and crystalline materials [185, 186]. In these experiments, the ion 

effect is characterized by the mean penetration depth and longitudinal and 
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lateral straggling widths [183, 187]. The FIB irradiation is a robust technique 

for surface engineering of polymers and can be used in an array of multi-

disciplinary fields from medicine to engineering. Examples are designing bio 

interfaces for tissue engineering, microfluidics, biosensors and optics [47, 48, 

188]. The surface pattern can be designed by the ion beam by controlling the 

relative movement of the ion beam and polymeric substrate, which can have 

promising applications over the exposed area by maskless patterning method. 

2.2.3 Additive Manufacturing Techniques 

The key feature of additive manufacturing is to produce or assemble a 

proportional model of physical components by means of layer-by-layer 

construction with the assistance of CAD data. Additive manufacturing 

techniques include three-dimensional (3D) printing technology and four-

dimensional (4D) printing technology.  

Although 3D printing technologies may vary in detail, nearly all 3D 

printing use a layer-by-layer approach to build up a 3D object, by stacking 2D 

“slice” layers to form an 3D object. The method used to create each layer 

determines many of the final material properties of the object. The existing 3D 

printing technology has been able to print products regardless of the 

geometrical constraints, with good resolution. It applied to the production of 

metal, biocompatible, and composite parts with responsive functions. Some of 

the most credited attempts for 3D printing are to develop related bio-inspired 

structures and devices for biological and medical applications. Compared with 



 
 

32 
 

conventional methods, 3D printing allows rapid prototyping and mass 

customization and is ideal for processing soft polymer materials. 4D printing 

is a term that was recently coined [189] by introducing  the  fourth  dimension 

“time” into 3D printing,  to realize printed components that can  change  their  

shapes,   properties,   or   functions   under   external stimulations (heat, light, 

magnetic field,  etc.) [190, 191]. Due to the nature of stimuli-triggered response, 

4D printing has attracted tremendous interest as the obtained object will 

undergo certain changes, such as assembly, disassembly, 1D, 2D and 3D 

transformations. The active materials (i.e., hydrogel, shape memory materials, 

etc) feature the advantages of large deformation, light weight, strong recovery 

stress, and fast response rates, plays a vital role in the 4D printing for various 

applications. 

In the following section, we will introduce the development of 3D 

printing techniques, as per the main streams in the market. The additive 

manufacturing has been developed to a few different methods to meet the 

demand of complicated structures and higher resolution. The major method of 

3D printing is fused deposition modelling, also known as FDM. It normally 

uses polymer filaments, such as ABS. Stereolithography (SLA) is a typical 

method of printing-out photosensitive resin objects. For powder/liquid or high 

melting point materials, laser is introduced into 3D printing. Selective laser 

sintering (SLS) and selective laser melting (SLM) are both able to print metals. 

However, SLS is also used to print polymer and powder. Based on the 3D 
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printing concept, 4D printing has been introduced as well. In the following 

sections, we will describe each of them in detail. 

2.2.3.1 Fused deposition modelling (FDM) 

In the late 1980s, S. Scott Crump invented the Fused Deposition 

Modelling (FDM) technology (Figure 2.9) which was applied to production 

by Stratasys, Ltd. in 1990. After this, a large open source was formed to use 

this technology for 3D printers. As this result, the price of FDM technology has 

been reduced since its invention. 

 

Figure 2.9: Fused deposition modelling setup [192]. 
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The method of FDM technology to print models is to use a type of 

filament which can be instantly hardened to form layers. The thermoplastic or 

metal filament is rolled on the reel, gradually unrolled and delivered to the 

extrusion nozzle. The nozzle is heated to squeeze melted filaments output. 

Normally, stepping motors or servo motors are used to control the extrusion 

nozzle and regulate the output of filaments. The print head (normally includes 

heating part and nozzle) can be moved horizontally and vertically, and the 

computer-aided manufacturing (CAM) software package is usually used to 

monitor the output process of the print head. 

Acrylonitrile butadiene styrene (ABS) resin, polycarbonate (PC), 

polylactic acid (PLA), high density polyethylene (HDPE), polystyrene (PPSU) 

and other high molecular polymers can be used with this method. In general, 

these polymers are filamentous and rolled. During actual processing, failed 

printing and too many support parts can cause wasting. So, a further issue is 

how to convert waste plastic to usable filaments has become a further issue. 

Right now, these wastes can be smashed to pieces and remelted to filaments as 

in the original manufacturing process by a 3D printer filament recycler. 

Models produced by FDM technology will have some limitations. For 

example, hollow structures are difficult to produce because there is no support 

for the printed object during the printing process. Therefore, FDM must design 

a support which is not too thick and can be peeled off once the process has 

finished. 
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2.2.3.2 Stereolithography (SLA) and PolyJet 

In 1986 Chuck Hull obtained a patent for stereolithography (SLA， 

Figure 2.10). SLA mainly uses photopolymerization technology which was 

invented by Mitsubishi's Matsubara to separate solid products from liquids. 

When using photopolymerization technology, a bucket of liquid polymer needs 

to be irradiated by the controllable light. The surface layer of the liquid 

polymer exposed to the light is gradually solidified. At this time, the solidified 

object moves downward, and the liquid polymer is exposed to light and 

solidifies again. This is repeated until the entire model is finished. The 

remaining liquid polymer is cleaned out, and the rest is the solid model. 

 

Figure 2.10: Stereolithography setup [193]. 

 

PolyJet 3D printing (such as Objet series printers of Stratasys, Ltd.) use 

the same technology but another method which sprays a very thin layer of 
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photopolymers on the trays (between 16 and 30 microns). Each layer of 

photopolymer needs ultraviolet light to cure after being sprayed so that the 

final cured model can be put into use immediately without post-curing which 

is different from the SLA process. The support material used to support the 

complex shape model can be removed manually or by spraying water. This 

technology is also applicable to elastomer materials. 

2.2.3.3 Selective laser sintering (SLS) and selective laser 

melting (SLM) 

Casting is the traditional manufacturing technique for metal products. 

It is also known as a forming process and requires expensive moulds or mould 

tools to form the desired shape. And secondary processing can give the 

material its final shape and characteristics. The entire manufacturing cycle is 

called a subtractive process because the material is removed to make the final 

product. However, in additive manufacturing, materials are added layer by 

layer in the form of liquid, powder or solid to give the final product a desired 

shape. 

From the 1980s, the additive manufacturing (AM) technology 

developed to use stereolithography (SLA) method. Slowly, Selective Laser 

Melting (SLM, Figure 2.11) and Selective Laser Sintering (SLS) appeared on 

the market, which started the additive manufacturing technology of metal 

products. Most SLM and SLS technologies use a heat source (laser beam or 

electron beam), which is focused on a bed of raw material (plastic, metal or 



 
 

37 
 

ceramic) to melt it from its initial state (mostly powder) to the final shape. 

Another method called Electronic Beam Melting (EBM) also used for metal 

production. It is a similar method to SLM but uses an electron beam to replace 

high-powered laser. Due to its wide range of applications, this process is 

currently used in automobiles [194], aerospace [194], biomedicine [195], 

consumer electronics [196] and the jewellery industry [197]. Functional parts 

made of metals and alloys, such as aluminium [198], steel [199], martensitic 

stainless steel [200], stainless steel [201], maraging steel [194], titanium [202], 

Inconel [203, 204], and cobalt-chromium-based superalloys [196] are being 

manufactured by this technology. 

 

Figure 2.11: Selective laser sintering setup [205]. 

 

2.2.3.4 4D Printing 
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MIT successfully designed a set of 4d printing cases in 2014 [206]. They 

designed a strip structure (Figure 2.12), which is a joint printed with material 

and several pieces of material b connected. These two materials have different 

swelling rates in water, so when the strip structure, which is composed of two 

materials is placed in water, the joints will be bent in a designed direction due 

to the fast swelling rate. The material b is driven by the joints, forming 

designed patterns (2d) or structures (3d). And because of the swelling in water, 

this 1d to 2d/3d process is reversible, so this design can achieve a closed loop 

of 1d - 2d/3d - 1d. 

 

Figure 2.12: A series of photographs showing the self-folding of a 4D printed 

multi-material single strand into a Hilbert cube [206]. 

 

Jenifer's group reported similar 4D printing in 2016 [190], but they did 

not use the swelling competition between two materials, they only used one 
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kind of material. In their paper, a high-resolution 3D printer was used to print 

the pre-designed petal (Figure 2.13), and the distribution of the initial layout 

is the key to determining the deformation of the structure after swelling. 

Therefore, the design used different 1d layouts to generate different stresses 

(during swelling) in 2d structure, which made the structure deform (2d to 3d). 

Using the same petals, the same external environment, and a changing the 1d 

lay out, can create a different deformation structure. 

 

Figure 2.13: Complex flower morphologies generated by biomimetic 4D 

printing. a) Simple flowers composed of 90°/0° and b) -45° /45° bilayers 

oriented with respect to the long axis of each petal, with time-lapse sequences 

of the flowers during the swelling process (bottom panel) (scale bars, 5 mm, 

inset D 2.5 mm) [190]. 

 

To date, hydrogels [71, 207-210] and shape memory polymers (SMPs) 

[135, 211-216] are the two main active polymers used in 4D printing. In 

hydrogel-based 4D printing, hydrogels are integrated with a non-swelling 
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polymer or filament. When the printed structure is immersed in a solvent, the 

hydrogel swells, creating mismatch strains between the two materials that lead 

to overall shape change [190, 217, 218]. The advantage of this approach is that 

it does not require programming after printing; however, there are a few 

drawbacks. First, the stiffness of the printed structure is relatively low due to 

the softness of hydrogels. This can be overcome by a composite strategy, where 

the soft gel is combined with a stiff SMP [190, 218]. Second, the swelling 

mechanism is based on species transport (diffusion), and thus, the responsive 

speed is relatively slow, especially for large structures. For example, although 

the active element (a hinge) in Tibbits’ work is small (~0.8 mm), it takes about 

7 min to achieve a bending angle of 36° [217]. Third, the actuated shape by 

swelling is unstable, because it will change with the subsequent loss of solvent 

in the hydrogel.  

Photocured SMPs have been used in 4D printing with both commercial 

and research printing technologies based on photopolymer inkjet [219-221] 

and projection micro stereolithography [191, 222]. 4D printing with SMPs 

generally requires a series of steps: (1) synthesis/ processing by 3D printing; 

thermomechanical programming, including (2) heating, (3) mechanical 

loading, (4) cooling, and (5) removal of load; and (6) deployment/actuation. 

Thermomechanical programming often requires special jigs and fixtures to 

apply mechanical loads and a well-controlled thermal environment [213]. 

However, 4D printing with SMPs offers the advantages of a stiffer structure 
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and higher actuation speed; both are orders of magnitude higher than those 

obtained with printed hydrogels. 

2.2.3.5 Additive Manufacturing in Engineering Applications 

Nowadays, 3D printing is developing rapidly and has been used in 

manufacturing, industrial, and medical fields, etc. These applications also 

promote 3D printing to be a better commercial technology. 3D printing is used 

as open-source designs in these application fields, especially during the 

prototyping stage, and it can print an object directly from a computer aided 

design (CAD) model. In this way, while the research and development process 

are accelerated, the cost is also greatly reduced.  

Soft sensors and actuators - Inspired by the concept of 4D printing, 3D 

printing occupies a place in the manufacture of soft sensors and actuators. 

Most traditional soft sensors and actuators are manufactured using a multi-

step low-yield process requiring manual manufacturing, post-

processing/assembly and lengthy iterations, and the final product has low 

flexibility in customization and reproducibility. 3D printing has changed the 

rules of the game in these areas by introducing custom geometry, functions 

and control attributes to avoid the cumbersome and time-consuming aspects 

of the early manufacturing process. 

Space - The Zero-G printer is the first 3D printer designed specifically 

for zero gravity, and it is located at NASA's Marshall Space Flight Centre 
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(MSFC) and Made In Space, Inc. It was built under the cooperation of the 

People’s Republic of China. In September 2014, SpaceX launched a zero-

gravity 3D printer to the International Space Station (ISS). On December 19, 

2014, NASA sent CAD drawings for socket wrenches to astronauts on the 

International Space Station via email, and they used its 3D printer to print the 

tool (Figure 2.14). Space applications provide the ability to print parts or 

tools on-site, instead of using rockets to bring pre-manufactured items to 

human colonies on the moon, Mars, or elsewhere. The second 3D printer in 

space, the European Space Agency’s Portable Car 3D Printer (POP3D) was 

scheduled to be delivered to the International Space Station before June 2015. 

In 2016, Digital Trends reported that BeeHex was manufacturing a 3D food 

printer for a manned missions to Mars. 

 

Figure 2.14:  3D print was tested in the MSG Engineering Unit at NASA 

MSFC prior to payload integration [223]. 
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Most buildings planned on asteroids or planets will use the materials 

available on these objects to bootstrap in some way. 3D printing is usually one 

of the steps. The Sinterhab project is studying the use of lunar weathered 

fossils as a basic material to build a lunar base through 3D printing. 

Researchers are experimenting with microwave sintering to produce solid 

blocks from raw materials instead of adding a binder to the weathered layer. 

Medical - In 2014, a five-year-old girl became the first child in the UK 

to avail of 3D printing technology when it was used to make a prosthesis for 

the incompletely formed fingers her left hand. Her hand was designed by e-

NABLE in the United States, an open-source design organization that uses a 

network of volunteers to design and make prostheses for children. The 

artificial hand was based on a plaster model made by her parents. For a boy 

named Alex who was born with an arm missing just above the elbow, the team 

was able to use 3D printing to upload the e-NABLE Myoelectric arm, which is 

composed of electric muscle-driven servo batteries and batteries. So far, e-

NABLE has distributed thousands of plastic hands to children using 3D 

printers. 

Printed prostheses have also been used to repair mutilated animals. In 

2013, a 3D printed foot allowed a crippled duckling to walk again. In 2014, a 

Chihuahua born without front legs was equipped with a harness and wheels 

with a 3D printer. The 3D printed hermit crab shell allows hermit crabs to live 

in a new style home. The prosthetic beak is another tool developed using 3D 

printing technology to help a bald eagle named Beauty whose beak was 
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severely mutilated due to a severe face injury. Since 2014, commercially 

available 3D printer-made titanium knee implants for dogs have been used to 

restore animal mobility. Only one year later, more than 10,000 dogs in Europe 

and the United States were treated. 

In February 2015, the FDA approved the sale of surgical bolts, which 

facilitate minimally invasive foot surgery without the need to drill through 

bones. The 3D printed titanium device "Fast-forward Bone Tether Plate" is 

approved for corrective surgery to treat bunions. In October 2015, Professor 

Andreas Herrmann of the University of Groningen developed the first 3D 

printable resin with antibacterial properties. Using stereolithography, the 

quaternary ammonium group is incorporated into the dental appliance and 

kills bacteria upon contact. This type of material can be further used in medical 

devices and implants. 

Customized 3D printed spectacles can also be created (Figure 2.15) 

and applied to patients with facial deformities [172]. Because many children 

with facial deformities (such as Goldenhar syndrome) need corrective glasses, 

it is necessary to provide appropriate frames for this group of patients. Fitting 

the spectacle frame to the face of a child with a severely deformed face is 

particularly challenging. The contact points of the glasses with the nose, ears 

and cheeks play an important role in the stability and weight distribution of 

the facial glasses [224]. Special consideration should be given to the frame size, 

panoramic lens inclination, and temple design during the selection of nose pad 

glasses to maximize the optical alignment, beauty and comfort of patients with 
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facial deformities [224]. For these children with conventional commercially 

available glasses, there are few other options. It is also feasible to use this 

technology to produce customized glasses to maximize optical alignment and 

comfort under special conditions. 

 

Figure 2.15: 3D printed phantom model of the mid face. a) Phantom model 

of the mid face 3D printed from hard acrylic resin material and b) try on 

process of spectacles after printing, before trying on the patient [172]. 

 

Researchers have also developed a 3D printing technique to fabricate a 

gel based multimode tactical sensing structure [225]. The sensor array 

(Figure 2.16) can be fabricated by the facile and large-scalable additive 

manufacturing method, opening a new window for the future scale-up 

manufacturing. Furthermore, the 3D printed hydrogel electronics are capable 
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of accurate deformation and temperature sensitivities. The physical 

crosslinking gel network enables an ultra-stretchability as high as 975%. The 

multimode tactical sensing has been demonstrated with potential to be used in 

motion capture, physiological and psychological health assessment, and 

human-machine interface, etc. 

 

Figure 2.16: a) 3D printing setting and b) 3D printed hydrogel sensor array 

with 9×9 pixel (8×8 cm2); c) Pictures of the sensor array on wrist to show its 

conformality with skin; d) Pictures of two-finger pressing on the sensor array; 

e) heating above the sensor array with a real-time 2D mapping of resistance 

change; f) the demonstration of the printed gel sensor for monitoring the 
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rabbit’s heart beating motion. The corresponding mapping profiles of pixel 

signals are shown on the right [225]. 

 

2.3 Responsive Soft Materials 

Stimuli-responsive soft materials (Figure 2.17) can sense both 

external and internal condition changes, such as temperature, light intensity, 

pH or ion concentration. Additionally, these materials can fold 1D structures 

to 2D/3D. This has proven popular in bio-inspired engineering applications, 

such as flexible sensors, soft robotics and tissue engineering. For example, 

Kim’s group manufactured temperature-responsive gel sheets which can 

transform between a flat state and a three-dimensional shape. Conventional 

hydrogel structure manufacturing methods such as moulding and lithography-

based microfabrication are still popular, but there are some limitations for 

these methods such as high prototyping and low-volume production costs. 

Hence a new method with 3D printing has been reported. It has the advantages 

of complex structure, lower prototyping cost and facilitation of many new 

applications (flexible sensors, soft robots, bio-medical devices etc.). 
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Figure 2.17: Abbreviations: LCE, liquid crystal elastomers; SMP, shape 

memory polymer [226]. 

 

3D-printed architectures of programmed materials will not only mimic 

highly organized, biological constructs, but also provide new functions as 

responsive materials and devices [227, 228]. However, the benefits of 

harnessing programmed materials as active components in 3D printing have 

not been well explored. This is due to the challenges of integrating 

programmed elements into macroscopic structures with high precision while 

maintaining their viability and responsiveness. The design of 3D printed 
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structures is guided by quantitative models that account for the responses of 

programmed materials/structures in printed microstructures. 

2.3.1 Moisture-responsive 

Because of the ubiquitous stimulation and wide application of water or 

moisture-sensitive materials, these have aroused great interests. Hydrogels are 

extraordinary moisture-responsive materials because of their hydrophilicity 

which allows them to swell to 200% of their original volume. In addition, 

hydrogels, as a class of polymer materials, exhibit high printability. The 

advantages of using hydrogels are their biocompatibility and ease of printing 

by direct ink writing [229, 230]. However, their slow reverse reaction means 

that researchers must wait hours until the hydrogel dries and shrinks. To 

program the behaviour of the hydrogel, swelling must be anisotropy. Gladman 

et al. combined hydrogel ink and cellulose fibrils which can be uniformed by 

the sheer force generated by the contact between the ink and the printing bed 

[190]. This alignment causes the lateral expansion strain to be four times the 

pre-strain; thus, a structure can be 4D printed where the hydrogel is confined 

in one direction by the hard material, so that the swelling achieves anisotropy 

[218]. Zhang et al. also reported a rapid response. He designed a hydrophobic 

film made of cellulose streamside ester (CSE), which can be rotated and reacts 

more precisely [218]. 

The hydrogel is usually immersed in an aqueous environment, causing 

it to absorb water to its water saturation point, which limits the intermediate 
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controllability of the hydrogel. However, the swelling of the hydrogel can be 

controlled by the temperature of the aqueous environment. Breger et al. 

achieved a  micro-gripper joint made of gradient cross-linked PNIPAM-AAc 

soft hydrogel [231]. By heating or cooling the water in which the fixture is 

immersed, reversible driving can be achieved by adjusting the saturation point. 

A special hinge design is also applied to avoid excessive swelling. Tibbits et al. 

demonstrated a self-folding double-layer structure made by a PolyJet printer 

[232]. The rigid board is printed at the seam so that the folding stops at a pre-

programmed angle. When this angle is reached, the tips of the plates touch 

each other to prevent excessive bending. 

2.3.2 Thermo-responsive 

The deformation of thermo-responsive materials is mainly driven by 

one of two mechanisms: shape memory effect (SME) [233] or cosmic change 

effect (SCE) [234]. SME-based materials known as shape memory materials 

(SMM), can further be shape memory alloys (SMA), shape memory composites 

(SMP), shape memory traces (SMH), shape memory ceramics (SMC) and 

shape memory alloys (SMG) [235]. SMP is favoured as it is easy to print. SMP 

usually have a glass transition temperature (Tg) higher than their operating 

temperature. They are programmed under specific heat and mechanical 

treatments above their glass transition temperature, and then cooled to fix on 

a temporary shape without external load. Then after the temperature rises 

above its Tg, the sample returns to its original permanent shape [233]. In order 

to take advantage of their special properties, the researchers modified and 
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made available various SMP materials. The SMP ball was manufactured using 

SLA, the liquid resin was polymerized under ultraviolet irradiation to fix the 

permanent shape. The ball can extend into a plane and retract back with high 

durability [236]. Ge et al. printed an SMP flower that can bloom when heated 

[222]. This flower is a gripper used to make smart assembly or 

electromechanical equipment. The latest discovery by Bodaghi et al., is the 

SMP structure which is pre-programmed by making full use of the heating 

process in the FDM printer [237, 238]. 

SMP follows the SME mechanism and usually has two or three different 

states in which an intermediate stable shape cannot be maintained. In contrast, 

SCE is directly proportional to the applied simulation, that is, it changes 

continuously between its states [234]. As they are thermally responsive 

materials, SCE often appears in the coefficient of thermal expansion (CTE). 

Since the interface area between the layers must remain constant, the heating 

field structure may bend. Hu et al. demonstrated this with a graphene-based 

twin crystal structure that can expand into a flat plate when heated and roll 

back into a moving body when cooled. To achieve severe deformation through 

SCE, you need your own temperature change or a combination of special 

materials. As shown, there are two orders of magnitude difference between the 

CTE of different layers in the film [239]. 

2.3.3 Photo-responsive 
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Unlike moisture and thermo, light is a selective absorption; the exposed 

area of the photosensitive material absorbs light as a transfer. Liu et al. show 

the self-folding structure of sequential control [240]. The absorption rate is 

determined by the colour of the connector and the light source. Kuksenok et al. 

use light to trigger deformations in very different ways. A certain number of 

light-responsive chromophores penetrate into certain positions of the polymer 

gel, so these parts will only swell when exposed to light [241]. Therefore, there 

is versatility in injecting light use to print patterns as a stimulus. By projecting 

weak ultraviolet onto the liquid resin, deep gradient crosslinking can be 

achieved, most of which helps to bend the 4D printed structure [242]. 

2.3.4 Electro-responsive 

Like light, electric current can be used as an indirect stimulus in 4D 

printing. Miriyev et al. demonstrated a printed soft artificial muscle made of a 

mixture of silicone elastomer and ethanol. When an electric current is applied, 

heat is generated by resistance heating, causing the ethanol to evaporate. This 

phase shift from liquid to gas greatly increases the volume of ethanol, thereby 

enlarging the entire matrix [243]. Electric current is also applied to the 

polypyrrole (PPy) film to control water absorption or desorption. Okuzaki et al. 

applied PPy film to an origami micro-robot which has a special geometric 

shape for its feet, so it encounters less resistance when moving forward. When 

placed in a humid environment, the voltage drives the head forward due to the 

absorption of moisture, and the tail follows when the desorption is caused by 

the lack of voltage [244]. 
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2.3.5 Magneto-responsive 

3D/4D printed structures that respond to magnetic fields are called 

magnetically responsive materials. Breger et al. combined magnetic 

nanoparticles into a microgripper printed by hydrogels and realized remote 

control by applying a magnetic field [231]. Embedding is performed in pre-

treatment, where iron oxide powder is mixed with the material solution. This 

technology also has potential in polymer printing and metal printing. One 

disadvantage is the limitation of the size of the printed matter, which must be 

light enough to be affected by the magnetic field. 

2.4 Soft Mechanics Theory 

Surface morphologies may have a variety of elastic instabilities, 

including wrinkling and creasing of surfaces, fold and ridge. Traditionally, 

these deformations are generally avoided because they usually represent a type 

of mechanical failure. However, a new trend called buckling mechanics has 

emerged in recent years and this can be used to give materials beneficial 

functions. For many such applications, it is desirable that such deformations 

occur reversibly and respond to well-defined signals or changes in the 

environment [245]. 

2.4.1 Wrinkles 

When in-plane compressive stress is applied to a thin rigid plate, elastic 

instability will occur when the critical stress is exceeded, causing the plate to 
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buckle out of plane. The length of the buckle is commensurate with the size of 

the plate, as Euler first described it in detail in the 18th century [246]. However, 

if a rigid plate is connected to a soft elastic foundation instead of forming a 

single buckle, the plate will form a periodic buckle pattern, often called folds 

(Figure 2.18). Following the mechanics similar to the Euler stability problem, 

𝜀𝑤  found that the critical strain of this wrinkle instability depends on the 

comparison of the mechanical properties of the double layer: 

𝜀𝑤 =
1

4
(

3�̅�𝑠

�̅�𝑓
)

2

3
                                Equation 2.4 

where, �̅�𝑠 and �̅�𝑓 are the plane strain modulus of the soft substrate and 

the hard film respectively [176]. Wrinkling was first researched in detail by 

Allen, et al. [247] from the 1960s in the context of buckling of sandwich plate. 

It was later developed by Bowden, et al. as microscopic wrinkles in the 

thermally deposited metal film of the elastomeric substrate [248, 249]. A 

detailed description of wrinkles can be found in the literature [249-252]. The 

appearance of wrinkles can be understood by considering the total energy of 

the system, which is the sum of the tensile energy of the soft foundation and 

the bending energy of the rigid plate. Qualitatively speaking, the short-

wavelength buckling minimizes the stretching of the soft foundation, while the 

long-wavelength deformation minimizes the bending of the rigid board. 

Therefore, the system selects the optimal wrinkle wavelength 𝜆 , thereby 

minimizing the total energy of the system. The optimal wavelength is 
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determined by the film thickness 𝑡  and the contrast of the material 

characteristics, and is given by the following formula: 

𝜆 = 2𝜋ℎ (
�̅�𝑓

3�̅�𝑠
)

1

3
                                   Equation 2.5 

The amplitude A of the wrinkles is a function of the applied compressive 

strain 𝜀, which for small strain is 

𝐴 = 𝑡 (
𝜀

𝜀𝑤
− 1)

1

2
                                 Equation 2.6 

 

Figure 2.18: a) A schematic illustration of wrinkles developing in a bilayer of 

a stiff skin attached to a soft substrate above a critical compression; b) Cross 

section of the wrinkles with detailed geometrical definitions; c) The 

experimental observation of wrinkle formation on the gold film over a liquid 

surface [249]. 
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Within the above general framework, wrinkling has been achieved in 

various material systems and possible applications, including stretchable 

electronic devices [52, 253, 254], microfluidics [255, 256], tuneable optical 

devices [47, 257], control wetting [258], and metrology [259].  

2.4.2 Crease 

Although the almost inextensibility of the hard skin layer will be 

produced during compression, if there is no hard skin, the soft elasticity will 

remain stable and change rapidly under small materials. Using the elastic 

stability analysis of the semi-infinite new Hooke material in compression, Biot 

first predicted that, except for simple surface compression, the free surface of 

the elastic half space will not recover [260]. In order to differentiate from the 

wrinkling of the skin film, we use the term "Biot instability" to refer to this 

forecast. 

Although there are some reports of Biot’s  instability [261, 262], these 

usually have been ignored. One example of this is Figure 2.19 when a soft 

elastic material (such as hydrogel or elastomer) is compressed, the material 

will be crease unstable where the free surface suddenly forms sharp self-

contact features [263, 264]. Creases, also called "brain grooves" because they 

are similar to folds in the human brain [264], can be seen in everyday 

situations, such as on a baby's arm [264] or on the surface of a bread dough 

raised in a bowl [265]. Our group have described a topo-optical sensing 

strategy by targeted generating creases on a micropatterned surface [266]. An 
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inherited automatic optimization on optical contrast is also introduced by 

oxygen quenching the Ir-III based optical indicator layer, which leads to an 

ultra-high contrast by significantly reducing the background noise. This high-

contrast topo-optical sensing strategy will open new windows for future 

applications such as flexible/wearable electronics and bio-devices [267, 268]. 

 

Figure 2.19: a) Schematic illustration of the formation of crease with and 

without surface pattern; b) Simulation of the self-folding for the crease pattern; 

c) Develop 2D creasing pattern to facilitate logical sensing function through 

surface micro-patterns; d) The realization of 2D creasing grid [266]. 

 

2.4.3 Buckling, Fold and Ridge 
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While wrinkling and creasing represent two important modes of surface 

instability, polymer films can also experience global buckling instabilities, 

where the middle of the buckled section undergoes large displacement. Many 

different types of global buckling can occur depending on the geometry and 

stress state of the film. For example, delamination blisters will form when the 

compressive stress within a surface attached thin polymer film becomes 

sufficiently large to overcome adhesion to the substrate [269-273]. This can 

provide an alternative pathway to relax stress instead of creasing or wrinkling. 

Buckling induced folding and delamination may represent an interesting route 

for surface patterning.  

The threshold state with a small 𝜎𝑧𝑧 to initialize the release of equiaxial 

compression energy, 𝜀𝑦𝑦 = 𝜀𝑦𝑦 is illustrated in Figure 2.20 a. Two stages of 

buckling induced delamination are often discussed: an irregular blister 

(Figure 2.20 b) and a Euler blister with larger out of plane deformation 

(Figure 2.20 e). By confining a responsive gel layer on a micro-engineered 

substrate with a designed electrode pattern (Figure 2.20 c), a spatially 

defined and electrically controlled release of the hydrogel can be expected. 

Irregular blisters or Euler blisters can be electrically induced along the surface 

areas defined by the electrodes (Figure 2.20 d-e). For gel thin films, the 

topography of the buckling and post-buckling behaviour is expected to be 

similar to those of inorganic films. The theoretical profile is normally 

approximated by a cosine form known as the Euler mode [274, 275], and the 

profile is theoretically given by 
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 𝐴 = (
𝐴𝑖

2
)(1 + cos

2𝜋𝑥

𝑤
)                                            Equation 2.7 

where 𝐴𝑖  is the max out of plane displacement and 𝑤 is the electrode 

width.  

For irregular buckling, some theoretical understanding has been 

provided by approximations for determining the critical stress, buckling 

amplitude and relevant energy release rates [245, 276].  

 

Figure 2.20: a) Stress state before buckling; b) Buckling induced 

delamination stripes patterns; c) Structure design and PNIPAM gel; d) 

Electro-actuated irregular buckling blisters and e) Euler buckling blisters; f) 

Cross-sections of irregular buckling blister and Euler buckling [228]. 
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2.5 Applications of Structures and Devices by Bio-

structures 

2.5.1 Intraocular Lens 

The human lens is the main refractive structure of the human eye, and 

it is also the only refractive structure that has the ability to adjust the focal 

length of eye; it has a biconvex oblate body covered with a transparent capsule. 

The anterior convex curvature radius of the lens is 10mm, the kyphotic 

curvature radius is 6 mm, the axial anteroposterior size (depth) averages 22.0–

24.8 mm. The reason for near-sightedness or hyperopia is that part of the lens 

disfunctions. If the lens is partially or completely opaque, it will cause visual 

impairment. Cataracts which are caused by protein deposition in the lens, are 

the most typical example. More than half of blindness is caused by cataracts. 

This does not include those who are not completely blind but have 30% of 

visual impairment. 

Because of the high blindness rate mentioned above, IOL was invented 

to replace the diseased human lens. IOL, an artificial lens implanted in the eye, 

replaces the role of the natural lens. The first intraocular lens was designed by 

John Pike, John Holt and Harold Ridley. In 1949, Dr. Ridley implanted the 

first intraocular lens for a patient at St. Thomas's Hospital in London. The 

development of intraocular lenses is inseparable from the discovery of 

qualified materials. In World War II, scientists observed that some injured 

pilots had glass fragments in their eyes, but the glass did not cause obvious and 
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sustained inflammatory reactions. This led them to believe that glass or some 

polymer organic materials could remain stable in the eyes, and thus the 

intraocular lens was invented [277]. 

The shape of the intraocular lens is usually composed of a circular 

optical part and peripheral supporting loops. Figure 2.21 shows three typical 

designs which have a similar diameter to the optical part which is generally 

about 5.5-6mm and the overall diameter is generally about 12-14mm. This is 

because at night or under dark light, the pupil of a person will be enlarged and 

the diameter can extend to about 6mm. Additionally intraocular lenses which 

are too large pose certain difficulties in manufacturing or surgery, so major 

manufacturers use 5.5-6mm optical part diameter. The function of the support 

loop is to fix the intraocular lens, and although there are many forms, it can 

basically be two C-shaped wire-mounted support loops (Figure 2.21 c). All 

three designs in Figure 2.21 have been 3D printed and tested as Figure 3.2. 

 

Figure 2.21: Three typical IOL designs which have already been implanted in 

the human eyes. a) Single-piece hydrophobic acrylic IOL; b) Plate haptic 

silicone IOL; c) Multi-piece IOL [277]. 
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The materials that have been used in IOLs are: polymethylmethacrylate 

(PMMA), silicone resin, hydrophobic/hydrophilic acrylate and collamer, etc. 

Polymethyl methacrylate (PMMA) is a rigid material and cannot be folded. 

Therefore, in order to put an IOL made of this material into the patient's eye, 

the incision must be equal to the size of the IOL. This increases the difficulty 

and risks of surgery. Therefore, the material development trend of IOL began 

to shift to soft and foldable type [277]. 

IOLs made of silicone materials are designed to solve the above-

mentioned problem of non-foldable rigid materials. IOLs of this kind of 

material can be implanted through surgical incisions smaller than their size. 

Silicone intraocular lenses are suspected to facilitate bacterial adhesion, 

leading to a higher risk of postoperative infection. In addition, in some specific 

cases, it can cause retinal detachment, so nowadays, silicone IOL is no longer 

used [278, 279]. 

Acrylic hydrophobic IOL is the most widely used modern foldable IOL 

today. They are designed from copolymers of acrylate and methacrylate 

derived from PMMA. The purpose of the new design is to make the IOL 

foldable. They can be manipulated during surgery and always return to their 

original shape in a short time. The first IOL implantation was in 1993. The 

hydrophobic foldable acrylic material can be divided into three-piece and one-

piece designs, with an optical diameter of 5.5-7 mm and a total length of 12-13 

mm, transparent or coloured yellow. The refractive index can be 1.44–1.55 

[278]. 
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Hydrophilic foldable acrylic is a combination of hydroxyethyl 

methacrylate (polyHEMA) and hydrophilic acrylic monomers. The refractive 

index of this material is 1.43, and the water content is 18 to 34%. They are soft, 

compressible, and their hydrophilic surfaces have excellent biocompatibility. 

They can be implanted through a small incision less than 2 mm, so they are 

very suitable for MICS. The folding of the poly-HEMA chain depends on the 

degree of hydration, so the physical and optical properties of the polymer vary 

with the water content. When the lenses are hydrated, they absorb moisture 

and become soft and transparent. 

2.5.2 Drug Delivery 

The traditional ‘one-size-fits-all’ treatment approaches have become a 

thing of the past as the healthcare industry experiences rapid changes. 

According to a report by the National Health Service (NHS) in the United 

Kingdom, this conventional treatment involving mass-produced drugs is 

ineffective for more than 70% of patients, so there is an urgent need for 

personalized new treatments for individuals. Traditional manufacturing 

processes are completely unsuitable for producing customized drug delivery 

therapies, and involve inherently labour-intensive, non-fixed dosage and time-

consuming processes. This is the demand that the healthcare industry has 

created to adapt and accept new platforms to tailor treatment products. 

Three-dimensional (3D) printing will become the main destructive 

technology in the field of healthcare by producing customized objects of almost 
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any shape and size layer by layer. Computer-aided design (CAD) software or 

imaging techniques (such as magnetic resonance imaging (MRI) or computer 

tomography (CT) scans) can be used to create structures from digital 3D files 

to easily create personalized objects for each patient. The 3D printing process 

has different shapes according to the properties of the materials used (such as 

plastics, ceramics, metals, resins), deposition techniques, layer formation 

mechanisms, or the characteristics of the products obtained (such as surface 

finish, texture, geometric shapes), Mechanical behaviour. These materials are 

divided into seven types of machines. That is, material extrusion, material 

injection, powder bed melting, binder injection, vat photopolymerization, 

sheet lamination and directed energy deposition. 

In fact, 3D printing will become a revolutionary technology in the field 

of healthcare because of its ability to produce customized and personalized 

objects, personalized medical prostheses, implants and equipment that can be 

customized according to the individual needs of each patient. In the field of 

drug delivery, various implants have been prepared using 3D printing (Figure 

2.22), including drug implants, medical devices, and personalized solid oral 

dosage forms. Therefore, this technology has been regarded as a viable method 

for personalizing medicines during use and is expected to be extended to 3D 

printed biological tissues to quickly screen new drug alternatives to identify 

treatment responses in individuals. 3D printing has a competitive advantage 

for small-scale production of medical equipment and medicines that require 

customization and replacement of adjusted doses, and products that require 
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complex geometric shapes. This customization cannot be achieved using 

conventional mass production methods and has shown advantages in patient 

compliance and achieving customized drug release profiles. The description 

will give a comprehensive overview of the latest progress in 3D printing in the 

healthcare sector, covering modern and future applications of drug delivery 

and drugs, as well as new innovations and concepts, such as the impact of 4D 

printing on drug delivery. 

 

Figure 2.22: Representative nanoparticles and microparticles used for 

delivering antioxidants in COPD [280]. 

 

2.5.3 Physiological Medical Phantoms 
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Medical phantoms that are specific to patients and imitate tissues 

contain individual information and have great potential in many biomedical 

applications and clinical diagnosis (such as computational model verification, 

customized medical device [281-283], surgical planning [284], medical 

education [285], and doctor-patient interaction). As mentioned earlier, 3D 

printing technology has proven to be an effective manufacturing method for 

this kind of phantom. However, the existing technology is still insufficient to 

completely imitate human organs and tissues. For example, due to the oriented 

tissue structure, many human organ structures (such as the heart) cannot be 

precisely imitated. However, conventional 3D printed phantoms do not have 

the same special size and mechanical properties. Therefore, most 3D printed 

medical phantoms, even those with patient-specific characteristics and the 

phantom of the characteristics that the tissue imitates, are only close to the 

structure of human organs in anatomically rather than physiologically. 

2.5.4 Micro-fluidics 

The integration of smart stimuli-responsive polymers as functional 

elements within microfluidic devices can greatly improve the performance 

capabilities of controlled fluid delivery. One of the most common experiments 

is to apply controlled strains on a flexible substrate such as 

polydimethylsiloxane (PDMS) or within a hydrogel matrix, yielding a flexible 

membrane with centimetre scale lateral dimensions that can be 

macroscopically deformed [286]. Stimuli-responsive PDMS is of particular 

interest to researchers in terms of controllability and functionality. Examples 
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of stimuli include electric potentials [287], pH [288], temperature [289] and 

photonic [290]. However, PDMS has several drawbacks, mainly in terms of 

solvent compatibility, limited deformation (except from mechanical inputs) 

and surface wettability [291]. Recent approaches focus on designing 

reconfigurable surfaces/structures to produce fluidic control with higher 

deformation in forms which are easier to integrate into devices. A potential 

technique proposed is to regulate flows in a microfluidic device (Figure 2.23)  

by structurally coordinating the operation of each sub actuator in a designed 

soft machine system [292].  

 

Figure 2.23: The schematic illustration of using bucking to regulate flow in 

a) micro channel with b) geometrical definition; c) The concept of integrating 

the buckle switch into the micro-fluidic device. 

 

A recent approach by Holmes et al utilized elastic deformations via 

mechanical actuation to control and direct fluid flow within a flexible 
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microfluidic device [293]. The device consists of a microchannel with a flexible 

arch prepared by the buckling of a thin elastic film. The fluid flow rate is 

regulated by coupling the elastic deformation of the arch to the gap within the 

micro-channel. However, ‘on-demand’ switching has not been validated and 

the prospects for integrating the proposed structures/devices into a 

commercial chip are relatively low. This is because the driving stimulus for the 

surface deformation is mainly mechanical, and thus requires a large moving 

part(s) to achieve the global compression. Based on recent developments in 

electro-actuated instabilities, this proposal suggests an alternative strategy to 

design and fabricate a novel electrically controlled gel valve with high 

compatibility with existing microfluidic devices. 

2.5.5 Soft Robotics 

Unlike traditional rigid robots, soft machines made of flexible or elastic 

materials may show broad application potential in unstructured environments 

(such as human interaction, interaction with soft objects, and other natural 

environments). There are various materials used to make soft robots. In 

contrast to rigid robots, soft robots are made of inherently soft and malleable 

materials, such as silicone elastomers or alginate hydrogels, and their Young's 

modulus is generally lower than conventional rigid materials for example 

[294]. In addition, flexible pneumatic actuators have been widely used to 

manufacture soft robots and biomedical devices, such as soft multigait robots 

[66, 295] and soft gloves for rehabilitation (Figure 2.24 a) [296]. So far, the 

most commonly used materials for the manufacture of pneumatic actuators 
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are silicone elastomers, such as polydimethylsiloxane (PDMS) and Eco flex 

[297-302]. These silicone elastomers have mechanical properties similar to 

those of the organism, which allows them to design soft robotic fish that have 

been designed to swim forward, rotate degrees of freedom, and adjust their 

depth (Figure 2.24 b) [303]. In addition, some functional materials have 

been tried to drive soft robots based on electric or magnetic fields, and even 

chemical reactions. For example, electroactive polymers (EAP) have been 

widely used to design flexible actuators and soft robots (Figure 2.24 c) [304-

309].  

 

Figure 2.24: a) The multigait soft robot based on flexible pneumatic 

actuators [296]; b) The soft robotic fish with a large number of degrees of 

freedom [303]; c) SMA for driving soft robots [310]; d) A soft robot powered 

by chemical energy [71]. 
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So far, researchers have developed many kinds of electroactive 

polymers (EAP), including dielectric elastomers, thermally stimulated liquid 

crystal elastomers [311], electrolytically active polymers [312],  polyelectrolyte 

gels [313], and gel-metal composite materials [314]. For example, Hu et al. 

demonstrated a magneto-elastic soft millimetre-level robot that can navigate 

in the gastric phantom by jumping, rolling, climbing and landing to achieve 

targeted drug delivery and minimally invasive surgery [315]. Zhao et al. 

developed magnetically driven fast-transforming soft materials which have 

important application prospects in soft robotics [316]. Shape memory alloy 

(SMA) is another important material for manufacturing soft robots. Recently, 

fuel-powered artificial muscles have aroused great interest in the soft robotics 

community. In these studies, some materials were introduced to convert the 

chemical energy of the fuel into mechanical energy [70, 71, 317]. Nitinol is often 

used to design specific structures that drive soft robots and there are other soft 

materials that are more significant. Researchers have also designed semi-

biological robots in combination with biological tissues, such as tissue 

engineering soft robot Ray [318] and tissue engineering jellyfish [319]. 

Our group developed a novel robotic surface consisting of 3D printed 

miniature groove structure and injected a stimuli-responsive hydrogel pattern 

(Figure 2.25), which is capable of switching between lipophilicity and 

oleophobic under certain stimuli [320]. Under swelling, the geometrical 

change of hydrogel will buckle the surface due to the structural confinement 

and create a continuous transition of surface topology. Thus, it will yield a 
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change on surface wetting property from oleophilic to super-oleophobic with a 

contact angle of oil of 85° to 165°. This morphing surface also holds its 

potential to be developed into an autonomous system for future sub-

sea/offshore engineering applications to separate oil and water. 

 

Figure 2.25: a) Geometrical definitions on the responsive gel/3D printed 

smart hybrid surface; b) Oil droplet on the hybrid surface and swelling induced 

surface transformation to c); d) The experimental observation of reversible 

morphological change during hydrogel swelling/deswelling, θ is three phase 

contact angle (3D model, hydrogel and water), scale bar is 2.9mm; e) The 

simulation of the morphology change in hydrogel swelling, θ1 is three phase 

contact angle (3D model, hydrogel and water), scale bar is 1mm; f) The 

simulation of the morphology change in individual hydrogel swelling, β is three 

phase contact angle (3D model, hydrogel and water), scale bar is 1 mm [320]. 
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2.6 Economic Impact and Research Statement 

The world market size for Metal based additive manufacturing was over 

USD 345 Million in 2021 and is estimated to grow at over 21% CAGR between 

2022 and 2030 [321], to the technological advancements in the medical 

industry which well spread in the developed and developing countries 

including the U.S., Canada, Germany, France, Italy, China, and India. Similar 

trend can be observed in automotive and aerospace industries, which was 

around USD 298 Million in 2021 and is projected to grow at a CAGR of 21.5% 

over the forecast period.  

Why the global additive manufacturing market for bio-inspired 

structures have not been summarized yet, some figures can be collected from 

the global healthcare additive manufacturing market, which was estimated at 

US$ 1.35 billion in 2020 and is expected to hit around US$9.87 billion by 2030, 

poised to grow at a noteworthy CAGR of 22% from 2021 to 2030. The global 

soft robotics market size was also valued at $573.8 million in 2019, and is 

projected to reach $3.41 billion by 2027, registering a CAGR of 30.7% from 

2020 to 2027.  

Soft robotics is a specifically designed subfield of robots that offers 

reprogrammable, multi-functional, and versatile systems intelligently linking 

to the sensing action. The additive manufacturing can be more beneficial to the 

healthcare and soft robotic industrials by providing customized design and 

manufacturing, in a close relation to the material preparation and application 
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conditions. The economic impact will also include the save on the logistical 

cost of the manufacturing and deployment, and the life cycle cost of products. 

In this research, we explore the 3D Printing Assisted Development of 

Bio-inspired Structure and Device for Advanced Engineering. The project was 

carried step-wisely to understand the micro-/nanofabrication of the materials 

and the optimization of the materials properties. The Polymer surface 

patterning and modification at the micro/nano scale has been firstly 

investigated. I propose a highly efficient fabricating strategy, to achieve a 

functional polymer surface, which has control over the surface roughness. The 

key development in this fabrication method is the polymer positive diffusion 

effect (PDE) for an ion-bombarded polymeric hybrid surface through focused 

ion beam (FIB) technology. The PDE is theoretically explored by introducing a 

positive diffusion term into the classic theory. The conductivity induced PDE 

constant is discussed as functions of substrates conductivity, ion energy and 

flux. The theoretical results agree well with the experiential results on the 

conductivity induced PDE, and thus yield good control over roughness and 

patterning milling depth on the fabricated surface. Moreover, we demonstrate 

a controllable surface wettability in hydrophobic and superhydrophobic 

surfaces (contact angles (CA) range from 108.3° to 150.8°) with different CA 

hysteresis values ranging from 31.4° to 8.3°. This study will effectively enrich 

our scope on the precision manufacturing on polymer substrates. 

We next study the autonomous shape transformation with the 

expectation to develop high-performance soft robotics technology; the search 
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for pronounced actuation mechanisms is an ongoing mission. Here, I present 

the programmable shape morphing of a three-dimensional (3D) curved gel 

structure by harnessing multimode mechanical instabilities during free 

swelling. First of all, the coupling of buckling and creasing occurs at the 

dedicated region of the gel structure, which is attributed to the edge and 

surface instabilities resulted from structure-defined spatial nonuniformity of 

swelling. The subsequent developments of post-buckling morphologies and 

crease patterns collaboratively drive the structural transformation of the gel 

part from the “open” state to the “closed” state, thus realizing the function of 

gripping. By utilizing the multi-stimuli-responsive nature of the hydrogel, we 

recover the swollen gel structure to its initial state, enabling reproducible and 

cyclic shape evolution. The described soft gel structure capable of shape 

transformation brings a variety of advantages, such as easy to fabricate, large 

strain transformation, efficient actuation, and high strength-to-weight ratio, 

and is anticipated to provide guidance for future applications in soft robotics, 

flexible electronics, offshore engineering, and healthcare products. 

I then design and develop a focal-length tunable intra-ocular lens (IOL) 

device via a standard-shaped, homogeneous “one material” system. Different 

to existing technologies, this poly(N-isopropylacrylamide) gel (PNIPAM) 

based polyelectrolyte system doesn’t require any additional materials (e.g., 

metal electrodes, movable mechanical structures) to achieve a controllable 

lens shape transformation for the focal-length shifting actuation. The designed 

morphological deformation mechanism employs ionic-strength responsive 
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mechanical buckling via controlled swelling of PNIPAM in phosphate buffered 

saline (PBS) with similar concentration to human eye liquid. This unique 

approach will unlock great potential in a wide range of smart ocular 

applications. 

To extend the theoretical understandings on the mechanics to form 

surface morphology, I carried a finite element study on the material's dynamic 

behaviour at different levels of conditions by a dynamic model. Analytical 

expressions of the material's behaviour (i.e., stable strain amplitude) as a 

function of in-plane compressive conditions is further derived. It is also found 

that the material's stable morphology can be guided by the surface micro-

structure. The theoretical understanding will bridge the gap on understanding 

the guided formation of elastic instability on soft surface, thus will fulfil 

another dimension of control to generate ordered structure. 
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Chapter 3  

Experimental Methods 

This chapter summarises the general experimental methodologies used 

throughout the project, including the fabrication process for structures and the 

characterization method used for investigation. 

3.1 Fabrication of Morphological Structure on a 

Polymeric Surface by FIB 

This section is preparation of polymer and FIB processing that were 

used in Chapter 4. 

Conductive polymer nanocomposites such as polystyrene–carbon 

nanoparticles (CNPs) were used to create the conductive polymer surfaces [149, 

322-324]. The styrene-based precursor (PS, Veriflex®, CRG Co. Ltd., 

Miamisburg, OH, US) [322, 323] and the carbon NPs (VULCAN® XC72R, 

CABOT, Boston, MA, US), were ultrasonically agitated in a three-neck flask for 

2 h at 1000 rpm [325]. Then the curing agent (Luperox ATC50, Sigma-Aldrich, 

St. Louis, MI, US) was added, and the mixture stirred for 45 min. Polystyrene–

carbon nano-particles composite (CNP/PS) films with a thickness of 200 µm 

were made by casting the mixture into a PTFE mould and baking in a vacuum 

oven at 75 °C for 36 h.  
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Electrical conductivity is the inverse of resistivity. It represents the 

ability of a material to conduct electrical current. It can be divided into two 

types: bulk and surface. The dedicated conductivity testing needs four probe 

station so that the conductivity could be measured in a precision manner. Here, 

we simplified test structure as surface and measure the electrical conductivity 

by using an I-V testing set-up and thermo-electrical testing was performed 

through a Schlumberger Solartron 1250 Frequency Response Analyser from 

20 to 100 °C in an isolated chamber with an ambiance of air [326]. 

A dual-beam FIB instrument shown in Figure 3.1 (FEI Quanta3D FEG, 

Thermo Fisher Scientific, Waltham, MA, US) equipped with liquid gallium ion 

source (Ga+, 30 KeV) and Scanning electron microscopy (SEM) was used. The 

topographic surface was assessed with an atom force microscopy (AFM, 

Triboscope, Bruker, Coventry, UK). Sputter yield was calculated through 

Monte Carlo simulation (TRIDYN, binary collision approximation ion 

irradiation simulation) [196, 327], which simulates the ion irradiation of 

amorphous targets in the binary collision approximation. It allows for a 

dynamic rearrangement of the local composition of the target material [328].  

Therefore, effects in high-fluence implantation, ion mixing, and 

preferential sputtering caused by atomic collision processes can be concluded 

[329]. Considering the current macromolecular-based hybrid system, an 

enthalpy of sublimation value (6.2 eV) was set in the simulation by consulting 

the chemically covalent bond energies and atom composition. 



78 
 

 

 

Figure 3.1: FEI Quanta 3D FEG FIB System, Thermo Fisher Scientific. 

 

3.2 Design and Fabrication of 3D Printed Moulds and 

Hydrogel Structures 

This section is 3D design and printing moulds, and hydrogel synthesis 

that were used in Chapter 5 & 6. 

3.2.1 3D Printing Mould 

Following the representative 3D printing process, I firstly design the 

IOL moulds via CAD software (Solidworks®, Dassault Systems). A set of 

hydrogels IOL moulds (Figure 3.2) were designed based on existing 
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commercial designs (Figure 2.21, Henan - Universe IOL Ltd.). All designs 

have the same parameters for the optical part: diameter 6 mm, central 

thickness 2.41 mm, R1 3.6 mm and R2 6 mm (Figure 6.1 a), which is 1:1 size 

of the commercial products. Design moulds show as Figure 3.2 g-h have been 

chosen for later optical test in Chapter 6. 

 

Figure 3.2: Schematics of IOL moulds designs based on commercial products 

(Figure 2.21): a) Design 1 cover part; b) Design 1 bottom part; c) Design 2 

cover part; d) Design 2 bottom part; e) Design 3 cover part; f) Design 3 bottom 

part; g) Design 4 cover part; h) Design 4 bottom part. 
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The second part is to build the moulds by Solidworks and print them 

with Objet 30 (Stratasys, Ltd.) (Figure 3.3 a), with vender provided acrylate-

based photopolymer (VerowhitePlus (VW), Stratasys). The illustration of 

PolyJet 3D printing is shown in Figure 3.3 b. Objet can print at 28 microns 

per layer but due to limitations of the printer the accuracy of the Objet is about 

0.1 mm and hence the theoretical design change. The printed parts were 

cleaned and rinsed with isopropanol (IPA). The assembly of the gelation 

chamber was constructed by the printed parts and wax based sealants to 

prevent any possible leaking. The printed moulds were examined by Nikon 

LV100 optical microscopy system (Figure 3.10 b), in addition to surface 

roughness characterization using a stylus surface profiler (Bruker Dektek®, 

see Chapter 3.3.6). PAM gels were injected inside the 3D printed moulds and 

polymerized as Chapter 3.2.2 [245, 254]. To test the full potential of the 

printer’s precision I will design a 1mm thick slide with a range of different sized 

bars in width and in height to determine the best aspect ratios for the final 

design. Our printing jobs were manufactured by Objet 30, other than specially 

noted. 



81 
 

 

Figure 3.3: a) Objet 30 3D Printer (Stratasys, Ltd.); b) Illustration of PolyJet 

3D printing. The printer jetting head moves along the x- and y-axis while 

printing a digital material on the build tray. The build tray moves up and down 

along the z-axis during printing. The printed each layer is cured by the UV 

ramps mounted on the printer head [330]. 

 

3.2.2 Hydrogels Synthesis 

3. The gel solution procedure: the pre-gel solution from step 2 is mixed 

with 0.3 μL of N,N,N′,N′-tetramethylethylenediamine (TEMED) and 1 μL of 

ammonium persulfate solution (prepared solution in step 1). These two 
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solutions are added one by one and as soon as possible. After they are added, 

mix them in the container for 10 seconds.  

4. gelation procedure: the ready solution from step 3 was rapidly 

injected into the 3D printing moulds. The moulds had been cleared by 

Isopropyl alcohol and Acetone before injecting. After 30 mins gelation process, 

the structures are ready to be released from moulds. 

The procedures of hydrogels synthesis for IOLs are summarized in 

detail as following: 

Step 1: The pre-solution is made by dissolving acrylamide (6g) in DI 

water, using a vortex mixer (Vortex-Genie SI-0146) to ensure complete 

dissolution (ensure solution reaches 20 ml by adjusting DI water volume). The 

solution is filtered by filters (Fisherbrand™ Sterile PES Syringe Filter), loaded 

into silanized glass vials and sealed for further use. (other chemicals have the 

same procedure but different gram: sodium acrylate (sodium) 4g in 20 ml 

solution; N,N’-Methylenebisacrylamide (BisAA) 0.4g in 20 ml solution; 

Ammonium persulfate (APS) 2g in 20 ml solution) 

Step 2: gelation procedure: The pre-solutions will be mixed by following 

the receipt in Table 3.1, and then dilute the solution to 197.7 μL with DI water. 

Vortex mixer used to ensure complete mixture as well. Then mix the solution 

with 0.3 μL of N,N,N′,N′-tetramethylethylenediamine (TEMED) and 1 μL of 

ammonium persulfate solution (prepared solution in step 1). These two 
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solutions are added one by one and as soon as possible. After they are added, 

mix them in the container for 10 seconds. Then the ready solution was rapidly 

injected into the 3D printing moulds. The moulds had been cleared by 

Isopropyl alcohol and Acetone before injecting. After 30 mins gelation process, 

structures are ready to be released from moulds. 

Table 3.1: Hydrogel Formulations. 

Chemicals names (short name) & 
Concentrations 

Volume in 200 µl mix solution (µl) 

Hydrogel 1 Hydrogel 2 Hydrogel 3 

Acrylamide pre-solution (0.3 g/mL) 55.61 55.61 55.61 

Sodium acrylate (Sodium) pre-solution 
(0.2 g/mL) 

0 15.856 0 

N,N’-Methylenebisacrylamide (BisAA) 
pre-solution (0.02 g/mL) 

41.6 41.6 83.2 

DI water 100.49 84.6 58.89 

N,N,N’,N’-
Tetramethylethylenediamine 

(TEMED) 

0.3 0.3 0.3 

Ammonium persulfate (APS) pre-
solution (0.1 g/mL) 

2 2 2 

There are three types of hydrogels (Table 3.1) which have been tested 

for swelling ration (Figure 3.4) and hydrogel 1 chosen for the later 

experiments. 
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Figure 3.4: Swelling ration in DI water of three types of hydrogels. 

 

We also designed a soft gel gripper (please see design route in Chapter 

3.2.3). The polyacrylamide hydrogel was synthesized by free-radical 

polymerization using ammonium persulfate as an initiator. 1 mL aqueous pre-

gel solution containing 1173.3 mM acrylamide (monomer), 168.6 mM sodium 

acrylate (NaAc, charged monomer) and 6.8 mM N,N′-methylenebisacrylamide 

(BisAA, crosslinker) was prepared, and degassed under 1 mTorr for 10 min 

after mixing and dissolving sufficiently. After that, this pre-gel solution was 

mixed with 1.5 L of N,N,N′,N′-tetramethylethylenediamine (TEMED, 

accelerator) and 5 μL of a 10 g/ml aqueous ammonium persulfate solution 

(APS) and then it was rapidly loaded into the 3D printing mould. The mould 

had been treated by 1H,1H,2H,2H-perfluorooctyltrichlorosilane from the 
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vapour-phase at room temperature (23 °C) for 2 hours to facilitate the release 

of the hydrogel structure after 30 min gelation process. All chemicals were 

used as received from (Sigma Aldrich). 

3.2.3 3D Design of 3D Printing Mould for IOL and Soft Gel 

Gripper 

IOL moulds (used in Chapter 6) 

At beginning, the contact lens is imitated to design the mould as in 

Figure 3.5 a, but due to the fact that the material is hydrogel and the lens 

designed thickness is 0.04 – 0.2 mm, the lens is hard to take out. Consider the 

IOL design. The side struts are added to the contact lens design as in Figure 

3.5 b. The connection between optical lens part and side struts is weak, easy 

to be broken. Then the final design has been devised as in Figure 3.5 c. The 

imitate human lens with the optical part design as a convex lens with double 

curve surface is imitated and the side struts can hold the position in the eye. 
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Figure 3.5: IOL 3D design mould: a) Imitate contact lens design; b) Imitate 

contact lens design with side struts; c) Imitate human lens design with side 

struts. 

 

Gel gripper moulds (used in Chapter 5) 

To develop a soft gripper, a few designs have been developed as in 

Figure 3.6. After the test with Figure 3.6 b, it is much harder to manufacture 

as high quality as in Figure 3.6 a, so Figure 3.6 c has been designed as a 

flower which can work like a gripper, and it comes from the basic design shown 

in Figure 3.6 a. Also, like Figure 3.6 d, the cylinder is designed to compare 

the results with sphere designs. 
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Figure 3.6: 3D designs of soft gel gripper: a) Hemi-spherical shell structure 

mould; b) Cube shell structure mould; c) Flat finger structure mould; d) 

Hemi-cylinder shell structure mould. 

 

3.3 Characterization Method 

This section is characterization methods that were used in Chapter 6. 

3.3.1 Droplet Shaping Analysis (DSA) 

The change of the focal length of the IOL is related to the values of R1, 

R2, x, and d. According to formula 123, the focal length can be calculated by all 

these four values. DSA (Figure 3.7) is used to measure the deformation of the 

IOL samples during the swelling. Based on the size of the reference needle, 
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ImageJ can be used to measure the above four values. Use these values to verify 

the change of IOL focal length. 

 

Figure 3.7: Drop Shape Analyzer, DSA30S, Kruss. 

 

3.3.2 Sample Preparation and Characterization with Scanning 

Electron Microscopy (SEM) 

The sample preparation is very important to acquire ideal Scanning 

Electron Microscopy (SEM) results. First, moulds were printed, and intensive 

cleaned, to be used to synthesize IOLs. After manufacturing, all IOLs are 

placed in PBS (Sigma-Aldrich) solution (0.01M) to simulate the storage of 



89 
 

products before use. Then eight kinds of calcium solutions (0.05mM, 0.1mM, 

0.5mM, 0.8mM, 1mM, 1.5mM, 2,5mM) are prepared and the actual 

concentration of normal human body is about 0.5mM [331]. Place IOLs that 

have been simulated and store them in these calcium solutions. There will then 

be two groups of calcium solutions (both groups contain all 8 concentrations), 

one is placed at room temperature, and the other is placed in an Incubator 

(Heratherm Incubator IMC 18, Thermo Fisher Scientific, USA). The 

temperature is set to 37°C to imitate the temperature of the human body.  

The sample placed in the calcium solution will not be returned to the 

solution after being taken out for observation. The samples soaked in the 

calcium solution will last for 3 days, 7 days, 10 days. 15 days, 20 days, and 30 

days. They will then be taken out the samples for follow-up observation. One 

group of IOLs will be characterized without the calcium solution process, as a 

reference group. The IOLs will be taken out to observe their calcium deposition. 

Before observation, samples will be frozen dry for 24 hours. During the freeze 

dry process, the samples are immersed in liquid nitrogen and placed in the 

Freeze Dryer (Freeze Dryer Alpha 2-4 LDplus, Martin Christ 

Gefriertrocknungsanlagen GmbH, Figure 3.8 a) for 24 hours. After the freeze 

dry is completed, SEM (TESCAN MIRA3, Figure 3.8 b) is used to observe the 

calcium deposition on the surface and cross-section of the samples. The EDS 

module (Oxford X-Max detector 51-XMX1028, Figure 3.8 b) marks carbon 

(red, hydrogel) and calcium (green, calcium deposits) on SEM Figures. From 

the colour distribution, the calcium deposition can be drawn. 
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Figure 3.8: The photos for a) Freeze Dryer Alpha 2-4 LD plus; b) SEM, 

MIRA3. 

 

3.3.3 Optical Test 

The change of IOL focal length can be calculated based on the data from 

DSA measurement. This chapter introduces the focal length obtained after 

optical testing, which is mutually confirmed with the calculated focal length to 

verify the change of IOL focal length. 

According to the lens imaging principle, when the image distance is 

between one- and two-times focal length, the object distance is greater than 

twice the focal length. Based on the pre-test, the image distance is fixed to 

10.9mm. A clear image is obtained by adjusting the object distance. CMOS 
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sensor camera (DCC1645C, Thorlabs, USA, Figure 3.9 a) is used to take 

figures (Figure 6.3 a). Above the camera is a 3D printed holder to hold the 

position of the IOL samples. The camera and holder are placed on a jack table. 

Above the camera and holder is an optical test target (Negative 1951 USAF Test 

Target, Figure 3.9 b). The target is fixed, the object distance adjusted by 

adjusting the jack table and object distance is marked with a ruler. 

 

Figure 3.9: a) Optical Test Camera DCC1645C, Thorlabs, USA; b) Negative 

1951 USAF Test Target. 

 

3.3.4 Atom Force Microscopy (AFM) 

Atom force microscopy (D3100, Veeco, Figure 3.10) was used to 

characterize the surface of materials and 3D printed parts in this project. The 

sample surface was cleaned using the IPA and dried in the open air. The 

scanning speed was varied depending on the samples, but normally it would 

be in tapping mode. 
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Figure 3.10: Atom force microscopy (D3100, Veeco). 

 

3.3.5 Optical Microscope & Laser Scanning Confocal Fluorescence 

Microscope (LSCM) 

To monitor the formation and evolution of surface/structure 

morphologies, a trace amount of Rhodamine-B monomer (Figure 3.11 a) was 

added into the pre-gel solution to enhance the visual contrast and allow the 

high-resolution imaging with a camera. The as-fabricated hydrogel was 

submerged into DI water to swell. During the swelling process, the hydrogel 

was gently taken out from DI water to be observed under an optical microscope 

(Nikon LV100, Figure 3.11 b) at regular time intervals. A small amount of 

fluorescein isothiocyanate-dextran (~1 mg) was added into the pre-gel mixture 
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to label the gel part and facilitate imaging under a laser scanning confocal 

fluorescence microscope (LSCM, Nikon A1R, Figure 3.11 c). 

 

Figure 3.11: a) Rhodamine-B Chemical Formula; b) Nikon Upright 

Microscopes Eclipse LV100ND; c) Nikon Confocal Microscopes A1R. 

 

3.3.6 Optical Profile Observation 

The Bruker ContourGT (Figure 3.12 a) and Alicona Infinite Focus 

(Figure 3.12 b) machines are very similar as they both send a light source 

down upon a part where the light gets reflected back and thus allows it to 
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analyse the surfaces at high level of detail and plot the data as a 3D drawing on 

a screen. However, the Bruker is a better-quality machine and allows a closer 

look at small parts in a lot more detail in a single spot. The Alicona is similar 

and can still provide sufficient amount of detail at nanoscale and can also set 

the light source to move along a surface instead of a single point, so it is good 

for analysing large objects. From both machines you can collect all data points 

and make graphs and 3D images for further analysing. 

 

 

 

Figure 3.12: a) Bruker Contorti and b) Alicona Infinite focus. 
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Chapter 4  

Spatially Engraving Morphological 

Structure on Polymeric Surface by Ion 

Beam Milling 

The surface engineering techniques for polymers has yielded various 

methods from lithography and plasma and UVO to thin film deposition on 

polymers. While the above approaches have been proven effective to some 

extent to create variety of patterns, such as dots, network structures, complex 

hierarchically assembled patterns, honeycomb-like structures and ring-like 

patterns on the surface of polymers, there are bottleneck to be overcome such 

as the manufacturing precision and efficiency. By far, Focused ion beam (FIB) 

can only be applied to manufacture on conductive surface, due to insufficient 

conductivity of the polymer surface, this high precision method is hard to be 

used on polymer surface. To extend the capabilities of this technique, we have 

to develop the advanced understanding on the relationship between 

conductivity and surface pattern accuracy on the surface of conductive 

polymers. The area exposed to the ion beam can be selected by controlling the 

relative movement of the ion beam and polymeric substrate, or for applications 

that need very precise control over the exposed area by maskless patterning 

method. This approach will benchmark my exploration of advanced 

manufacturing technology and support the following study on choosing the 

proper techniques to fabricate the bio-inspired structure. 
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4.1 Introduction 

Surface patterning and modification at micro-/nano-scales have been 

of great importance in creating functional surfaces for a wide range of 

applications, such as water repelling and self-cleaning [332-335], antifouling 

[336], anti-icing [337], adhesion control, and drag reduction technologies [338, 

339]. To create surfaces with desired roughness and topography, some 

techniques have been commonly used. These include lithography-based 

plasma etching and deposition, coating on top of patterned substrates, and/or 

soft-lithography pattern transferring, and, more recently, creating stimuli-

responsive surface cracking, wrinkling [252, 340-343] and other deformations 

on smart material surfaces [344-346]. 

The focused ion beam (FIB) technique, with its unique capability for 

rapid prototyping and high precision [347, 348], has proven its efficiency  in 

manufacturing semiconductors, metals and metal oxides. The fundamental 

mechanism of FIB is that highly energetic ions driven by an electrical field 

knock atoms off the material surface by electro-collision and the recoil action 

between the ion and target material surface (Figure 4.1). For ion-milled 

surfaces, the morphological evolution can cause kinetic roughness, which has 

attracted increasing research interest in recent decades [349-351].  
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Figure 4.1: Schematics of focused ion beam (FIB) milling on a) silicon and b) 

conductive polymeric hybrid surface; c) Following a straight trajectory (solid 

line), the ion penetrates an average distance α inside the solid (dashed line) 

and completely releases its kinetic energy at P. The dotted equal energy 

contours indicate the energy decreasing area around point P. The energy 

released at point P contributes to erosion at O. The inset shows the laboratory 

coordinate frame: the ion beam forms an angle θ with the normal to the 

average surface orientation, z, and the in-plane direction x is chosen along the 

projection of the ion beam. 

 

However, limited attempts have been reported on the topic of FIB 

processing on polymeric substrates since the charging effect from the insulated 

polymer matrix significantly reduces manufacturing precision, and the 
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understanding of the morphological evolution for an ion-milled polymer 

surface remains yet to be fully explored [352-355]. Compared to other surface 

morphology modification techniques, the FIB method has great potential for 

scalable patterning with both roughness level and geometry size ranging from 

a few nanometres to 10 µm. 

4.2 Theoretical Background 

As shown in Figure 4.1, ion bombardment is commonly considered as 

an atomic process taking place inside the bombarded material within a finite 

penetration depth. The electrically manipulated ions pass through a distance ɑ 

before they completely release their kinetic energy with a spatial distribution 

inside the target substrates. An ion releasing its energy at point P in the solid 

contributes energy to the surface point O that may induce the atoms in O to 

break their bonds and leave the surface or diffuse along it. The pattern 

formation by ion beam sputtering has been previously understood as the 

interplay between the unstable dependence of the sputtering yield on surface 

curvature and stabilizing surface relaxation mechanisms [356, 357]. The most 

successful model to predict surface evolution under ion sputtering was the 

Bradley and Harper (BH) equation [358]. BH theory describes the ripple 

formation by discussing the surface topography h (x, y, t), measured from an 

initial smooth configuration in the (x, y) plane. However, it does not explain 

the surface roughening well [359-361]. Therefore, Makeev, Barabási and 

Cuerno [362] refined the noisy Kuramoto-Sivashinsky (KS) equation [363, 364] 
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based on the Sigmund theory of sputter erosion [183], where surface material 

was bombarded by ions, and included the Kardar-Parisi-Zhang (KPZ) 

nonlinear term to the BH equation. Cuerno et al. [356, 365, 366] further 

developed the equation as: 

𝜕ℎ

𝜕𝑡
= −𝑣∇2ℎ + 𝜆1(∇ℎ)2 − 𝜆2∇2(∇ℎ)2 − 𝐾∇4ℎ,        Equation 4.1 

  where 𝑣 , 𝜆1  and 𝜆2  are the average coefficients determined by the 

experimental parameters such as ion flux, ion energy, etc. For an amorphous 

solid in equilibrium with its vapor, the 𝐾∇4ℎ (known as MBE equation) [367] 

has been studied and obtained [368, 369]. Equation 4.1 was originally used 

to describe the dynamic scaling on the surface under the thermal surface 

diffusion. Here, the conditional surface diffusion factor, 𝐾, can be decomposed 

with conductive induced PDE constant, 𝐷𝑐  [368, 370]: 

𝐾 =
𝐷𝑐𝛽Ω2𝑀𝑐𝑜𝑛

𝑘𝑏𝑇
exp (

−∆𝐸

𝑘𝑏𝑇
),                                               Equation 4.2 

Where 𝛽  is the surface free energy per unit, Ω represents the atomic 

volume, 𝑀𝑐𝑜𝑛  denotes the number density of conductive particles, 𝑘𝑏  is the 

Boltzmann constant, and 𝑇 is the absolute temperature, ∆𝐸 is the activation 

energy for surface diffusion. The value of 𝐷𝑐  could be determined by the 

evolved Nernst–Einstein equation [371, 372]: 

𝐷𝑐 ≡
𝜎𝑑𝑐𝑘𝑏𝑇

𝑒2𝑀𝑐𝑜𝑛
                                         Equation 4.3 
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Here 𝜎𝑑𝑐  represents the DC conductivity of sample, 𝑒 is the elementary 

charge. To simplify the discussion, the symmetric case (δ = u, which are the 

distribution distances in directions parallel and perpendicular along beam) 

was applied to the current model, and the incident angle Ɵ is zero. The linear 

wavelength instability could be calculated as [364]: 

𝑙𝑖  =  2 𝜋 (
2𝐾

𝑣
)

1/2

                              Equation 4.4 

Which correlated to ion flux and matrix conductivity, and i refers to the 

direction (x or y). With small incidence angle =
−(𝐹ɑ)

2δ
, which is negative, and 

𝐹 ≡ (
𝜖𝐽𝑝

√2𝜋
)exp (−

ɑ2

2δ2) [200, 373], where J means the average ion flux, 𝜖 denote 

the total energy carried by the ion and p is a proportionality constant between 

power deposition and rate of erosion. By considering the conductivity induced 

ion diffusion by Equation 4.2 and 4.3, Equation 4.1 the surface roughening 

caused by PDE could be described.  

The surface roughness evolution could be predicted from the following 

equation [356]:  

𝜏 = 𝑣𝜆2/(𝐾𝜆1)                                             Equation 4.5 

Equation 4.5 has been applied at different experimental conditions 

[374, 375]. 
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We have recently demonstrated carbon-based polymer composites with 

exciting properties induced by the enhanced electrical conductivity [130, 376]. 

In this project, polymer composites with tuneable electrical conductivities will 

be selected for comparative study of FIB induced polymer surface evolution. 

We describe an advanced FIB polymer surface patterning technology at 

micro/nano scale enabled by overcoming the challenge from the dielectric 

surface charging effect. A new concept of conductivity induced PDE is 

proposed to understand ion impacting on a conductive polymer surface and 

predict the surface evolution during FIB. The ion bombarded surface 

topographic features with conductivity induced PDE are theoretically 

predicted using Monte Carlo simulation, and also experimentally assessed. 

The emerging application of fabricated surface is explored with surface wetting 

control. We expect that the findings in this work will advance the current 

understanding on the FIB fabrication on a polymer surface. 

4.3 Results and Discussion 

Figure 4.2 a illustrates the conductive hybrids, based on the SEM 

fracture surface morphologies for 2 vol.% CNP/PS. The background SEM 

showed that the CNPs were distributed uniformly throughout the textured 

polymer matrix. Figure 4.2 b presents the DC conductivity results with little 

variations as a function of CNP concentrations at room temperature. When 

CNP concentrations (φCNP) increased from 0.5 to 2 vol.%, the conductivity 

dramatically increased from 1 × 10–8 to 100 s/m, and this increment slowed 
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down when the CNP concentration exceeded 2 vol.%. The conductivity for 

φCNP > 2 vol.% was sufficient to enter the general semiconductor region. The 

preparation process of the polymer is detailed in Chapter 3.1. 

Most polymers are electrically insulating, the addition of conductive 

fillers has been proved as an effective means to improve their conductivity [377, 

378]. While the conductive particles are usually randomly distributed in the 

insulating matrix, the initiation of conductive pathway will allow the entire 

composite to reach the conducting state [378]. This kind conductive polymer 

composites have a feature that its electrical conductivity increases nonlinearly 

with the increase of the volume fraction of conductive filler particles. When the 

volume fraction of conductive particles increases to a critical value, the 

electrical conductivity increases suddenly; then, the volume fraction of 

conductive particles keeps increasing, the conductivity decreases slowly. This 

phenomenon is defined as electrical percolation phenomenon, where the 

corresponding critical value of conductive particles volume fraction is defined 

as a percolation threshold [379]. A critical parameter of percolation model is 

to determine the sharp transition of the system upon the formation of 

conductive pathway/network structure. Percolation theory has been widely 

applied to describe/predict the electrical behaviour of polymer-based 

composite. 
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Figure 4.2: a) Scanning electron microscopy (SEM) observation of the 

conductive surface for 2 vol.% CNP/PS; b) DC conductivity results as a 

function of CNP content and the inset linear fitting curves needed for 

determining the threshold value; c) DC conductivity for composites with 

dependency on temperature and CNP concentration; d) calculated 

conductivity diffusion coefficients as a function of temperature. 

 

Such a percolation network has been well understood as a polymer-

based inorganic (𝜎1)–organic (𝜎2 , 𝜎2  << 𝜎1) conducting system, or resistors 

and capacitors [199, 380, 381]. At a lower CNP concentration, conduction is 

mainly dominated by conduction among the nanofillers, thus appearing closer 
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to the insulator [380, 381]. They became conductors when the filler 

concentration increased to a critical value, i.e., the percolation threshold (𝜑C), 

which formed the electron bridge within the substrate by the filler state [382]. 

To determine 𝜑C, the conductivity 𝜎 was fitted based on the power laws [380, 

383]: 

𝜎(φCNP) ∝ (𝜑C − 𝜑CNP)−𝑆 when 𝜑𝐶𝑁𝑃< 𝜑C                               Equation 4.6 

𝜎(φCNP) ∝ (𝜑CNP − 𝜑C)𝑡 when 𝜑𝐶𝑁𝑃 > 𝜑C                        Equation 4.7 

where 𝑡  and 𝑠  are the critical exponents in the conducting and 

insulating regions. The linear-fitting results clearly defined the threshold 

network with 𝜑C = 2 vol.%, 𝑡 = 0.858, and 𝑠 = 4.75 (the inset in Figure 4.2 b). 

Previous reports [197, 384] noted that a higher critical value (𝑡  > 2) in a 

polymer/CNP system will reduce the conductive efficiency , whereas, a good 

conductive efficiency  (𝑡 = 0.858) was achieved due to the uniform nanofiller 

distribution by the adopted techniques. 

The conductivity–temperature relationship is shown in Figure 4.2 c, 

where the measured conductivity gradually increased with the rising 

temperature, which enhanced the conductivity in composites [194]. The 

sample conductivity for 2 vol.% CNP/PS approached the percolation limit of 

an insulator-dominating state, and further rises in temperature significantly 

increased the conductivity. When the CNP content was above 𝜑C , the CNP 

particles/clusters were more likely to link with each other, forming a 
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continuously distributed CNP network in the matrix. Figure 4.2 d 

summarizes the calculated conductivity diffusion coefficients with dependency 

on temperature. For the composites that hadn’t formed the threshold network, 

the diffusion coefficients were low, and the value was located in the ion 

diffusion range inside of the insulated solid (<10-18 m2/sec) [385]. With the 

CNP content increased, the PDE constant significantly increased from 10-21 to 

10-11. It should be noted that the diffusion constant for an ion-liquid system is 

10-11 – 10-9 m2/sec [385]. This conductive network, which was generated by 

adding CNP, enhanced the overall ion diffusion capability dramatically. It can 

be seen from the information in Figure 4.2 c, d, that the thermal effect on 

sample conductivity, or 𝐷𝐶 , which caused a changing factor of 10–100, is 

negligible when comparing with the large improvement caused by increasing 

conductivity. 

Since all coefficients in Equation 4.1 are determined by ion flux and 

K, the coefficient K can be calculated with 𝐷𝐶 (in Figure 4.2 d) by Equation 

4.2 and 4.3. We next investigate the influence from material with a fixed ion 

flux ∅ = 1.2 × 109 ions/(µm2/sec). With the Monte Carlo algorithm it could be 

obtained that 𝑣 = 187 nm2/min, 𝜆1 = 78.4 nm/min, 𝜆2 = 4373.2  nm3/min. 

The simulated roughness 𝜏 is displayed in Figure 4.3 a–c, compared with the 

experimental AFM plots. The quantitative agreement in the order of 

magnitude between the experimental and the theoretical results was found for 

predicting the surface evolution trend, and the surface roughness decreased 

constantly with the CNP content increases. The experimental values were only 
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half of the theoretical values for 1 vol.% and 2 vol.% CNP/PS composites. For 

3.5 vol.% CNP/PS, the magnitude of the experimental result agreed well with 

theory. This could be attributed to the metallic type of surface morphological 

evolution occurring during ion milling on the samples with high conductivity. 

Furthermore, the asymptotic morphologies revealed the increasing 𝑙𝑖 values as 

well as the reduction of 𝜏 with the target conductivity increases. This implies 

that a higher self-smoothing effect and a thermal relaxation mechanism led to 

a less defined pattern order for the hybrids. The discrepancy between the 

experimental data and theoretical prediction can be explained by ignoring the 

rapid temperature rises during ion sputter, which induces a thermal diffusion. 
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Figure 4.3: a–c) Experimental atom force microscopy (AFM) profiles on a 

milled surface and numerical longitudinal plots for different composites 

(milling time = 160 sec); d–f) Time evolving milling efficiency (removal depth, 

h(t)) with surface roughness; the grey area represents the roughness with 

targeted removal depth of 500 nm. 

 

The milling depth values are plotted as a function of ion flux in Figure 

4.3 d–f; the grey areas represent the overall removal depth, including the 

targeted milling depth (500 nm), and the calculated roughness, while the up-

edge indicates the accumulating value of roughness and targeted removal 
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depth. As predicted, the self-smoothing conductive-induced PDE was found as 

shown in each figure. Both the experimental and numerical morphologies 

presented a low surface roughness associated with low ion flux values, contrary 

to the much higher roughness values under higher ion flux. This could be 

derived from the flux related parameters in Equation 4.5, 𝑣, 𝜆1 and 𝜆2, which 

change significantly with the application of higher ion flux. Moreover, the 

experimental average removal depth was reduced at high ion flux for all 

samples; this could be due to the inaccurate numerical calculation at high 

roughness. Figure 4.3 d–f shows the roughness reduced with increased 

conductivity both in experimental and numerical results, proving that the 

pattern characteristics are dominated by the sample conductivity. Figure 4.3 

a–c also reflects that the roughness peak at high conductivity values is broader 

when the sample was bombarded at the same flux values. It should be noted 

that the ion flux employed in this work is 10–1000 times higher than those 

which have been reported [356, 365, 386]; the thermally activated surface 

diffusion effect cannot be ignored when the target’s temperature increases, 

which causes the self-smoothing effect on the milled surface as well as 

conductivity-induced PDE does. 

The experimental topographic information is summarized in Figure 

4.4 with SEM images, AFM profiles and statistical analysis for AFM data. The 

deteriorating trends are presented with dependencies on the ion flux and 

sample conductivity; the SEM observation illustrates that higher ion flux 

creates more surface roughness, probably combined with the re-deposition 
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[387]. The milling precision was improved with sample conductivity increases 

which could be identified from the evolving morphology in the SEM images 

under different ion flux. Simultaneously, the AFM contour plots agree with this 

improvement well showing concentrated milled depth. The contour plots also 

reflect that the highest roughness appears for 1 vol.% CNP/PS, which indicates 

milling accuracy was lowered with low conductivity. The statistical analysis 

from AFM suggests wide distributed milling depths for the 1 vol.% sample 

especially under the high ion flux (1.25 × 1010 and 1.75 × 1010 ions/(µm2/sec)). 

Meanwhile, a concentrated distribution for 3.5 vol.% CNP/PS was observed 

under the low ion flux which represented high uniformity for the milling depth. 

Figure 4.4 also reveals that the actual average milling depths were around 

700 nm for most conditions with considerable errors, which is some distance 

from the target removal depth of 500 nm. The possible reason could be the 

thermal induced polymer chain which was broken during the high energy ion 

sputter process, and which could be understood as the thermal induced 

positive effect. Although improved milling precision was achieved for 2 vol.% 

and 3.5 vol.% CNP/PS, the actual milling depth decreased for 1 vol.% CNP/PS 

when the ion flux increased. This could be attributed to the calculation 

uncertainty caused by the ultimate roughness, as previously mentioned, the 

residual surface charge and the re-deposition caused by molecular chain 

breaking [388]. Additionally, the Monte Carlo codes in this work considered 

the effects in high-fluence implantation, ion mixing, and preferential 

sputtering caused by atomic collision processes, and proved a positive 

correspondence between ion milling efficiency and sample conductivity. 
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However, it did not take account of the thermal induce surface diffusion which 

has been previously proved with the stabilization effect on a milled surface 

[200, 356, 389]. Some other materials also have been tried to testify the 

conductivity enhanced precision manufacturing by FIB, such as epoxy and 

shape memory PU. However, because of the alignment of materials in the 

whole project and polystyrene does have a better performance, it has been 

chosen.
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Figure 4.4: Statistical depth analysis for the milled patterns (5×5 µm2, milling time = 160 s) based on AFM results (inset, 

contour plots) under different ion flux, combined with the SEM images (inset).
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4.4 Application Demonstration 

The CNP/PS polymer matrix surfaces were FIB ion milled into different 

micro-roughness regions (2 × 2 mm2 areas pre-patterned with 20 × 20 μm2 

square pattern arrays) with milling depths ranging from 0.5 to 1.2 µm, and Ra 

(arithmetic mean roughness) values ranging from 700 to 4800 nm (0.7 to 4.8 

µm). Different patterns are demonstrated in Figure 4.5 a, from line array to 

dedicated probe shape. The processing efficiency and the precision are 

significantly increased. We next selected the dot array pattern (Figure 4.6) 

for the surface wetting testing. A self-assembly monolayer (SAM) of 

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS, Sigma-Aldrich, St. 

Louis, MI, US), was applied from the vapor phase at room temperature (~20 °C) 

for 30 min to facilitate a conformal hydrophobic layer over the CNP/PS 

topologies. 
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Figure 4.5: a) FIB engineered nanostructures, from left to right, lines pattern, 

nano-hole, nano-probe, nano-tunnel; the scale bar is 500 nm. Static contact 

angle (CA) and contact angle hysteresis (CAH = advancing CA - receding CA) 

characterization on patterned CNP/PS polymer with FOTS layer; b) CA and 

CAH values of a DI water droplet on superhydrophobic surface (Ra = 4.8 µm). 

Relationships between c) CA and surface roughness, and d) CAH and surface 

roughness. 

 

We next selected the dot array pattern (Figure 4.6) for the surface 

wetting testing. A self-assembly monolayer (SAM) of Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (FOTS, Sigma-Aldrich, St. Louis, MI, US), was applied 

from the vapor phase at room temperature (~20 °C) for 30 min to facilitate a 

conformal hydrophobic layer over the CNP/PS topologies. To set a benchmark, 
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the static contact angle measured as 107° when a 2 µL deionized (DI) water 

drop on a smooth FOTS surface. To set a benchmark, the static contact angle 

measured as 107° when a 2 µL deionized (DI) water drop on a smooth FOTS 

surface. As Figure 4.5 b shows, the contact angles on the modified CNP/PS 

surface have been measured as well. From them, the contact angle ranges 

confirmed as ranging from 108.3° to 150.8° (Figure 4.5 c). Dynamic contact 

angle measurements (advancing and receding) were also taken (Figure 4.5 b) 

with different contact angle hysteresis (Figure 4.5 d) values ranging from 

31.4° to 8.3°. Values of Figure 4.5 c, d show two different states on different 

roughness surfaces. They were close to Wenzel state prediction (with contact 

angle = 150.8°) at lower roughness (<3.5 µm), and closer to the Cassie–Baxter 

state (contact angle hysteresis = 8.3°) at higher roughness [343]. It follows the 

superhydrophobic surfaces (SHS) criteria and obtains a contact angle > 150° 

and a contact angle hysteresis < 10°. 

 

Figure 4.6: FIB milled nano hole array for surface wetting control. 
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4.5 Summary 

Good structure property relationships were revealed with the 

homogeneous dispersing state of CNPs in a PS matrix from SEM observation, 

measured conductivity and the stable electrical–temperature performance. 

The assessment of ion milled surfaces indicated that milling accuracy and 

surface roughness are highly dependent on the sample’s conductivity. A good 

agreement between experimental results and the theoretical prediction was 

achieved in describing the surface’s evolving trend, including the general 

analytical conditions for the coarsening process to occur and the roughness of 

the surface with different ion flux and material conductivity. Resulting micro-

roughness patterns were coated with hydrophobic monolayer FOTS and 

demonstrated surface wettability control, resulting in hydrophobic and 

superhydrophobic surfaces (CA ranging from 108.3° to 150.8°) with different 

CA hysteresis values ranging from 31.4° to 8.3°.  

It must be noted that the ion bombardment on a macromolecular 

surface is far more complicated than a silicon surface. In future work it would 

thus be interesting to investigate ion sputtering on conductive polymer 

(composites) surfaces with conductivity and thermal-induced PDEs, and more 

substrate-related factors, such as molecular chain movements and polymer 

degradation. In the actual application of FIB processing to fabricate micro-

nano structures on soft materials that can be deformed thermally at low 

temperatures, the effects of FIB process have even greater impacts. This beam 
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impact may occur by several mechanisms, including beam-induced localized 

heating, knock-on damage and radiolysis.  

As the soft materials typically have low thermal conductivities 

compared to metals or semiconductors (0.5 W/mK - 1 W/mK for polymers and 

100 W/mK for Si) and making them more susceptible to beam-induced heating 

and even melting. For the knock-on damage, soft materials are typically 

amorphous and also undergo beam damage during evaluation in the TEM, so 

the surface damage is harder to assess. Radiolysis damage involves irreversible 

changes in the electronic structure of a material due to incoming ionizing 

radiation, which can include the destruction of chemical bonds and changes in 

chemical coordination. Radiolysis damage in soft materials may result in a 

change in appearance and the preferential destruction or creation of organic 

functional groups. All above impacts in our system have been particularly 

investigated in the current research and I will add them in the plan for future 

work. 
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Chapter 5  

An Emerging Robotic Griper Technique 

by Autonomously Snapping Gel 

Structure 

5.1 Introduction  

Soft matter-based bio systems widely exist in nature to support 

creatures such as octopus, starfish, caterpillars, etc., by fulfilling adaptive 

shape changes and responsive motions to allow them to survive in the complex 

environments [71, 390-393]. Inspired by those features, a number of soft 

actuator concepts [394-399] have been developed to mimic dedicated 

actuations/motions, e.g., soft grippers actuated by inflation of a pneumatic 

network to manipulate fragile and irregular objects [400]; a humidity and light 

driven liquid-crystal-network actuator [401] to mimic self-shape-morphing of 

flowers; bellows-like actuators [402] with origami structure enabled various 

motions. The discovery of superior bio-inspired robotic structure/mechanism 

with desired working capacity, efficient actuation, high strength-to-weight 

ratio, on demand shape programmability and low cost, is highly desired for 

frontier engineering applications. 

Responsive hydrogel based configurable structures can undergo shape 

transformation and perform complicated pattern generation spontaneously 
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and reversibly in the presence of external stimulus, such as temperature, ionic 

strength, pH, light, solvent, and electric field [201, 245, 403-405]. Together 

with its soft, biodegradable and biocompatible properties, hydrogel has been 

seen as an ideal candidate to build soft robotics [406], soft actuators [198, 407] 

and soft electronics [408, 409]. Notably, Palleau et al. [410] created soft 

hydrogel tweezers through electrically assisted ion printing, and demonstrated 

the gripping/releasing of small objects. By using 3D printing technique, Xu 

and co-workers [411] fabricated an airplane-like swimming gel robot that could 

remotely control the different motions under near-infrared light. Yuk et al. 

[406] exploited hydraulic actuation of hydrogels to develop soft robotics which 

are capable of optical and sonic camouflage in water. While the above attempts 

provide advancements in exploring novel actuating mechanism, the overall 

fabrication, assembly and actuation of those devices relies heavily on the 

support of instrument and infrastructure, which will considerably limit the 

application/commercialisation of hydrogel actuators at scale-up level. 

Mechanical instabilities including wrinkling [412-418], creasing [263, 

419-421], folding [273, 422, 423], ridging [424-427], buckling [428, 429] and 

bending [430] have engendered an unique approach to realise programmable 

shape transformations of soft tissue. When the structural soft hydrogel is 

under confined swelling/compression, it cannot only cause instability to 

induce structural deformation, but induce an increase in volume (Figure 5.1 

a). Those instabilities can be actuated upon the mechanical compression (or 

equivalent energy inputs) under certain geometrical confinements, and the 

soft structure can fully resume to original state when the stimulus is withdrawn. 
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Therefore, substantial efforts have been devoted in developing a planar 

structure with multi-layer [431, 432], different responsiveness [433] or density 

gradient [434, 435] to improve the controllability and efficiency of instability-

induced 3D shape transformations, or preparing hydrogel structures upon 

constrained swelling [436] (Figure 5.1 a-b). Specifically, Gong et al. studied 

the formation of surface creasing and bulk bending of a piece of hydrogel with 

a cuboid shape or disc-shape induced by free swelling [437, 438]. Recently, 

researchers explored the generation of instabilities on the curved structures 

[436, 439] where the structural anisotropy guided formation of non-uniform 

stresses could create instabilities in a designable and efficient fashion to induce 

the shape transformations, as discussed by non-Euclidean shell theory [440, 

441]. However, the actuation of shape transformation by modulating and 

coordinating multimode instabilities induced by free swelling in a 3D curved 

gel structure has been rarely exploited. 

In this work, we propose a novel actuation technology by introducing 

locally confined development of mechanical instabilities on a 3D curved gel 

structure with the shape of ‘semi-cylinder shell’. Under freestanding swelling, 

instabilities are firstly initialised at dedicated areas with the buckling occurring 

on the axial edges and the creasing on the circumferential outer surface. 

Subsequently, the developments of post-buckling geometries and crease 

patterns enable a directional releasing of strain energy, and thus drive the 

shape transformation of gel structure from ‘open’ state to the ‘close’ state and 

realise the function of gripping. By optimising the inputs from the gel 

composition and geometrical design, we achieve swelling-driven 
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programmable shape morphing and demonstrate the potential application as 

an autonomous gripper. 

 

Figure 5.1: Swelling-induced multimode elastic instabilities. a) Illustration 

of the isotropic swelling of a homogeneous gel unit and the swelling induced 

instabilities in a multi-layer gel structure; b) The schematic of buckling on the 

edge of a gel cylinder shell; c) Schematic illustration of fabricating gel structure 

by injecting the pre-solution into a 3D printed ‘semi-cylinder shell’ mould, the 

molecular structure of hydrogel, and the definitions of geometrical factors. The 

observations of morphologies at various time intervals on the axial edges of the 

gel structure under d) optical microscope and e) Laser Scanning Confocal 
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Fluorescence Microscope (LSCM); and on circumferential outer surface with f) 

optical microscope and g) LSCM on the selective zone in optical image (scale 

bar = 1 mm); h) the illustration of stress states for the edge and back areas at 

designated time. Scale bar is 5 mm in d-f). 

 

5.2 Results and Discussion  

5.2.1 Gel Gripper Enabled by Harnessing Multimode Elastic 

Instabilities 

The 3D curved gel structure with the shape of a ‘semi-cylinder shell’ is 

designed and fabricated by synthesising the poly (acrylamide-co-sodium 

acrylate) hydrogel (PAAm-co-NaAc) in a 3D printed mould, as shown in 

Figure 5.1 c (more details in Section 3.2.3). The original rationale to take 

the curved shell design is to utilize the stain growth on circumferential 

direction to achieve a ‘close’ state (see Figure 5.2 a). The obtained hydrogel 

structure is subsequently immersed into deionized (DI) water to introduce 

freestanding swelling. An exemplified design is selected to show the swelling-

induced morphological developments, with outer diameter 𝐷𝑜𝑢𝑡=10 mm, inner 

diameter 𝐷𝑖𝑛 =5 mm, initial thickness 𝐻𝑜 =
𝐷𝑜𝑢𝑡−𝐷𝑖𝑛

2
= 2.5 mm, initial axial 

length L0=10 mm and open angle θ=180°. After swelling, morphological 

developments are observed on the specific locations: buckling (Figure 5.1 d-

e) occurring at the axial edges and reticulated creases (Figure 5.1 f-g) 

appearing on the circumferential outer surface. The geometrical characteristic 
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of this designed structure enabled co-existence of buckling and creasing with 

clear preferences on location and unveils an interesting energy distribution 

throughout the designed gel structure which has not been reported elsewhere. 

The buckling at the axial edges is early onset (< 30 seconds, Figure 5.1 

d), then a post-buckling development is observed with a reduction in buckling 

numbers, but an increase in wavelength (λ, Figure 5.1 e). Another interesting 

event taking place at the circumferential outer surface is the initiation of axial 

creasing lines whose length aligns with the axial direction at round 30 seconds 

(Figure 5.1 g), which means that the region undergoes circumferential 

compression. The overall stress evolutions as per location are illustrated in 

Figure 5.1 h with uniaxial stress localizing (xx) on the edge section. However, 

a translational biaxial stress state (xx and yy, yy represent the stress in 

circumferential direction) is presented for the back area where an equiaxial 

stress state (xx=yy) appears to occur as soon as the hydrogel swells, by 

generating a biaxial ‘grid’ type creasing at around 1 min. This biaxial creasing 

explicitly grows till 12 mins with the aspect ratio of a single unit of ‘grid’ (see 

red dash box in Figure 5.1 g) being reasonably maintained. When the gel 

structure swells from 12 mins to 30 mins, the neighbouring axial creasing 

separate from each other faster than the circumferential creases, leading to the 

disappearance of axial creasing lines at 30 mins (see red and yellow arrows in 

Figure 5.1 g). The circumferential creases rule the place thereafter until they 

reach the global isotropic swelling state (see Figure 5.2 b) after 4 hours. The 

trans-directional development of the creasing pattern from the axial creasing 

lines to the biaxial ‘grid’, then to circumferential creases, represents a self-
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regulation of strain energy and then a release of the strain energy in 

circumferential direction. 

 

Figure 5.2: a) Schematic of reversible morphing of ‘semi-cylinder shell’ 

shaped gel part under swelling/de-swelling; b) Final equilibrium state of gel 

structure at an immersion time of 240 mins. Observations from the axial edges 

(left) and circumferential. 

 

Macroscopically, we observe a global transformation of the gel structure 

from ‘open’ to ‘close’, then a return to the ‘open’ state (Figure 5.1 d-e). The 

post-buckling development and evolution of the creasing pattern 

collaboratively drive the gel structure to close from 4 mins to 15 mins. The 

geometrical developments at the axial edges make a direct effort to allow the 

edges to make physical contact with each other. On the other hand, the release 
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of energy in a circumferential direction regulated by the creasing pattern 

supports these buckling developments to accelerate structure closing. Beyond 

that, an adaptive structural harmonization starts from 30 mins, by developing 

a single buckling pattern at each axial edge towards λ>L (L refers to the axial 

length after gel structure swollen). The gel structure stays at the ‘close’ 

configuration until 60 mins, then gradually reopens. Once the end of the 

morphing process is reached, all surfaces of the gel structure resume to a 

smooth state and the instabilities patterns completely disappear (Figure 5.2 

b). An isotropic swollen ‘semi-cylindrical shell’ shaped gel structure is 

presented (𝐷𝑜𝑢𝑡=29.2 mm, H=7.2 mm and L=28 mm). 

5.2.2 Localised Multimode Instabilities 

Once the gel structure swells, water molecules diffuse onto the surface 

to create a thin gradient layer with swelling induced strain. This leads to a 

multi-layer configuration in a finite depth generating a spatially non-uniform 

stress in the thin gradient layer. Wavy buckling patterns are found on both of 

the axial edges (Figure 5.3 a) and the circumferential edges (Figure 5.4 a). 

However, the post-buckling phenomenon on the axial edges with strong out of 

plane morphological development directly contribute to the ‘closing’ of gel 

structure. The crease patterns are observed both on the circumferential inner 

(Figure 5.4 b) and outer (Figure 5.3 b) surfaces initially, but the full 

sequence transition (from axial creasing lines to biaxial creasing ‘grid’, then to 

circumferential creasing lines) only occurs at the circumferential outer surface 

where the trans-directional regulation on strain energy leads to a releasing of 
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strain energy along the circumferential direction and effectively drives the 

shape morphing. It is worth noting that hydrogel parts in a ‘hemi-spherical 

shell’ shape are also fabricated, and the observations of morphologies at 

various time intervals of the hydrogel part are summarised in Figure 5.4 c-e 

where a similar shape transformation from ‘open’ to ‘close’ is found by swelling 

the part. However, the underlying mechanics seems more complicated as the 

strain development on the hemi-spherical shell is arbitrary. Therefore, we 

defer this research to future work. 

 

Figure 5.3: Geometrical analysis on the multimode instabilities and their 

collaborative effect on the transformation of gel structure. The observations of 

swelling-induced morphological developments at 8 mins for the axial edges 

with a) optical microscope, fluorescence microscope and reconstructed 3D 

image from LCSM based on the selected area in optical image, and for the 
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circumferential out surface with b) optical microscope, LCSM and the cross-

sections along the axial and circumferential direction from LSCM based on the 

selected area in optical image. The analytical plots of time dependent 

evolutions of structure deformation during swelling: c) wavelength (λ) and 

amplitude (A) of buckling, d) surface crease depths (µ𝐻  and µ𝑉) and crease 

spacings (𝑥𝐻  and 𝑥𝑉 ); e) The experimental observation and finite element 

simulation of the post-buckling development; f) 
𝐺

𝐿
 versus 

𝐻

𝐻0
. Green area: I-

closing regime; pink area: II-holding regime; purple area: III-reopening 

regime. 

 

5.2.3 Geometrical Analysis on the Localised Multimode 

Instabilities 

To trace the morphological evolutions, we plot the wavelength (λ) and 

amplitude (A) of the buckling in Figure 5.3 c, and creases spacing and depth 

(χ, μ) in Figure 5.3 d as the function of swelling time (t). When swelling 

progresses, the coalescence of adjacent buckling is observed. When the gel 

structure transforms from ‘open’ state (green area) into ‘close’ state (pink area), 

the wavelength keeps growing, while the amplitude increases to the peak value 

at the closure and then decreases to 0 (Figure 5.3 c). In Figure 5.3 d, the 

creases depths (µ𝐻 and µ𝑉) first achieve maximum and then start to fade. The 

evolution trend of average crease spacing ( 𝑥𝐻 and 𝑥𝑉 ) follows a linear 

relationship with the square root of swelling time, which agrees well with the 

theory [442, 443]. 
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Figure 5.4: Buckling on circumferential edge, inner zone and swelling-induced mechanical instabilities of the hemispherical 

shell hydrogel; a) The schematic of the circumferential edge (green arrow) and the circumferential inner zone (red arrow); b) 

Optical micrograph of gel structure swelling at 2 mins, the dash lines highlight the inner edge with a label Din. The gel 

structure has initial 𝐷𝑜𝑢𝑡=L0=10 mm, 𝐷𝑖𝑛=5 mm, θ=180°. The scale bar is 5 mm; c) The observations of morphologies at 

various time intervals of the hemispherical shell hydrogel under optical microscope. The analytical plots of time dependent 

evolutions of structure deformation during swelling: d) B/L, where B refers to the gap distance between edges, L is defined 

as the structure length of swollen hydrogel, green area: I-closing regime, pink area: II-holding regime, purple area: III-

reopening regime; e) wavelength (λ) and amplitude (A) of buckling.
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We next investigate how buckling contributes to the global ‘closure’ of 

soft structure. The degree of swelling is defined as 
𝐻

𝐻0
, where H is the thickness 

of the swollen structure at certain swelling time. The development of the wavy 

buckling profile on the axial edges can be evidenced with neighbouring waves 

merging into a big one (see the yellow and red arrows in Figure 5.3 e and 

Movie 5.1). A diagram (Figure 5.3 f) is created by plotting the normalized 

closing factor of 
𝐺

𝐿
, where G refers to the gap distance between edges (see 

Figure 5.3 e). Figure 5.3 f presents three regimes for the morphing of gel 

structure: I-closing regime with 
𝐺

𝐿
 decreasing from 1 to 0 and close at 

𝐺

𝐿
=0 

(green area), the swelling time when 
𝐺

𝐿
=0 is defined as the close time; II-

holding regime with 
𝐺

𝐿
 remaining at 0 (pink area); III-reopening regime with 

𝐺

𝐿
 

gradually increasing from 0 to ~1 (purple area), the open time is the time when 

𝐺

𝐿
 starts increasing from 0, and the recovery time is the time when 

𝐺

𝐿
 returns to 

~1. The results of finite element analysis (full simulation in Movie 5.2, 

Figure 5.3 e-f) show a good agreement with the experiment results.  

We also fabricated the gel structure with the shape of a hemispherical 

shell. The observations on morphologies at various time intervals under optical 

microscope are shown below in Figure 5.5 a-b. The swelling of the 

hemispherical shell hydrogel produces a similar deformation. However, the 

mechanism for the hemispherical shell is more complicated, thus we will focus 

on the research of this structure in our future work. 
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5.2.4 Time Dependent Shape Morphing Analysis by Varying 

Geometrical Factors 

We then explore the efficiency of shape transformation by tuning the 

geometrical variables with different initial thicknesses (H0) in Figure 5.5 a, 

initial axial lengths (L0) in Figure 5.5 b and open angles (θ) in Figure 5.5 c. 

In Figure 5.5 a, we fix the values of the outer diameter (𝐷𝑜𝑢𝑡=10 mm), angle 

(θ=180°) and length (L0=10 mm), thus, the area of the circumferential outer 

surface (𝑆𝑐𝑦 =
𝜋𝐷𝑜𝑢𝑡𝐿0𝜃

360°
) remains unchanged, while the area of the annulus 

surface area (𝑆𝑎𝑛 =
0.25𝜋(𝐷𝑜𝑢𝑡

2 −𝐷𝑖𝑛 
2 )𝜃

360°
) increases with the increases of thickness. It 

is found that the gel structure with a smaller H0 reaches the full closure earlier. 

The gel structure with H0= 5 mm (𝐷𝑖𝑛  = 0) cannot close completely, because 

the bending stiffness resists the closing. In Figure 5.5 b, 𝑆𝑎𝑛  remains 

unchanged while 𝑆𝑐𝑦 decreases as L0 decreases when the values of the outer 

diameter (𝐷𝑜𝑢𝑡 =10 mm), angle (θ=180°) and thickness (H0=2.5 mm) keep 

constant. We discover that the gel structure with a longer axial length is likely 

to hold the ‘closing’ stage for an extended period. The gel structure with L0 of 

3 mm does not close completely, and the reason could be the insufficient axial 

length which does not allow the buckling profile to evolve. In Figure 5.5 c, 

without changing 𝐷𝑜𝑢𝑡, L0 and H0 (𝐷𝑜𝑢𝑡= L0=10 mm, H0=2.5 mm), both 𝑆𝑎𝑛 

and 𝑆𝑐𝑦 increase as θ increases. The gel structure with bigger θ need less time 

to close, and those with smaller θ (e.g., 120° and 150°) are unable to reach a 

full closure. With the decrease of θ, extra circumferential distance is needed 
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for the gel structure to reach the ‘close’ state, which brings more challenges to 

be overcome in order to fulfil this configuration change. 

 

Figure 5.5: Time dependent shape morphing analysis by varying geometrical 

factors. a) Different initial thicknesses (H0), 𝐷𝑜𝑢𝑡 =L0=10 mm, θ=180°; b) 

Different initial Lengths (L0), 𝐷𝑜𝑢𝑡=10 mm, H0=2.5 mm, θ=180°; c) Different 

initial angles (θ), 𝐷𝑜𝑢𝑡= L0=10 mm, H0=2.5 mm; d) The effects of geometry 

factors on shape transformation times; e) The normalized thickness follows an 

apparently diffusive scaling at short times (slope of the dashed line); f) Phase 

diagram by plotting the bending angle difference Δα and normalized length �̅�, 

shaded area represents the full close region (i.e. 
𝐺

𝐿
 = 0) and un-shaded part is 

the partial close region (i.e. 
𝐺

𝐿
> 0). 

 

Apparently, the ‘close’ state is easier to achieve for the gel structure 

with a larger 𝑆𝑐𝑦  and a smaller 𝑆𝑎𝑛 , where the geometrical landscape is 

energetically favoured by the post-buckling development. Longer open time 

and recovery time are needed once the volume of the gel structure increases, 
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i.e., increased thickness/length/angle (see Figure 5.5 d), providing a better 

control for the morph structure. In Figure 5.5 e, we map the swelling kinetics 

by plotting the change in thickness of the gel structure normalized by its initial 

thickness, 
𝐻−𝐻0

𝐻0
 as a function of 

√𝑡

𝐻0
. After transforming from ‘open’ state into 

‘close’ state (regime I, green area), and then ‘holding’ stage (regime II, pink 

area), the gel structure recovers (regime III, purple area) to the ‘semi-

cylindrical shell’ shape and regains the homogeneity. Even at this time, the gel 

structure is not fully swollen, and it continues swelling isotopically (regime IV, 

orange area) to the final state (regime V, yellow area) in which the hydrogel 

can no longer absorb the water. By linear fitting of the initial slope of data in 

Figure 5.5 e, a diffusion coefficient constant of D=6.93×10-11 m2s-1 is 

estimated from the ‘open’ state to the end of ‘holding’ stage, which is in the 

similar magnitude to that for polyacrylamide hydrogel in previous reports [203, 

404, 444].  

 

5.2.5 Numerical Analysis of Fully-closed State 

We next numerically scale the ‘close’ state by utilising Euler-Bernoulli 

curved-beam theory and considering the swelling competition between the 

circumferential outer surface and annulus surfaces (see experimental section 

for the details). We define 𝛥𝛼 > 0 and �̅� > �̄�𝑐with the bending angle difference 

𝛥𝛼 = 𝑎𝑐 (
𝐻

𝐻0−1
) 𝜃′ − (2𝜋 − 𝜃′) and the normalized length�̅� =

𝐿0

𝐻0
, where a is the 

parameter associated with the geometric parameters of the sample and 𝑎 =
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𝐷𝑜𝑢𝑡

ln
𝐷𝑜𝑢𝑡
𝐷𝑖𝑛

𝐷𝑜𝑢𝑡 ln
𝐷𝑜𝑢𝑡
𝐷𝑖𝑛

−2𝐻0

, 𝜃′ =
𝜋𝜃

360°
, and  

𝐻

𝐻0
 is the swelling ratio after regime III, at 

which the gel structure starts to swell isotropically. The two parameters c and 

cL  generally depend on the diffusion kinetics and the mechanical behaviour of 

the hydrogel. Currently, there is no explicit mathematical expression to 

calculate their exact values. Here we estimate the two parameter values of our 

experiments, i.e., choosing the values which can satisfy the most experimental 

data. Therefore, c = 0.19 and �̄�𝑐=1.5 are taken as the best fit for the current 

experiments. A phase diagram (in terms of Δα and L , Figure 5.5 f) can be 

therefore created to show the threshold of closure by applying the above 

definitions and experimental inputs.  

The critical length �̄�𝑐 characterizes the swelling competition between the 

circumferential outer surface and the annulus surfaces, and it depends on the 

diffusion kinetics and mechanical properties of the hydrogel. Currently, there 

is no explicit mathematical expression to calculate the exact value of �̄�𝑐. The 

theoretical work to expand this part could be substantial, which is outside of 

the focus of this paper. Instead, we estimate the value of �̄�𝑐  from our 

experiments in the paper, i.e., choosing a value of �̄�𝑐  that satisfies the most 

experimental data. So, the value �̄�𝑐 = 1.5 is chosen here because it can satisfy 

all data except one. 

Overall, a good quantitative agreement has been reached between 

theoretical predictions and experimental results, with one exceptional data 

(pointed out by red arrow in Figure 5.5 f) from a gel structure with a bigger 
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thickness (H0= 4 mm). Since Euler-Bernoulli theory is only applicable to thin 

beams, its estimation on the shift of the bending angle for a thick gel structure 

might be less accurate. This led to a decision to extend the research on 

modelling the shape morphing in the thick structure in the future work.  

5.2.6 The Spontaneous Shape Transformation of Gel Gripper 

Controlled by Swelling Ratio 

          The swelling behaviour of the gel structure (Dout= L0=10 mm, Din=5 mm, 

θ=180°) is assessed with different BisAA contents in Figure 5.6 a. For the gel 

structures with higher BisAA concentrations (e.g., 37.4 mM and 44.2 mM in 

Figure 5.6 a), they hardly reach a full closure. For those gel structures with 

lower BisAA concentrations (e.g., between 3.4 mM and 13.6 mM in Figure 5.6 

c), their close time are almost identical, while the automatic open time and the 

full recovery time decrease as BisAA content increases. The swelling behaviour 

of the gel structure is also studied for swelling at various concentrations of 

phosphate buffer saline solution (PBS). Our hydrogel has an ionic strength of 

168 mM, which is similar to the ionic strength in 0.01 M PBS (156.6 mM). Thus, 

the gel structure achieves limited swelling when it is immersed into 0.01 M 

PBS (Figure 5.6 d). As shown in Figure 5.6 b, with the lower concentration 

of PBS, the gel structure closes more rapidly. While these results show some 

interesting phenomena, we unfortunately have not got any systematic clue 

from these results. We will keep exploring this part of the research in our future 

work plan to create complicated swelling gradients in the soft gel structure. 
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Figure 5.6: Spontaneous shape transformation of the gel structure controlled 

by the swelling ratio. Time evolution of the shape deformation of gel structure 

with initial Dout=L0=10 mm, Din=5 mm, θ=180°: a) with different BisAA 

contents swelling in DI water, b) swelling in PBS with different concentrations; 

c) The influence of crosslinking and solution on shape deformation times of 

gel structure; d) The swelling ratio as function of time in different PBS. 

 

5.2.7 The Reproducibility of Gel Gripper 

We perform the cyclic actuation (Figure 5.7 a) by de-swelling the ‘re-

opened’ gel structure through a conventional air-drying process, then 
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saturating in 0.01 M PBS for 10 mins until it reaches to the original shape, from 

which a new swelling cycle starts (Figure 5.7 f-g). Afterwards, we assess the 

reproducibility of shape morphing of gel structure with Dout=L0=10 mm, Din=5 

mm, θ=180°. The gel structure presents a good reproducibility for 30 cycles 

(Figure 5.7 b). After 30 cycles, the sample cannot recover completely, which 

could be attributed to trivial structure degeneration (fatigue) during the 

experiments. We further design gel grippers with four fingers to demonstrate 

their efficiencies of autonomous gripping.  

We develop two types of flower-like gel grippers with four finger designs 

(sharp and flat fingers, Figure 5.7 c-d). The initial purpose is to show the 

designability to fit different purposes. Both hydrogel grippers undergo self-

actuating in DI water within 3 min to reach full closure and 20 min to fully 

reopen in DI water. These four finger designs optimise the shape morphing by 

dramatically reducing the closing time. Since there are no significant 

differences on actuation performance for the devices between sharp finger and 

flat finger designs. The intention is not to show which design is superior. Both 

designs have the ability to realize an autonomous actuating performance upon 

free swelling, which would further broaden the potential applications of 

hydrogel in soft robotics. A demonstration of weightlifting is conducted for the 

gripper (with about 0.14 g weight) by using it to pick up a small magnetic stirrer 

(weight is about 2 g) from the water (Figure 5.7 e and Movie 5.3), which is 

15 folds of the weight of gripper. In Figure 5.7 a-b, the demonstration of cyclic 

morphing can be repeated up to 40 times, where the morphing of flower-like 

gel gripper and weightlifting demonstration follows the same principle 



136 
 

(Figure 5.7 c-d). This gripping strength could be potentially applied in the 

soft robotics for offshore/marine engineering. 

 

Figure 5.7: The demonstration of the hydrogel structure and reproducibility 

of the actuating gel structure. a) Schematic illustration of a loop of open-close-

recovery cycle, and b) cyclic testing with open-close for the gel structure. Time 

lapsed gripping motion captures for the hydrogel gripper with c) sharp finger 

design and d) flat finger design; e) A demonstration of gripping strength by 

using the designed hydrogel gripper (4 fingers, 𝐷𝑜𝑢𝑡=10 mm, 𝐷𝑖𝑛=5 mm, L0=3 

mm, θ=180°) to pick up a magnetic stirrer from the water, the scale bar is 5 



137 
 

mm; f) The experiment design; g) Time evolution of shape deformation of gel 

structure with initial 𝐷𝑜𝑢𝑡= L0=10 mm, 𝐷𝑖𝑛=5 mm, θ=180° during cycle 2. 

 

We also studied the deswelling process in PBS, trying to optimise the 

control of this reversible morphing. However, its length recovered from 28 mm 

to 13 mm, rather than the initial size 10 mm. The exploratory study suggests 

that the hydrogel could not revert to its initial shape when deswelling in PBS 

purely. On the other hand, we have been able to sustain a good recovery with 

a combination of the drying and swelling process as shown in Figure 5.7 f. 

In this study, we didn’t extend the discussion on the de-swelling process 

for the following reasons:  

1. There is no morphological development in de-swelling. 

2. we use the de-swelling process as a controlling method to repeatedly 

trigger the shape transformation of the gel part, which is supposed to be more 

interesting for the design of a hydrogel actuator.  

5.3 Summary 

We describe an autonomous shape transformation of a 3D curved gel 

structure by harnessing swelling-induced multimode mechanical instabilities. 

The initiation and programmable developments of multimode instabilities, 

including buckling at axial edges and creasing at circumferential outer surface, 

have been realised in the dedicated regions. The co-existence and the regional 
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developments of buckling and creases collaboratively drive the global shape 

morphing of the gel structure from the ‘open’ state to the ‘close’ state. 

Numerical analysis creates a phase diagram to understand the effects of the 

geometries and swelling ratio on the ‘gripping’ efficiency. We successfully 

demonstrate the actuations of several conceptual designs with good 

reproducibility by tailoring the structure and tuning the swelling. This 

mechanics enabled shape transformation of 3D curved gel structure introduces 

a valuable approach to the design and development soft robotics with desired 

efficiency and integrability. This can be applied to future healthcare devices, 

human-machine interfaces, and wearable electronics, etc. 

Although we covered many aspects in the study of the morphological 

transitions to the global morphing of the soft part, there are a number of 

limitations which we haven’t got time to address in this work. For instance, the 

timescale if the entire actuation-recovery loop, the details of directional strain 

energy transition and the viscosity effect on the gel parts needs more study 

quantitatively. For the application, the gel gripper design could be optimized 

to achieve higher efficiency.
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Supplementary Movie 5.1: The development of wavy buckling profile on 

the axial edges by optical microscope. 

Supplementary Movie 5.2: The finite element analysis results. 

Supplementary Movie 5.3: A demonstration of gripping strength by using 

a designed hydrogel gripper to pick up a magnetic stirrer from the water. 
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Chapter 6  

Tuneable Morphological Deformation 

of Polyelectrolyte System as a Tool for 

Ocular Applications with Facile 

Fabrication Process 

6.1 Introduction 

Smart soft material with active shape-morphing has enabled a range of 

bio-inspired applications. An increasing recent interest in reconfigurable and 

scalable biomechanical mimicking native tissues and function of the human 

eye system at both cellular and tissue level has promised to unlock a set of new 

tools to empower the in-vitro eye disease modelling for ophthalmology 

research [445, 446]. Such technology can closely simulate in vivo/in situ 

conditions, significantly increase research efficiency while fulfilling the 3Rs 

principle (Replacement, Reduction and Refinement of animal tests), 

acknowledged by recent papers [447, 448].   

In the human eye structure, the crystalline lens (CL) is the main 

functional part for the focusing control mechanism, directing the light coming 

through the cornea towards the retina. Cataracts are a common eye disease 

that affects the human eye via CL opacification. This disease accounts for 
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around half of the world’s cases of blindness, and the number of patients will 

continue to increase with the aging population [449-451]. Since the invention 

of Intra Ocular Lenses (IOLs) in the 1940s, modern cataract surgery, which 

replaces the problematic CL with artificial IOLs, has been developed 

significantly into an effective way to cure this problem [452-454].   Challenges 

remain when choosing an IOL design and application scheme. These include 

adjustable geometry and optical function, material selection and posterior 

capsule opacification (PCO) related sight loss [455-457]. A typical example is 

child patients who underwent the IOL implantation, who have a higher risk of 

developing visual axis opacities when refractive errors appear at a later stage - 

still subject to further research [458]. 

IOLs usually consist of a small plastic lens and plastic side struts. Side 

struts are also known as haptics, are used to fix the lens inside the eye [459]. 

At beginning, IOLs are "single vision", and have a uniform refractive index. 

However, perceiving different distances requires different visual acuity. So 

recent science and engineering developments tend to address such challenges 

from the perspective of IOLs geometry and optical function, with the most 

popular design being multifocal IOLs, which can direct light to two or more 

focal points with improved patient satisfaction [456, 460]. While the 

multifocal IOLs provide a benefit for near and intermediate vision for some 

cases, the IOLs do not allow for a dynamic change of focus length in a 

continuous fashion as they have been manufactured with fixed visions. 

Furthermore, the IOL power calculation formulas are still being developed to 
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improve accuracy by countering the optical property errors [456, 461-463]. 

Technical innovations towards a new generation of eye implants are therefore 

highly desired in terms of improving patient experiences as well as driving 

efficiencies in public healthcare expenditure. 

The mode for the latest IOL products is mostly acrylic copolymers which 

have the potential to bring additional features by introducing extra functional 

groups. Both hydrophobic acrylics (e.g., Acrysof Alcon), and hydrophilic ones 

(e.g., Hydroxyethylmethacrylate - HEMA) are frequently used in current 

cataract surgery due to their flexibility and capsular biocompatibility [464, 

465]. Compared with hydrophobic acrylic IOLs, the hydrophilic acrylic (gel) 

shows lower post-surgery optical distortions, but a higher PCO, which can be 

corrected by adjusting the chemical composition (co-polymerization) and IOL 

structure. An early conceptual ionic responsive Polyacrylamide copolymer 

(PAM) gel-based lens structure was reported [466]. This switchable focal 

change is desirable, for example, when IOL is used in the eyes of children 

where adaptive vision correction is needed as a child grows. 

Meanwhile, latest manufacturing technologies have enabled advanced 

materials for smart ocular system applications, such as 3D printed artificial 

cornea [467], customized ocular prosthesis [468], 3D printed iris [469], and 

smart contact lenses with ocular pressure sensing [468, 470]. Developing 

material and manufacturing technologies for such applications would provide 

both desired healthcare benefits e.g. surgical treatment [467, 468, 470], 

rehabilitation [468] and doctor training [471].  In 2019, Nicolas Famery and 
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his team have developed a new wet lab model of Descemet membrane 

endothelial keratoplasty (DMEK) for surgical teaching by 3D printing. This 

model offers “a close to reality, feasible, resource-sparing and valid teaching 

technique that permits to perform all DMEK surgical steps [471]”. Looking 

beyond the ocular system, tuneable bio-optical configurations in other 

advanced devices have been achieved in recent developments, and these no 

longer require complicated mechanical units [472-474]. Some of the recently 

developed smart polymer devices achieve tuneable optical focal length, 

responding to and controlled by external stimulation such as pH-responsive 

[475], electric field [476], and ion concentration [466] with mechanical 

confinement structures or electrical interconnects.  However, limited efforts 

have been found concerning the development of easy-to-implant artificial 

ocular devices with responsive focal shifting. This is due to the fact that the 

above required liquid/solid interactions and stimuli for actuation are hard to 

fulfil in-vivo, as in the human eye.  

Given all of this, in this paper we proposed and demonstrated a new 

polyelectrolyte system based on polyacrylamide gel (PAM), to advance the 

robust optical implant technology with focal shifting. Compared with currently 

used IOL materials, the PAM, a responsive shape transformation material with 

superior elasticity and designability [477, 478] and bio-compatibility [479, 480] 

draw greater attention in biomedical applications [409, 481-486]. It is believed 

to hold great promise in the search to achieve switchable IOL focal length due 

to its elasticity and designable responsive features, and is compatible with the 
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human ocular system [487]. The tuneable morphological deformation and 

Rapid-Prototyping (RP) based manufacturing delivers a novel configurable 

optical technology with switchable focal length, adaptability to deployment 

conditions, anti-biofouling properties and resistance to calcification. This 

multi-functional break-through enabled by novel smart materials offers 

significant potential for use in future ocular implants, such as IOL and bionic 

eye devices. 

For the first time, tuneable morphological deformation has been 

realized by a homogeneous PAM polyelectrolyte system with a freestanding, 

standard-shaped, dual-curved, mono-focal IOL structure created by a “one-

step-moulding” facile fabrication process (Figure 6.1 a). The designed 

morphological deformation mechanism is to be achieved by responsive 

mechanical buckling, which is a common phenomenon in thin, soft structures 

that may yield rapid out-of-plane deformation (Figure 6.1 b). Such out-of-

plane deformation results in dynamic changes in designed IOL morphology 

parameters (Figure 6.1 c) therefore achieving the desired tuneable optical 

properties – e.g., shifting in focal length f (reciprocal of the lens dioptre 𝐷 =
1

𝑓
). 

Through 3D printing based rapid prototyping (RP) and cast-moulding 

composition of PAM polyelectrolyte hydrogels (Figure 6.1 a) bespoke optical 

property shifting designs can be achieved, stimulated by a small ion-

concentration change under constant temperature, verified by geometry and 

optical characterization processes. It should be noted that the targeted focal 

length shifting is around 10% of the original value, as required for the ocular 
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application we are interested in. IOL calcification tests were also conducted to 

demonstrate the suitability for potential human eye implantation.   

 

Figure 6.1: a) an innovative fabrication process enabling bespoke IOL 

designing and adaptive optical property tuning by combining Rapid 

prototyping, post processing and responsive hydrogel; b) IOL morphology 

profile related to optical characterizations; c) Optical model and concept of 

using responsive hydrogel to fine-tune the focal length: After swelling, shape 

change cause the focal length change. 

 

6.2 Results and Discussion 
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6.2.1 Polyelectrolyte System Synthesize and Mechanical Property 

Characterization 

PAM-based hydrogels have largely been used as thermal and pH 

responsive [488, 489] functional materials. However, such external 

stimulation is undesirable in human ocular applications. Therefore, we firstly 

characterized its ionic-strength responsive swelling behaviour in phosphate 

buffered solutions (PBS) together with the mechanical properties. Figure 6.1 

a shows synthesizing of the proposed biocompatible PAM-based responsive 

IOL hydrogel structure. During cast moulding, the IOL device was formed 

through a polymerization in which a set volume of PAM gel is cured. The 

polymerization process, with different composites, is explained in the 

experimental Section 3.2.2. 

6.2.2 Standalone, Dual-curved IOL Morphological Deformation 

Analysis   

Next, we analysed the tuneable morphological deformation mechanism 

of the designed IOL structures via numerical simulation and experiments. The 

dual-curve IOL structures (Figure 6.1 b) were shaped by injecting pre-

polymer solution to a cavity that is created when two halves of a mould 

(Figure 6.1 a) are brought together and fixed in a precise position relative to 

each other.  After being released from the mould, IOLs were analysed as 

standalone structures, without any external mechanical confinement applied. 
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To understand the ionic strength effect on morphological deformation, 

IOLs with the same design (d = 2.41 mm, x= 6 mm, R1=3.6 mm, R2=6 mm) and 

composition (Hydrogel 1 in Table 3.1) were immersed in PBS solutions with 

different concentrations (0.001, 0.01, 0.1 M), 24 h. During the first hour, when 

the IOL swells rapidly, it was observed that the IOL expanded more along the 

x-direction (Figure 6.2 b), resulting a reduction in both curvatures 

(reciprocal of the radius, 
1

𝑅1
 and 

1

𝑅2
).  After the first hour, swelling was slowed 

down with noticeably less curvature changes. Figure 6.2 a and b show the 

lens thickness d and lens diameter x increment over time, respectively. Both 

data plots show rapid increment in the first hour, with a noticeably greater x 

change, and reduced increment ratio between 1 and 24 hours. The data in this 

section collected by DSA as Chapter 3.3.1. 
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Figure 6.2: IOL (Hydrogel 1 in Table 3.1, Design g & h in Figure 3.2) 

swelling a) measured d; b) measured x; c) measured R1; d) measured R2. 

 

 

6.2.3 Optical Model of the PAM IOL System 

Once these morphology deformation parameters were obtained, the 

IOL’s optical properties (e.g., focal length f) can be calculated. The focal length 

of human ocular systems mainly relates to key parameters such as the axial 

length, anterior chamber depth, geometries of the cornea and crystalline lens 

(or IOL), and refractive index of these materials and aqueous mediums. 

Calculation and prediction of the IOL focal length (reciprocal to power/dioptre) 
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for patients and surgical operations have continued to progress since the 1960s, 

with the latest developments including ray tracing based on vergence formula, 

and artificial intelligence [463, 490, 491]. The optical quality of an IOL is 

typically analysed in an optical bench on its own, or alternatively, in a system 

which simulates the conditions of a real human eye with artificial cornea etc. 

[492].  In this work, the main focus is on the optical design flexibility and the 

focal length shifting of the bio-optical devices. Hence the IOL characterization 

work has been performed on its own. 

The relationship between optical properties and dual-curved IOL lens 

designs can be described by the following equation: 

𝜑 =
1

𝑓
=  (𝑛 − 1)(

1

𝑅1
−  

1

𝑅2
 +

(𝑛−1)𝑑

𝑛𝑅1𝑅2
)                               Equation 6.1 

where φ is the dioptre of the optical power, f is the focal length, d is the 

lens thickness in the air, R1 and R2 are the surfaces with radii of curvature, and 

n is the refractive index according to [493]. And the refractive index of PAM 

gels is reported to be n=1.349 by Byron et al. [493]  

Both the lens diameter x and thickness d in Equation 6.2 were used as 

major morphology parameters and monitored during the hydrogel swelling 

process. During the morphology study, the radii R1 and R2 can be calculated 

following Equations 6.3 and 6.4: 

𝑑 = 𝑑1 + 𝑑2                                                 Equation 6.2 
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𝑅1 =  √(
𝑥

2
)2 + (𝑅1 − 𝑑1)2                            Equation 6.3 

𝑅2 =  √(
𝑥

2
)2 + (𝑅2 − 𝑑2)2                          Equation 6.4 

where θ and γ are the contact angle measurement values for the upper 

and lower surface from a DSA (Droplet Shape Analyser) based goniometer, 

respectively. The changes in R1 and R2 are translated into desired optical power 

and focal length shifting, reflected by Equation 6.1. 

As shown in Figure 6.2 c and d, the calculated R1 and R2 were plotted 

against the swelling time. Figure 6.2 e shows the change in the calculated 

focal length f. For the designed IOL lens geometry and PAM composition, the 

length f for both 0.01 and 0.001M PBS immersion processes have shifted. 
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Figure 6.3: a) Optical testing bench schematic; b) 1951 USAF resolution test targets; c) Image processing with a fixed image 

distance 10.9 mm.
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To validate the calculated R1 and R2 from x and d, image-processing software 

has been employed to directly measure the R1 and R2 values, as shown in Figure 6.2 

c and d which largely agree with the data in Figure 6.2 e and f.   

6.2.4 Demonstration - Controllable Focal-length Shifting Verification 

An optical bench system has been designed for focal length shifting 

demonstration and verification have been designed and constructed with an IOL unit 

holder, digital image sensor and other accessories. This is where we will assess the 

responsive buckling of gel optical structure and the controllable focal length change 

(experiment set up show as Figure 6.3 a). The IOL design used design g & h in 

Figure 3.2 and all samples stored in 0.01M PBS solution under room temperature. 

With the image distance set to 𝑣  = 10.9 mm, and object distances u were 

calculated based on focal length values as shown in Figure 6.2 h, following 

Equation 6.5: 

1

𝑢
+

1

𝑣
=

1

𝑓
                                     Equation 6.5 

These calculated object distances and resulting images (Figure 6.3 c) were 

then evaluated by the optical bench system to characterize the configurable focal 

length shifting for the fabricated gel structure.  

6.2.5 Calcification Assessment 

Calcium deposition on the surface of the optical implant has been a major 

problem that frequently occurs after surgery and is related to the material surface and 
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interfaces properties [494-496]. While we used PAM, which is a biocompatible 

material, the resistance to calcification on the gel surface and inside of the gel has yet 

not been well exploited. In this section, accelerated calcification experiments were 

performed by immersing the PAM gels in a solution of 0.05 - 5 mM of calcium nitrate 

solutions for 1, 10, 30, and up to 60 days similar to that reported by Yokoi et al [497].  

At these time points, the gel parts went through a “Cryo-SEM” process where the soft 

material structures were frozen in the liquid nitrogen before being sliced and the 

extent of calcification was examined by a Field Emission Scanning Electron 

Microscope (SEM, Tescan Mira 3) with EDS module (Energy-dispersive X-ray 

spectroscopy). All processing details have been written in Chapter 3.3.2. 

To offer a clear understanding on the calcification status on the IOL, both the 

surface and cross-section of PAM IOLs were examined. Since the PAM gel contains 

carbon rather than calcium, the calcium deposits that may be produced on IOLs needs 

be carefully justification. In Figure 6.4 calcium solution concentrations were set at 

an extreme value: 5 mM, which is ten folds of its concentration in the human eye 

(around 0.5mM) [498]. In this way, Figure 6.4 clearly shows how to distinguish 

carbon and calcium by colours i.e., red marks carbon as hydrogel, and green marks 

calcium ions as calcium deposition. Therefore, Figure 6.5 and 6.6 show the EDS 

surface view, where carbon and calcium elements were represented by red and green 

colours respectively. It can be seen that for concentrations of less than 2mM, the gel 

surface remains “calcium-free” even after 30 days’ immersion. As the normal range of 

calcium in the human tear is around 0.5mM [499], and the majority of groups studied 

in a previous work were below 1.5mM [498], we can confirm this PAM gel has a low 

calcification risk in ocular applications. 
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Figure 6.4: Calcium deposition characterization, SEM (left) and EDS (right) profile 

(cross view) of IOL samples preincubated in 0.01M PBS and immersed in 5 mM 

calcium concentrations at room temperature 30 days (red marks carbon as hydrogel, 

green marks calcium ions as calcium deposition). 

 

So, Figure 6.5 and 6.6 shows the EDS surface view, where carbon and calcium 

elements were represented by red and green colours respectively. It can be seen that 

for concentrations of less than 2mM, the gel surface remains “calcium-free” even after 

30 days’ immersion. As the normal range of calcium in human tear is around 0.5mM 

[498], and majority groups studied in a previous work were below 1.5mM [497], we 

can confirm this PAM gel has a low calcification risk in ocular applications.
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Figure 6.5: Calcium deposition characterization, SEM (left) and EDS (right) profile (cross view) of IOL samples preincubated in 

0.01M PBS and immersed in different calcium concentrations at 37°C (red marks carbon as hydrogel, green marks calcium ions as 

calcium deposition).
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Figure 6.6: Calcium deposition characterization, SEM (left) and EDS (right) profile (surface view) of IOL samples preincubated in 

0.01M PBS and immersed in different calcium concentrations at 37°C (red marks carbon as hydrogel, green marks calcium ions as 

calcium deposition).
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6.2.6 The Bio-safety of the PAM Based IOL on LECs and ARPE19 

Cells In Vitro  

The bio-assessment of obtained IOL is critical which will be linked to 

the end application as an implant in the human eye. In this section, the cell 

culture experiment is performed to verify whether the PAM-based hydrogel 

meets the actual medical requirements [500]. And the experimental results 

showed below that confirmed the PAM-based hydrogel is a suitable material. 

The biosafety of PAH was first evaluated in vitro using human lens epithelial 

cells (LECs), and we cocultured the PAM with LECs and ARPE19 cells. The 

cultured cells positively expressed LEC markers, such as PAX6 and SOX2, and 

synthesized the specific -A crystallin and negatively expressed the fibroblast 

cell marker -SMA, which identified the LECs (Figure 6.7 a-f). When LECs 

were cocultured with the PAM, cell apoptosis emerged only at the adjacent area 

around the hydrogel (Figure 6.7 g, h). A similar result can be obtained when 

it is cocultured with ARPE19 cells [501]. 



158 
 

 

Figure 6.7: Coculture of PAM thin films with LECs or ARPE19 cells a-f): 

Immunostaining of LECs showed that LECs were positively stained for the LEC 

markers PAX6 a, b), SOX2 c), and α-A crystallin d, e) and negatively stained 

for the fibroblast cell marker α-SMA f); g-h): Bright field images of LECs co-

cultured with h) or without g) the PAM. Cells adjacent to the hydrogel were 

unable to attach to the matrix and ultimately underwent apoptosis (red arrow). 

Scale bar: 50 μm a-f), 100 μm g-h). 

 

6.3 Summary 

Combining 3D printing technology and the biocompatible hydrogel as 

the printing material, as well as a potential material for stimuli-responsive 

hydrogel fabrication, we propose the possibility of loading antibiotics, 

corticosteroids, and non-steroidal anti-inflammatory drugs into the IOL, 
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which integrates cataract surgery and postoperative treatments as a one-step 

procedure [502]. Moreover, IOLs can also be fused with telescopic lenses, 

presbyopia-correcting lenses, or accommodative polyfocal bio analogical 

lenses [503, 504]. These advanced designs could become more effective and 

personalized when combined with 3D printing and biocompatible hydrogels. 

However, all these IOLs inevitably require rigid biosafety assessments and 

more clinical studies to ascertain their safety and effectiveness. 

The development of this responsive buckling induced configurable 

optical technology is a primary step in the translation of fundamental scientific 

knowledge into modern manufacturing technologies for future ocular implant 

product developments. Tunable focal length shifting has been characterized 

and demonstrated by the proposed PAM-based responsive morphing 

polyelectrolyte IOL devices.  This concept benefits from a homogeneous “one 

material” approach, with great potential for adaptation to scalable, low cost, 

facile manufacturing process. Our research provides insight into the biosafety 

of PAMs in ocular tissue and demonstrates that PAM which hold great 

potential for future clinical applications, are a safe material for 3D printing of 

personal IOLs. The development of this responsive buckling induced 

configurable optical technology is also a primary step to translate fundamental 

scientific knowledge into modern manufacturing technologies for future ocular 

implant product developments.  

Despite of the above achievements, some limitations do need our 

attention and therefore to be addressed in the future. The first one is the 
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timescale of buckling enabled optical tunning, which needs further validation 

for the practical application. The second one is optical focus which remain a 

big issue to meet the individual’s needs as the natural IOLs are all in a 

‘customized’ manner to fit in the human eye. The third one is the full bio-

assessment, which will need significant work to complete in a long-term 

assessment with a biological environment.
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Chapter 7  

Theoretical Development 

7.1 Theoretical Development 

In my thesis, a number of analytical methods have been employed to 

cope with different scenarios, such as:  

• A new theoretical concept of conductivity induced PDE was proposed to 

understand ion impacting on a conductive polymer surface and predict 

the surface evolution during FIB (Chapter 4). The ion bombarded 

surface topographic features with conductivity induced PDE are 

theoretically predicted using Monte Carlo simulation. 

• The numerical analysis of the co-existence and the regional 

developments of buckling and creases collaboratively drive the global 

shape morphing of the gel structure from the ‘open’ state to the ‘close’ 

state (Chapter 5). Numerical analysis (Chapter 6) creates a phase 

diagram to understand the effects of the geometries and swelling ratio 

on the deformation induced actuation/sensing effect. 

• Finite element simulations were conducted using the commercial 

software (ABAQUS) to model the gel as an incompressible Neo-Hookean 

material. Based on the analogy between heat transfer and solvent 

diffusion, thermal expansion was used here to simulate swelling, and the 
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corresponding coupled temperature-displacement analysis was 

conducted (Chapter 5).  

In this section, we focus on a thin film with bilayer structure, where the 

top layer is an elastic surface after plasma treatment, and the bottom layer is 

an original elastic substrate. Such bilayers contain both non-linear properties 

of the material and non-linear geometry due to large deformation in thin film 

structure. In addition, there are also linear relations and linear 

transformations in the thin film. The phenomenon of buckling occurs when the 

structure is subject to tensile or compression which is illustrated by strain due 

to certain stress. With particular load applications and boundary conditions on 

the thin film, specific deformation can be observed in visualization.   

7.1.1 Benchmarking the Simulation of Wrinkling 

We utilize the PDMS for a specific subject of research, a type of hyper 

elastic material which is able to demonstrate non-linear properties of elasticity. 

There is also viscoelasticity which is the other mechanical property of PDMS. 

However, the study only involves in an analysis of statics, not a dynamic 

analysis. There is no consideration of temperature, hence, thermal dynamic 

properties and other properties which are a function of time are not taken into 

account during the study. We adopt the mechanical properties of Sylgard 184, 

which is a silicon base of PDMS elastomer from Dow Corning. The detailed 

properties are shown in Figure 7.1.  
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Figure 7.1: The top plot illustrates tensile stress-strain curves for the curing 

process at 25 °C, 50 °C, 125 °C, 150 °C, 200 °C. The bottom plot demonstrates 

the propagation of proposed temperature by heating during different tests 

[505]. 
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Using the Finite Element Analysis (FEA) and Computer Aided Design 

(CAD), we design and simulate the surface morphologies under different 

conditions at the top layer of thin film. The analysis only contains elastic 

properties, such as density, in the mechanical property and general property 

sections. As a hyper elastic material, the stress-strain diagram of PDMS is 

nonlinear. Therefore, mechanical elastic properties of PDMS do not obey 

Hooke’s Law, which is written as follow: 

𝑈 =
1

2
𝐸𝜀1

2                       Equation 7.1 

𝜀1 =
𝐹

𝐸𝐴
                            Equation 7.2 

𝑈  is strain energy density of linear elastic materials; 𝐸  is Young’s 

Modulus; 𝜀1is principal strain with applied stress; 𝐹 is compressive or tensile 

force; 𝐴 is cross-sectional area.  

Hence, a particular method for calculating the potential strain energy 

should be applied. In addition, for non-linear property of material, experiment 

data cannot be utilized directly in ABAQUS until it is converted into recognized 

parameters with a particular algorithm. There are many potential strain energy 

algorithm models for hyper elastic material, because PDMS is a rubber-like 

material. 3 energy models are most often utilized for rubber-like materials, 

which are Neo-Hookean, Mooney-Rivlin and Ogden. The Neo-Hookean Model 

is appropriate for PDMS, and the density of potential strain energy is as follow: 

𝑈 = 𝐶1(𝐼1̅ − 3) +
1

𝐷1
(𝐽𝑒𝑙 − 1)2                Equation 7.3 
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𝑈 is strain energy density, the strain energy per unit of reference volume; 

𝐶1 and 𝐷1 are relative parameters of elastic modulus as defined below: 

µ0 = 2𝐶1                             Equation 7.4 

𝐾0 =
2

𝐷1
                                Equation 7.5 

µ0  is the tangent modulus which is equal to 
𝐸

2(1+𝑣)
; 𝐾0  is the bulk 

modulus which is equal to  
𝐸

3(1−2𝑣)
 ;  is the elastic modulus and  is the 

Poisson’s Ratio. 

𝐼1̅ is first deviatoric strain invariant of the left Cauchy-Green 

deformation tensor defined as: 

𝐼1̅ = �̅�1
2 + �̅�2

2 + �̅�3
2                         Equation 7.6 

Where the deviatoric stretches �̅�𝑖 = 𝐽−
1

3𝜆𝑖; 𝐽 is the total volume ratio and 

𝜆𝑖 are principal stretches; 𝐽𝑒𝑙  is the elastic volume ratio with “Thermal 

expansion” [506]. 

However, due to property of incompressible material (PDMS), which 

means that Poisson’s Ratio is 0.5 in ideal circumstances, following 
𝐸

3(1−2𝑣)
, 

magnitude of bulk modulus will be close to 0.  

As shown in the literature review, there is a specific wrinkling model 

that is marked for significant parameters of wrinkle, with wrinkling which 

contains constant uniaxial compression and appropriate substrate. Assuming 

no delamination for the model, the pattern on the surface of the entire buckling 

mode is an almost sinusoidal curve and indicates the wavelength 𝜆, amplitude 

E 
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𝐴  of the curve, within a small range of deformation. Furthermore, the 

significant parameters are critical strain  𝜀𝐶 , elastic modulus of substrate �̅�𝑓 

and top layer �̅�𝑠. With an incompressible specimen, which means that Poisson 

ratio v  is equal to 0.5, the relation between �̅�𝑓 and elastic modulus of material 

𝐸 can be obtained [507]. 

Wavelength: 𝜆 = 2𝜋ℎ(
�̅�𝑓

3�̅�𝑠
)

1

3                                     Equation 7.7 

Amplitude: 𝐴 = ℎ(
𝜀

𝜀𝑐
− 1)

1

2                                      Equation 7.8 

Critical strain: 𝜀𝑐 =
1

4
(

3�̅�𝑠

�̅�𝑓
)

2

3                                     Equation 7.9 

Relation with tow modulus: �̅�𝑠 =
𝐸

(1−𝑣2)
               Equation 7.10 

In our simulation based on ABAQUS, which is a numerical method for 

simulating the wrinkling, appropriate and specific data should be inputted in 

the software which contains material properties, features of the particular 

model, constraint for demand, etc. The first aim is to analyse wrinkling of a 

bilayer thin film without any pattern. The top surface, which is PDMS is plasma 

treated and bottom is substrate which is only comprised of PDMS without any 

treatment. There are two different material properties in the entire model.  

In the module of part design, Figure 7.2 illustrates the side view of the 

bilayer structure without pattern on the surface. With plasma treatment, the 

stiffness of the top surface is converted into an extremely high level, but the 

stiffness gradually decreases as depth increases. Stiffness follows the gradient 

distribution in depth direction, and it is difficult to draw a fixed dividing line 
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between the thin film and substrate. In simulation, the homogeneous part 

should be used, and a fixed dividing line must be used. Thus, the average 

thickness of a surface layer which has the maximum stiffness will be applied. 

Thickness 𝑇𝑓 of thin film which is treated by plasma is between 20nm (0.02 

μm) and 100nm (0.1 μm). In general, thickness  𝑇𝑠  of substrate is about 50 to 

200 times greater than thin film. In addition, it is conditional upon the 

theoretical amplitude and applied strain, which means that the thickness of 

substrate must be larger than the theoretical amplitude. Moreover, when the 

applied strain is increased, the wrinkling will be turned into a different type of 

phenomenon. In simulation, for holistic mesh quality and quantity, the 

recommended thickness  𝑇𝑠 is 100 times greater than thin film.  

 

Figure 7.2: The side view of the bi-layer design with geometrical definition. 

 

The 3D deformation model in Abaqus is utilized for obtaining 

concretely visual phenomenon. However, with consideration of precision and 

computational efficiency, the type of model will be converted into another 

equivalent model and will depend on the practical results in the simulation 
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process. In simulation, for material properties of substrate, the experiment 

data, which is obtained through uniaxial tensile test, is used for the Neo-

Hookean Model. In addition, the significant parameters of material property, 

the tangent modulus, bulk modulus, etc., will be extracted from the method. 

For material properties of the top thin film with plasma treatment, the elastic 

property is defined as linear and elastic modulus is much greater than 

substrate. In addition, owing to mineralization, the range of Poisson’s Ratio of 

thin film is between 0.3 and 0.35 in general. 

The boundary conditions include the constraint between thin film and 

substrate, displacement load condition, which is symmetric compressive load, 

and constraint for degree of freedom at the bottom of substrate. The 

displacement load is able to show the precise applied strain directly. For both 

no pattern thin film and pattern thin film, the range of applied strain ε is 1% to 

60%, moreover, some typical strain is applied, such as 5%, 10%, 15%, 20%, 

30%, 40%, 50% and 60%. Nevertheless, restricted to computational efficiency 

and limitation of software for mesh quality and quantity, the analysis might be 

interrupted. Forasmuch as the excessive distortions of element are caused by 

large deformation, the applied strain might be decreased depending on actual 

analysis process. 

According to the actual process, the core segment, specific analysers for 

simulation, contain two descriptions in ABAQUS, the standard/implicit 

analyser and the explicit analyser. The implicit analyser is based on the 

Newmark-beta method which is a method used for static analysis. Therefore, 

the non-linear analysis in implicit analyser will not be included in the section 
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about timescale. Moreover, the solution is worked out by the stiffness matrix 

of non-linear static equilibrium equations. Nevertheless, owing to iterations 

and convergence in the stiffness matrix, the convergence result may not be 

founded in the implicit analyser, especially for large deformation in which the 

compressive strain is more than approximately 5% in PDMS analysis. 

Consequently, the explicit analyser is based on time-scale dynamic analysis 

and there is no stiffness matrix in the calculation process. The process contains 

more varieties of parameters, for instance, a time period for each load step, a 

relationship between time and amplitude of specific load defined as demand, 

etc. The time period will be increased on account of precision. If a load in a 

step is defined in a time period which has insufficient numbers of increments, 

the magnitude of each increment would be very large so that would cause the 

distortion problem. In general, time for the similarly precise result which is 

worked out by the explicit analyser is greater than that worked out by the 

implicit analyser. However, the explicit analyser without iteration and 

convergence is specialized in large deformation problems which cannot be 

calculated by the implicit analyser. 

For the mesh module in simulation, a hybrid formulation of element 

type is applied on substrate, which is comprised of the hyper elastic material, 

PDMS. The elements of the top layer treated by plasma do not need to use the 

hybrid formulation. Because of the accuracy of wrinkling analysis, the element 

shape must be hex or hex- dominated. The holistic mesh control technique for 

no pattern thin film and substrate should be defined as structure strategy. 

Moreover, for pattern on a surface, it should be swept with a medial axis 
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algorithm. The density of seeds for meshing the model requires the data to be 

calculated from an analytical method. The length on the aspect of compression 

direction for each element must be less than the theoretical value which is 

obtained by calculation. In addition, for patterns on surface, the number of 

seeds in the edge of patterns should be appropriate throughout the attempts in 

order to ensure the quality of most of the elements and regular alignment for 

holistic array. This is because the shape of patterns and aspect ratio of each 

pattern will make the model complicated in structure and cause excessive 

distortion of elements. 

In the post-processing of analysis, the output field should contain a 

contour of deformation and distribution of stress, and the stress contour needs 

to be distinguished by different colours. The number of frames in the output 

field should be set to 50 to 100, these frames illustrate the morphological 

feature due to applied strain in the process of increasing the displacement load. 

Figure 7.3 illustrates the simulation results for wrinkling. The 

parameters of the model contain length L=100 μm, width W=100 μm, 

thickness 𝑇𝑓 =0.1 μm and 𝑇𝑠 =5 μm. The contour profile of the surface is shown 

as approximately a sinusoidal curve. Stress on the two edges which were under 

the loads is highest. Then, the trough of the sinusoidal curve is the second 

highest area for stress. The theoretical result is that the wavelength 𝜆 is equal 

to 6 μm and amplitude 𝐴 is equal to 0.4151 μm. Utilizing the numerical method, 

and observing the contour of simulation with measurement, the actual result 
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𝜆0 is equal to 5.7145 μm and amplitude 𝐴0 is equal to 0.4653 μm. In addition, 

all results and basic parameters are summarized in the Table 7.1 as below. 

 

Figure 7.3: The simulation result for wrinkling on the bilayer. 

 

As illustrated by Figure 7.4, the wrinkling is presented in 2D model. 

The initial 2D model is extracted from the 3D model, generated from the cross 

section of front view of the 3D model. The morphological feature of the thin 

film is clear, and the profile approximately follows the sinusoidal curve. The 

elastic modulus of the thin film with plasma treatment is 𝐸𝑓 =1225 Mpa. 
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Figure 7.4: The cross-section view of the simulated wrinkle with the implicit 

analyser. 

 

Moreover, the sinusoidal curve is gradually generated, and the 

distribution gradually becomes homogeneous from two sides to the centre of 

the model. There is no Width in 2D analysis. The theoretical result wavelength 

𝜆 is equal to 6 μm and the amplitude 𝐴 is equal to 0.4151 μm. Utilizing the 

numerical method, in the visual post-processing of the simulation, the actual 

result 𝜆0 is equal to 5.71898 μm and amplitude 𝐴0 is equal to 0.4715 μm. All 

results and parameters are summarized in the Table 7.1. 

 

Table 7.1: Data collection for simulated wrinkle with the implicit analyser. 

Applied 
strain 

(ε) 

Basic parameters of model Analytical method Numerical method 

Thickness 
(𝑻𝒇) 

Thickness 
(𝑻𝒔) 

Length 
(L) 

Wavelength 
(𝝀) 

Amplitude 
(𝑨) 

Wavelength 
(𝝀𝟎) 

Amplitude 
(𝑨𝟎) 

5 % 0.1 μm 5 μm 100 μm 6 μm 0.4151 μm 5.7189 μm 0.4715 μm 

 

We next applied a higher density of elements (Elastic modulus of thin 

film with plasma treatment 𝐸𝑓 =22466Mpa) as utilized in other 2D simulations. 

Figure 7.5 illustrates the wrinkling at higher compression in 2D view.  
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Figure 7.5: Illustrates the deformation of the model at an applied strain a) 

8%, b) 20% with implicit analyser. 

 

The theoretical result wavelength 𝜆 is equal to 15.8196 μm and the amplitude 

𝐴 is equal to 1.4208 μm. Utilizing the numerical method, in the visual post-processing 

of the simulation, the actual result 𝜆0 is equal to 14.9778 μm and amplitude 𝐴0 is equal 

to 1.3032 μm. Moreover, maintaining the basic parameters of the model, Figure 7.5 

b illustrates the deformation of the model when the applied strain was increased to 

20%. 

 

Table 7.2: Data collection for simulated wrinkle at higher elements with the 
implicit analyser. 

Applied 
strain 

(ε) 

Basic parameters of model Analytical method Numerical method 

Thickness 
(𝑻𝒇) 

Thickness 
(𝑻𝒔) 

Length 
(L) 

Wavelength 
(𝝀) 

Amplitude 
(𝑨) 

Wavelength 
(𝝀𝟎) 

Amplitude 
(𝑨𝟎) 

8 % 0.1 μm 10 μm 200 μm 15.8196 μm 1.4208 μm 14.9778 μm 1.3032 μm 

20 % 0.1 μm 10 μm 200 μm 15.8196 μm 2.3998 μm 14.4130 μm 2.2345 μm 
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By reducing the length, Figure 7.6 illustrates the deformation of the 

model when the applied strain was increased to 40%. The curve on surface is 

converted to another complicated shape from the sinusoidal curve. The 

amplitude of the outboard waves decreases and those of central wave increase 

gradually, and then the position of the outboard waves move slowly to the 

centre with the increments of applied strain. The previous perpendicular lines 

of the crest of the outboard waves incline to the centre of the model and the 

profiles of the outboard waves tend to touch each other and are closed at the 

position of the trough of the central wave. 

 

Figure 7.6: The illustration of the model at an applied strain 40% with 

implicit analyser. 

 

We then perform the two-dimensional simulation of the explicit 

analyser with the elastic modulus of thin film with plasma treatment 𝐸𝑠 

=1225Mpa. The thickness of the thin film 𝑇𝑓 was reduced to 0.02 μm and the 

explicit analyser was applied for the simulation. The time period was defined 
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as 15000.  As illustrated in Figure 7.7, the distribution of the sinusoidal curve 

is similar to Figure 7.4. 

 

Figure 7.7: The cross-section view of simulated wrinkle with the explicit 

analyser. 

 

The wavelength 𝜆 and amplitude 𝐴 are reduced to 1.1998 μm and 0.1465 

μm with decreasing thickness 𝑇𝑓 . Through observing the contour, the 

wavelength 𝜆0 and amplitude 𝐴0 are 0.9951 μm and 0.1557 μm. All results are 

summarized in Table 7.3 as below. 

 

Table 7.3: Data collection for simulated wrinkle with explicit analyser. 

Applied 
strain 

(ε) 

Basic parameters of model Analytical method Numerical method 

Thickness 
(𝑻𝒇) 

Thickness 
(𝑻𝒔) 

Length 
(L) 

Wavelength 
(𝝀) 

Amplitude 
(𝑨) 

Wavelength 
(𝝀𝟎) 

Amplitude 
(𝑨𝟎) 

15 % 0.02 μm 4 μm 100 μm 1.1998 μm 0.1465 μm 0.9951 μm 0.1557 μm 

 

With the further increase of applied strain, Figure 7.8 illustrates the 

other type of buckling modes which are different from the wrinkling 

phenomenon on the thin film. The sinusoidal curve in wrinkling is converted 

into homogeneous doubling which has a particular profile. There are obvious 

gaps between each doubling. The profile of doubling is comprised of two 
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oblique and closed sinusoidal curves when they are in the wrinkling. In 

addition, the profile of each doubling is similar to the shape of the outboard 

wave in Figure 7.6 but show much more homogeneity on the overall 

distribution. As the applied strain increases to 30%, doubling is converted into 

a new buckling mode, which is defined as crease. The curved edges of doubling 

coalesce into a line. There are closed boundaries at specific intervals in the 

crease. It worth noting that the simulation through the explicit analyser will be 

more time consuming (300% time longer), therefore, we will apply the implicit 

analyser to carry on the following work. 

 

Figure 7.8: Illustrates the deformation of model at an applied strain a) 20%, 

b) 30% with explicit analyser. 

 

7.1.2 The Simulation of Wrinkling on Patterned Surface 

We also analysis the wrinkling on the surface with a micro-pattern. 

Through the analysis, the contour in post-processing can demonstrate the 
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effect of in-plane stress and stress-induced which appear owing to the pattern 

array on wrinkling. As shown in the Figure 7.9, the basic pattern is a circle. 

The proportion of diameter 𝑑0 of each circle to the distance of each centre of 

circle 𝑑 is defined as aspect ratio 𝛼, shown as   𝛼 = 𝑑0: 𝑑. 

 

Figure 7.9: The design and geometrical definition for a patterned surface. 

 

In addition, the circular blind hole will occur throughout the entire thin 

film and penetrate into the substrate. Adequate depth of the blind hole is 

essential to observe obvious features of wrinkling with in-plane stress. In 

simulation, with consideration of mesh quantity and quality, appropriate 

depth is approximately half the diameter of circle. The Aspect Ratio and 

applied strain are independent variables in analysis. Different values of these 

variables can affect the nature of in-plane stress in wrinkling. The 

morphological features of specimens have already been observed from 

experiments with SEM, and this will be illustrated as distribution of in-plane 
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stress by post-processing. Moreover, for adaption of the particular size of the 

pattern, the width, length and thickness of substrate might be changed, which 

means the magnitude is different from the no pattern model. However, the 

thickness of thin film will not  

 be changed.  

We first simulate the wrinkle formation on a patterned surface with a 

single hole (data set shown in Table 7.4). Figure 7.10 illustrates that the 

strain energy localized area 10 of the highest stress is located in the two troughs 

of wave. 

 

Table 7.4: Data setting for simulating wrinkle on a patterned surface with a 
single hole through the explicit analyser. 

 

Applied 
strain 

(ε) 

Basic parameters of model 

Thickness 
(𝑻𝒇) 

Thickness 
(𝑻𝒔) 

Length 
(L) 

Width 
(W) 

Depth 
of 

pattern 
(𝒉) 

Diameter 
(𝒅𝟎) 

Elastic 
modulus 

(𝑬𝒇) 

Aspect 
ratio 
(α) 

6.26% 0.1 µm 10 µm 200 µm 200 
µm 

5 µm 40 µm 4136 Mpa 1:5 
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Figure 7.10: The simulation result for a patterned surface with a single hole 

with the implicit analyser. 

 

The white arrow symbolizes the highest strain energy localization at two 

sides of the circle pattern at the original state and the red arrows represent the 

strain transporting areas around the hole. With the applied strain gradually 

increasing, the energy localization is symmetrically distributed in the annular 

regions located in a direction which is perpendicular to compressive direction.      

 We perform the simulation on the wrinkle formation on a patterned 

surface (Figure 7.11) with four holes (data set shown in Table 7.5). Figure 

7.11 illustrates that the distribution of in-plane stress and the profile of 

wrinkling are similar to the no pattern thin film in Figure 7.3. The waves of 

wrinkling cross over the circle and circle patterns are compressed into ellipse. 

The area of Highest stress is located in the trough of the central wave and the 
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crest of the wave on the circle patterns. There are also small areas around four 

patterns subject to the second highest stress.  

 

Table 7.5: Data setting for simulating wrinkle on a patterned surface with the 
explicit analyser. 

 

Applied 
strain 

(ε) 

Basic parameters of model 

Thickness 
(𝑻𝒇) 

Thickness 
(𝑻𝒔) 

Length 
(L) 

Width 
(W) 

Depth 
of 

pattern 
(𝒉) 

Diameter 
(𝒅𝟎) 

Elastic 
modulus 

(𝑬𝒇) 

Aspect 
ratio 
(α) 

20% 0.1 µm 10 µm 100 µm 100 
µm 

5 µm 10 µm 22466 
Mpa 

1:5 

 

 

Figure 7.11: The simulation result for a patterned surface with four holes with 

the implicit analyser. 
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In Figure 7.12, four figures demonstrate four typical states which 

follow the applied strain sequence in the compressive process. The in-plane 

stress increases from area 2 of the cross shape where the cross shape is based 

on the centre of thin film and the four centre of circle pattern (Figure 7.12 a). 

The lower stress area is symmetrically arranged at both sides which is shown 

as elliptical area 1 of the centre line of the circle pattern in a compressive 

direction. In addition, the three relative magnitude of stress areas are 

represented as the sequence of green, pale blue and dark blue; green is the 

highest and pale blue is lowest. With an increasing load, the holistic in-plane 

stress increase. However, the relative in-plane stress follows the distribution 

in Figure 7.12 b. The stress in area 3 and area 4, which is located on the 

central ellipse area of two circle pattern is lower than other areas. The area 4 

has the tendency of vertical elongation and is converted into a similar shape as 

in Figure 7.12 a. With an increasing load, the shape is similar to that shown 

as Figure 7.12 c. However, in Figure 7.12 d, the distribution of relative in-

plane stress is different from the previous figures. The area of higher stress is 

located on the area 5 where the cross areas based on the circle patterns are 

combined with strip areas on two sides and turn into a complicated shape. 
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Figure 7.12: The simulation result for a patterned surface with the implicit 

analyser to show four typical states which follow the applied strain sequence 

in the compressive process, a) 2 %; b) 4%; c) 6%; d) 8%. 

 

7.2 Summary 

From Section 7.1.1, there are substantial differences between the 

implicit analyser and the explicit analyser. In the applications of the implicit 

analyser shown previously, the highest applied strain is 40%. However, there 

is only wrinkling with no buckling phenomenon. In order to simulate other 

modes of buckling, utilizing the analytical method of wrinkling, three effective 

ways to simulate another phenomenon can be used. These are reducing the 



183 
 

thickness of thin film, decreasing the value of elastic modulus and increasing 

applied strain correspondingly.  

Nevertheless, in the simulation of the implicit analyser the convergence 

problem causes excessive distortions of elements which means the result of the 

further applied stain cannot be obtained. Therefore, the explicit analyser is 

utilized which means the time of calculation only depends on the time period 

and amount of elements. The results of the explicit analyser are demonstrated 

in Section 7.1.1. The elastic modulus of thin film is redefined as 1225 Mpa; 

the thickness of thin film is 0.02 µm; the applied strain is 15 %. The difference 

of wavelength and amplitude between the analytical results and the numerical 

results are 

|𝜆−𝜆0|

𝜆0
∗ 100% =

|1.1998 𝜇𝑚−0.9951 𝜇𝑚|

1.1998 𝜇𝑚
∗ 100% = 17.1%  

and  

|𝐴−𝐴0|

𝐴0
∗ 100% =

|0.1465 𝜇𝑚−0.1557 𝜇𝑚|

0.1465 𝜇𝑚
∗ 100% = 6.28%. 

Through the difference of Amplitude, the result of the explicit analyser 

has sufficient accuracy, with limitations. However, the difference in 

wavelength is unusual because the simulation is probably the period of 

transition between wrinkling and doubling. However, the explicit analyser 

normally takes 300% time of that with the implicit analyser. Considering our 

focus on wrinkling (normally under 40 % strain), we apply the implicit 

analyser to the simulate patterned surface. 
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For the patterned surface with a single hole, we aimed to look into the 

feasibility, improve the precision and save the capacity of the computer. The 

model can be optimized through local pattern simulation, such as a one-hole 

pattern. From Figure 7.10, the distributions of in-plane stress for load 

process and final result are clear and symmetric. When the applied strain 

increases, waves of wrinkling firstly occur at two sides of the pattern and 

maintain a certain slope in the direction that is perpendicular to the 

compressive direction.  The above simulation agrees well with our previous 

reported phenomenon [252]. The simulation on wrinkle formation on the 

surface with multiple holes (hole array) clearly shows the progression of strain 

energy concentration. Figure 7.11 illustrates that the highest stress is 

distributed in the position where the wave and pattern overlap. Since 

localization of strain energy is subjected to the influence of pattern array and 

wrinkling, it is turned into the waviness at two sides of each pattern. However, 

the stress distribution on troughs and crests of waves is not homogeneous in 

the direction which is perpendicular to the compressive direction. 
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Chapter 8  

Conclusion and Future Work 

8.1 Conclusion 

Additive manufacturing (AM) has been considered as an important 

steering technology that can realize this vision of future manufacturing in the 

engineering sectors, including automotive, energy, aerospace, civil, healthcare 

and biomedical.  AM re-innovate the manufacturing concept by offering more 

freedom of design, higher level customization, more capacity with 

multimaterial fabrication, good flexibility to facilitate complex geometry, and 

mass customization at reasonable cost. While the paradigm of AM assisted 

manufacturing technique was poised to transformative bio-medical and 

healthcare areas at the very beginning, this transition from lab to fab is highly 

dependent on the advances in the materials and advancement of AM 

technologies as well as improved methods for digital design. There is a 

tremendous potential for applying AM technologies in the design of 

personalized and precise healthcare/medical devices to improve the 

experience of patient during treatment, to perform/deliver therapeutics more 

efficiently. Combination of AM with bio-inspired digital design is a critical 

enabling approach for the rapid and versatile fabrication of customized 

structure/device, to achieve unique structure-property relationship.  
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This PhD project aimed to explore and understand the manufacturing 

engineering of bio-inspired structure, especially through an additive 

manufacturing route. I investigated the manufacturing of soft material system 

first (Chapter 4) by studying how to achieve a functional polymer surface via a 

highly efficient FIB based fabricating strategy, which has control over the 

surface roughness. I extended the precision manufacturing approach and the 

nanofabrication on dedicated structure. The combined materials study 

included how to fabricate the composites and how to prepare the conductive 

materials and surface. Various factors influenced in the FIB process on soft 

surface, such as milling voltage, temperature, beam overlap, and mechanical 

stability of soft samples. I focus on studying the impact from the conductivity, 

based on the polystyrene-based material system. Minor chemical changes were 

induced in the coal samples during FIB-SEM preparation, and little effect was 

observed by changing ion-beam parameters. The key development was the 

polymer positive diffusion effect (PDE) for an ion-bombarded polymeric 

hybrid surface through FIB technology. The conductivity induced PDE 

constant was discussed as functions of substrates conductivity, ion energy and 

flux. The theoretical results agreed well with the experiential results on the 

conductivity induced PDE, and thus yield good control over roughness and 

patterning milling depth on the fabricated surface. A demonstration was made 

with a controllable surface wettability in hydrophobic and superhydrophobic 

surfaces (contact angles (CA) range from 108.3° to 150.8°) with different CA 

hysteresis values ranging from 31.4° to 8.3°. 



187 
 

Hierarchical instabilities are expected to have many applications such 

adhesion enhancement, wetting control with super hydrophobic/hydrophilic 

surfaces including anti-biofouling. The post-buckling evolution and the 

directional transformation among them have been considered as useful means 

to offer a transition of energy. Regarding to different hierarchical 

morphologies, it is essential to guide formation of surface pattern, to lead a 

higher control of structure morphing. Throughout this research work, the 

responsive soft material system such as stimuli-responsive gel, play a critical 

role to realize the bio-inspired structure/device. I developed programmable 

shape morphing of a three-dimensional (3D) curved gel structure (Chapter 5) 

by harnessing multimode mechanical instabilities during free swelling. The 3D 

printing mould was used to achieve the gel structure in the desired shape. First 

of all, the coupling of buckling and creasing occurred at the dedicated region 

of the gel structure. The subsequent developments of post-buckling 

morphologies and crease patterns collaboratively driven the structural 

transformation of the gel part from the “open” state to the “closed” state, thus 

realizing the function of gripping. By utilizing the multi-stimuli-responsive 

nature of the hydrogel, the swollen gel structure can recover to its initial state, 

enabling reproducible and cyclic shape evolution. The described soft gel 

structure capable of shape transformation brings a variety of advantages, such 

as easy to fabricate, large strain transformation, efficient actuation, and high 

strength-to-weight ratio, and is anticipated to provide guidance for future 

applications in soft robotics, flexible electronics, offshore engineering, and 

healthcare products. 
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From the application perspective, the research scope has also been 

extended to create a focal-length tuneable intra-ocular lens (IOL) device has 

been realized by a standard-shaped, homogeneous “one material” system. 

Different to existing technologies, this poly(N-isopropylacrylamide) gel (PAM) 

based polyelectrolyte system doesn’t require any additional materials (e.g., 

metal electrodes, movable mechanical structures) to achieve a controllable 

lens shape transformation for the focal-length shifting actuation. We utilize 

buckled hydrogel as a dynamic platform to shift the focal length and 

demonstrated that using temperature as a stimulus to tune the different strain 

states and amplitudes, and cultured cells to test the bio-compatibility. The 

designed morphological deformation mechanism employed ionic-strength 

responsive mechanical buckling via controlled swelling of PAM in phosphate 

buffered saline (PBS) with similar concentration to human eye liquid. The 

biosafety of PAM was first evaluated in vitro using human lens epithelial cells 

(LECs) and the ARPE19 cell line, this unique approach will unlock great 

potential in a wide range of smart ocular applications. Compared to the current 

commercially available IOL devices, our design enables the in-situ control of 

bio focal length while programmable mechanical deformations are applied, 

thus introduces a versatile tool.  

From the theoretical aspect, the simulation and analyse of deformation 

of soft elastic bilayer, by considering Neo-Hookean model and the hyper elastic 

behaviour of material. I have scoped literatures to obtain the specific 

parameters of the analysis, such as the hyper elastic material properties. 

Moreover, the essential theories will be obtained from literatures and to be 
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guided by the prospects or conjectures of literatures. I designed thin film 

models with suitable size and physical attributes. Different models were 

simulated on the FEA software separately. I combined finite element method 

and hybrid computational techniques for multi-scale analysis. Different 

analysis results of different patterns on the top layer have been indicated and 

compared through the visualization plot. The comparison of analysis 

illustrated a conclusion of the wrinkling model on elastic surface with and 

without patterns. However, more efforts are still needed to develop reliable 

numerical methods to resolve 2D or 3D calculations depending on the specific 

design, which require large element number and calculate time, of detecting 

bifurcation of equilibrium configuration of potential with multiple quasi- 

convexities, of simulating dynamics formation of elastic instabilities and the 

associated global shape transformation/motion.  

Throughout my 3D printing practice with many designs, I have 

managed to create numerous designs even at micro scale level to realise the 

advanced properties. A systematic solution for a digitally driven 3D printing 

and direct write technologies will allow complexity and versatile control on the 

manufacturing, which need be facilitated. When applying the 3D printed 

mould with responsive materials, such as hydrogels, we can facilitate the 

desired prototyping with extra rooms to adjust the design. I envision a strategy 

where these technologies and processes are integrated into the numerical 

workflow to realize the unique product, where our multidisciplinary team 

members who collaborate from the point of diagnosis and therapeutic to testify 

the application. Despite the encouraging future for AM assisted fabrication of 
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bio-inspired structure, many future challenges and research opportunities 

remain prior to broad implementation of this paradigm.  

8.2 Future Work 

A major challenge in the scale up manufacturing and implementation 

of bio-inspired personalized products is the balance between unique structure-

property relationship with customization and broad utility. The development 

of precision bio-inspired structure with AM assisted manufacturing route for 

ultimate customization, can introduce additional steps and cost in the design 

and processing. While the innovation on producing a specific material to fit the 

application are advancing rapidly, the cost–benefit balance still remains 

unclear. From this perspective, the approach to reduce the cost for precision 

manufacturing appears more feasible. 

During my attempt to explore the precision manufacturing on the 

surface of cost-effective polymer (compared to other candidates), there are 

some technical barriers to be overcame. It must be noted that the ion 

bombardment on macromolecular system is far more complicated than the 

silicon one. It would be very interesting to look into the ion sputtering on a 

conductive polymer (composites) surface with conductivity and thermal 

induced PDEs, and more substrate related factors as the molecular chain 

movements, polymer degradation, etc., in future work. As the soft materials 

typically have low thermal conductivities compared to metals or 

semiconductors (0.5 W/mK - 1 W/mK for polymers and 100 W/mK for Si) and 
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making them more susceptible to beam-induced heating and even melting. 

Therefore, beam-induced heating is expected to play a critical role in the 

potential alteration of functional chemistry, which should be put in the future 

work. Soft materials are typically amorphous and also undergo beam damage 

during evaluation in the TEM, so the surface damage is harder to assess. I also 

need seek a way to capture the knock-on damage for the surface. Radiolysis 

damage in soft materials may result in a change in appearance and the 

preferential destruction or creation of organic functional groups. Such 

preferential destruction or creation of surface chemical bond will lead to a thin 

layer of damaged material on the surface which might also cause the concern 

for surface polish.  

Many research opportunities emerge in the field of material science 

towards the AM assisted advanced manufacturing of bio-inspired structure. 

Among the rich set of technologies, materials, and digital design for the AM 

process, cross-disciplinary research will always be wanted to advance the 

development in these domains. New materials technologies with suitable 

mechanical and biochemical properties are particularly needed on a time scale 

with a special emphasis on those that can be integrated into AM technologies 

by providing suitable bio-integration. In my development of gel based 

morphing structure, the experimental mechanics work has lots of potentials to 

be re-developed, the primary one is to change the design to spherical shell, as 

this would change the stress state by introducing another curvature. The 

detailed equilibrium wavelength/initial film thickness ratio increases as the 

film thickness needs be further justified. Hysteresis of instabilities should be 
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investigated with dependence on the initial gel volume fraction. The mechanics 

study would be very promising to deliver something interesting for the 

formation of wrinkles or creases in a curved bilayer. A diagram of the 

formation of wrinkles, creases in a curved bilayer, should incubate new types 

of bifurcation behaviour when the moduli and the thicknesses of the film and 

substrate are designed. Also, the robotic gripper can be re-designed with 

different structure, may be incorporate the origami design. And simulation of 

gripper needs be developed to characterize its behaviours and functions. It will 

be interesting to see the change of formulation of gel, by adding more stimuli 

responsive components. Dedicated control is highly desired to enable the ideal 

grasping speed of the gripper or maintain a release or grasping state.  

The bioinspired materials/structures community is rapidly developing 

a more robust understanding of how to design materials with desired 

structure-property relationship. The IOL work could be continued to study the 

effect of how a swelling response due to an external stimulus alters light when 

emitted through a gel lens. The repeatability could be investigated to see if the 

light behaves in the same manner when the gel is swelled for a second time due 

to a repeated stimulus such as change in temperature or an applied electric 

field. Additionally, the transmittance of light could be measured to ascertain if 

the degree of swelling affects light transmittance. Alternate sizes of cylinders 

could be fabricated to establish the correlation between gel size, swelling ratio 

and time to equilibrate for a particular gel composition. The hydrogel could be 

characterised further by looking at the effects of the cross-linker and content 

of the initiators. The bio-safety assessment could be expanded by carrying 
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experiments in animals and to see the long-term effect. Throughout, close 

interactions with medical practitioners will be helpful to understand the 

clinical demands and where the current limitations are. Finally, in the 

biological experiments, coresearchers reported that IOLs are fragile, so how to 

optimize the formulation and improve the strength of hydrogel is also a good 

topic to be further studied.  Other physical cues will be considered together 

enable independent tuning of gel modulus, geometry, strain amplitude, strain 

states, as well as strain rates, in a high throughput way, providing a versatile 

platform to design IOL. New experimental techniques are still needed to 

characterize the optical manipulation under bio-environment. The control of 

optical focus under confinement, dynamic loading, combined with anisotropic 

and different supporting structure is still waiting to be explored. 

The theoretical studies can be extended to see the wrinkle formation 

and evolution on surface with more complicate patterns. Additional numerical 

ways might be needed to study these instabilities, i.e., static force-

displacement method and pseudo-dynamic loading-unloading method, both 

of which allow us to find all the stable equilibrium solutions to the boundary 

value problem under different given strains, including the flat, wrinkle and 

ridge states. Some different geometries could be introduced, and the lateral 

coordination of strain energy could be very interesting. A major opportunity 

exists in applying advances in machine learning to improve the design of 

personalized materials and smart behaviour, by using machine learning to 

assist in the optimization of the structure, materials, and print path for the AM 

of bio-inspired devices. Machine learning is already implemented in a variety 
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of applications. There will be a need to envision the databases of images for 

bio-inspired structure and the corresponding materials that inform the design 

of future parts. The ability to harness these data sets for the design of 

instabilities will be critical to its successful implementation.  

Manufacturing in bio-inspired soft structures is an emerging field. 

Addressing the above challenges and opportunities will need cross-disciplinary 

teams that transform the way we design and implement bio-inspired materials 

and structures. AM assisted manufacturing bio-inspired materials goes far 

beyond the view of using AM as prototyping technique, indeed it has the 

potential to transform the way healthcare design and frontier engineering 

applications, to improve diagnostics, as well as customized tools and 

electronics/robotic devices. It is hoped that this thesis provides an approach to 

combine advanced manufacturing method with active materials and surface of 

the different types of instability morphologies and contributes to the new 

applications in the healthcare and bio-medical sectors.
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ABSTRACT 

This paper demonstrates a unique way of creating 
heterogeneous layered structures of soft functional 
materials for advanced transducer applications. Hydrogel 
droplets with different composites were patterned by a 
“two-parallel plate” configuration used in microfluidics 
applications. Resulted heterogeneous layered structures of 
hydrogel were created, generating reconfigurable 3D (3-
dimensional) deformation responding to discrete levels of 
stimulation inputs. 
 
KEYWORDS 

Heterogeneous hydrogel, droplet microfluidics, 
responsive swelling, flexible sensors, surface wettability 
 
INTRODUCTION 

Morphing soft materials responding to external 
stimulation (e.g. electrical, mechanical and chemical) have 
promising applications in various fields, such as flexible 
electronics, biomedical transducers and soft robotics. One 
of the desirable developments is to make the self-shaping 
process controllable and programmable, at least for 
specific configurations.  

Wang et al. [1] has demonstrated 3D shape control 
through planar (flat) patterned, homogeneous swell-able 
hydrogels. “Pre-designed” complex deformations were 
demonstrated by the periodically patterned hydrogel blocks 
made from multi-step lithographically. The shape 
morphing was then generated due to elastic mismatch 
between non-swelling substrate and swelling gel blocks [1, 
2].  Holed “swelling masks” were employed to control the 
swelling directions, in order to re-configure the 
deformation patterns [1].  

Whilst patterned homogenous layered structures can 
provide “pre-designed” 3D shapes, the post-swelling 
configurations are fixed in [1, 2]. For reconfigurable 
morphing structures which dynamically change shapes 
responding to stimulation, heterogenous structures are 
desired. 

Uniform heterogenous bio-content deposition was 
achieved previously by droplet microfluidics utilizing 
surface wettability (hydrophobic/philic patterns) [3]. More 
recently, using droplet microfluidics to control the 
formation of encoded multifunctional, and heterogeneous 
hydrogel building blocks have been exploited to form 
complex hydrogel architectures, inspired by natural bio-
structures [4, 5].  

In such cases [1, 4], two parallel plates with millimeter 
to sub-millimeter gap in-between (similar to a Hele-Shaw 
Cell) were introduced to help achieve a uniformly thin 
deposited layer.   

Combining the latest development in smart hydrogel 
patterning, and the hydrogel-based 3D morphing 
technology brings the great potential of next generation re-
configurable, stimuli-responsive, morphing soft 
transducers. 

 
METHODOLOGY 

The state of the art of this work are demonstrated from 
the following two aspects: 

• Heterogeneous hydrogel blocks patterned and 
layered by controlled surface wetting at hydrophobic and 
hydrophilic boundaries (figure 1).  The layer thickness and 
uniformity are ensured and controlled by droplet volume 
and the gap between the two parallel plates shown in figure 
1.  

• Reconfigurable 3D morphing response to the 
stimulation inputs such as changing ionic concentration 
and temperature of the solution this hydrogel structure is 
immersed in.  

 

 
Figure 1:  Schematic view of the heterogenous hydrogel 
structure patterned by hydrophobic/philic surface. 

 
The hydrogel used are Poly(Acrylamide-Sodium 

Acrylate), created from poly-acrylamide (PAAm) network 
with Sodium Acrylate (SA) which contains free positive 
sodium ions.  N,N’-Methylenebisacrylamide (BisAA or 
MBAA) was used as a cross linker, with N,N,N′,N′-
Tetramethylethylenediamine (TEMED) and Ammonium 
Persulfate (APS) used as initiators for the polymerization 
process.   
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Abstract: Polymer surface patterning and modification at the micro/nano scale has been discovered
with great impact in applications such as microfluidics and biomedical technologies. We propose
a highly efficient fabricating strategy, to achieve a functional polymer surface, which has control
over the surface roughness. The key development in this fabrication method is the polymer positive
diffusion effect (PDE) for an ion-bombarded polymeric hybrid surface through focused ion beam
(FIB) technology. The PDE is theoretically explored by introducing a positive diffusion term into
the classic theory. The conductivity-induced PDE constant is discussed as functions of substrates
conductivity, ion energy and flux. The theoretical results agree well with the experiential results on
the conductivity-induced PDE, and thus yield good control over roughness and patterning milling
depth on the fabricated surface. Moreover, we demonstrate a controllable surface wettability in
hydrophobic and superhydrophobic surfaces (contact angles (CA) range from 108.3◦ to 150.8◦) with
different CA hysteresis values ranging from 31.4◦ to 8.3◦.

Keywords: ion beam milling; topographic surface; wetting; contact angle hysteresis

1. Introduction

Surface patterning and modification at micro-/nano-scales have been of great importance in creating
functional surfaces for a wide range of applications, such as water repelling and self-cleaning [1–4],
antifouling [5], anti-icing [6], adhesion control, and drag reduction technologies [7,8]. To create
surfaces with desired roughness and topography, some techniques have been commonly used, such
as lithography-based plasma etching and deposition, coating on top of patterned substrates, and/or
soft-lithography pattern transferring, and, more recently, creating stimuli-responsive surface cracking,
wrinkling [9–13] and other deformations on smart material surfaces [14–16].

The focused ion beam (FIB) technique has proven its efficiency in manufacturing semiconductors,
metals and metal oxides, with its unique capability for rapid prototyping and high precision [17,18].
The fundamental mechanism of FIB is that highly energetic ions driven by an electrical field knock
atoms off the material surface by electro-collision and the recoil action between the ion and target
material surface (Figure 1). For ion-milled surfaces, the morphological evolution can cause kinetic
roughness, which has attracted increasing research interest in recent decades [19–21]. However,
limited attempts have been reported on the topic of FIB processing on polymeric substrates, since
the charging effect from the insulated polymer matrix significantly reduces manufacturing precision,
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Abstract: Interfacial interactions within a multi-phase polymer solution play critical roles in 
processing control and mass transportation in chemical engineering. However, the understandings 
of these roles remain unexplored due to the complexity of the system. In this study, we used an 
efficient analytical method—a nonequilibrium molecular dynamics (NEMD) simulation—to unveil 
the molecular interactions and rheology of a multiphase solution containing cetyltrimethyl 
ammonium chloride (CTAC), polyacrylamide (PAM), and sodium salicylate (NaSal). The associated 
macroscopic rheological characteristics and shear viscosity of the polymer/surfactant solution were 
investigated, where the computational results agreed well with the experimental data. The relation 
between the characteristic time and shear rate was consistent with the power law. By simulating the 
shear viscosity of the polymer/surfactant solution, we found that the phase transition of micelles 
within the mixture led to a non-monotonic increase in the viscosity of the mixed solution with the 
increase in concentration of CTAC or PAM. We expect this optimized molecular dynamic approach 
to advance the current understanding on chemical–physical interactions within polymer/surfactant 
mixtures at the molecular level and enable emerging engineering solutions. 

Keywords: rheology; shear viscosity; shear rates; molecular dynamic 
 

1. Introduction 

Polymers and surfactants are essential additives that have been frequently used in petroleum 
engineering [1–4], process intensification [5], mass transportation [6], sewage systems [7], drag 
delivery [8,9], etc. Within a polymer/surfactant mixture, macromolecule chains and surfactant 
micelles can chemically/physically interact to generate unique structures/phases such as swollen 
cages, bottlebrushes, etc. [10]. Those structures can bring programmable viscosity and the reduction 
of surface tension, which can significantly influence the downstream applications in detergents, 
pharmaceuticals, and cosmetics [11]. Some studies have been performed to understand the 
mechanism for those chemically/physically interactions in mixtures without salt [12–16], however, 
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Stimuli-responsive gel impregnated surface with switchable 
lipophilic/oleophobic properties 
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Haibao Lu *a, Yong Qing Fu b and Ben Bin Xu *b

In this paper, we developed a novel morphing surface technique consisting of 3D printed miniature groove structure and 
injected stimuli-responsive hydrogel pattern,  which is capable of switching between lipophilicity and oleophobicity under 
certain stimuli. Under swelling, the geometrical change of hydrogel will buckle the surface due to the structural 
confinement and create a continuous transition of surface topology. Thus, it will yield a change on surface wetting 
property from oleophilic to super-oleophobic with a contact angle of oil of 85° to 165°. We quantitatively investigate this 
structure-property relationship using finite element analysis and analytical modeling, and the simulation results and the 
modeling are in good agreement with the experimental ones. This morphing surface also holds its potentials to be 
developed into autonomous system for future sub-sea/off-shore engineering applications to separate oil and water.

1 Introduction
Developing novel and controllable wettability approaches 
using functional surfaces has attracted significant research 
interests, with underwater super-oleophobic surfaces being 
one of the hottest areas with promising applications in micro-
fluidics, oil/water separation, marine antifouling coating, and 
self-cleaning technology.1-7 For example, Jiang’s group 
previously found an interesting phenomenon from fish, where 
its self-cleaning skin has a multi-length-scale hierarchical 
structure to enable an outstanding under water oleophobic 
property and on-demand surface wettability control, thus 
allowing fish to move freely in the oil-contaminated water.8

Aizenberg et.al developed a rough structure to lock the 
liquid to prepare a smooth liquid-infused porous surface 
(SLIPS), inspired by the structure of the pitcher plant.9 This 
surface is good at reducing the viscous force of the liquid on 
the surface and can repel all liquids. Lu et al. prepared TiO2 
particles of two different sizes and ethanolic suspension with a 
certain proportion of fluorosilicone, using spray or dip coating 
methods to adhere them to the surface with double-sided 
tape. The surface was then immersed in hexadecane to obtain 
a tough, ultra-smooth and superhydrophobic material.10 
Rykaczewski et al. made micro-pattern arrays on silicon using 
the photolithography method, then the arrays were post-
processed with octadecyltrichlorosilane hydrophobic layer, 
before infused the surface with ultra-light lubricating oil after 

adding perfluoro oil. This effectively prompts the droplet 
condensation of liquid with low surface tension.11

Bio-compatible and stimuli-responsive hydrogel materials 
can sense the environmental changes with adjustable 
responses controlled by their compositions and physical 
properties. Suo et al. demonstrated a hydrogel interferometer 
with adaptive colouration, providing a facilely tuneable way for 
broader functionalities.12 Moreover, hydrogels are consisted of 
unique hydrophilic groups, whose internal three-dimensional 
(3D) crosslinked polymer network can absorb and retain large 
amounts of water molecules, which opens up opportunities for 
interface/surface structure designs to be applied in aqueous 
environment. For example, Liu’s group used hydrogels to 
simulate fish scales’ surfaces, which can be used in underwater 
super-oleophobic surface.13,14 The conventional approach for 
oil/water separation is heavily relied on the hydrophilic nature 
of materials, e.g. using the hydrogel structures for oil/water 
separation.15-17 However, the surfaces of such structures can 
be easily contaminated by oil residues, while the fabrication 
cost is normally high.

Recently, additive manufacturing, e.g. 3D printing, have re-
invented the rapid prototyping technologies with a great 
efficiency.18 Whilst there are great application potentials, 
some technical challenges remain, such as facilitation of 
complicated geometries and printing precisions. Currently, 
researchers have applied soft functional materials together 
with structural designs for enhanced actuating/sensing.19,20 For 
example, Lewis et al fabricated strain sensors within highly 
conformal and extensible elastomeric matrices.21 Kang et al 
printed integrated structures of a hydrogel and an elastomer 
in an arbitrary sequence, which enables new soft robotics 
concepts for medicine engineering.22 Lei et al used 3D printing 
to achieve an auxetic metamaterial, which can continuously 
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drawn more significant attentions due to 
their open network structures, and ability to 
generate large changes[25,26] (therefore high 
deformation) in volume responding to var-
ious external stimulation. For example, by 
creating through-thickness,[20] in-plane gra-
dient,[27] or combining the two[28] in struc-
turing dissimilar hydrogel functional layers 
and blocks, controllable deformation such 
as bending and folding can be achieved.

The through-thickness gradient 
approach typically employs a hydrogel 
bilayer structure where the swelling 
behavior remains dissimilar across the 
thickness.[8] The differential swelling leads 
to internal stress mismatch and influence 

out-of-plane 3D morphing configurations, resulting a single con-
figuration at certain external conditions (e.g., temperature, ion 
concentration).[16] When external conditions are altered, a wider 
range of deformation magnitude and/or a reversed shape (e.g., 
bending towards opposite direction, “C” becomes “ C”) can be 
achieved, and more complicated configurations can be accom-
plished via advanced 2D shape patterning.[8,21,29] On the other 
hand, the in-plane gradient approach typically employs 2D het-
erogeneity via a single layer of patterned functional hydrogel on 
the same plane, resulting in a bistable status where the buckling 
could happen in either directions.[16] Combining the ideas from 
both through-thickness and in-plane gradient modes, through 
a controlled “preswelling” process that determines swelling 
direction, programmable complex deformations were demon-
strated by the “site-specific” patterned hydrogel blocks.[17,27] The 
resultant shape-morphing structure generated due to in-plane 
elastic mismatch between nonswelling substrate and controlled 
swellable gel blocks was more or less fixed.[17,27] Moreover, 
such an approach always requires pairs of silhouetted/holed 
“preswelling masks” to assist and orchestrate the swelling com-
mand, in order to reconfigure the deformation patterns.[16,17] 
Also, once deformed, it will be difficult/impossible to apply the 
silhouetted/holed mask again to reconfigure the shape. For the 
required bilayer system, thickness uniformity is important due 
to its role in initiating the inherent stress distribution. For homo-
geneous hydrogel single-layer structures, patterned or not, this 
can be achieved by spin coating, or molding the prepolymer 
hydrogel (pre-gel) in a “two-parallel plate” (TPP, like a Hele-Shaw 
cell) configuration, followed by gelation processes.[8,30] Inspired 
by natural biostructures, a single layer of encoded heterogeneous 
hydrogel building blocks has been exploited to form hierarchical 
complex hydrogel architectures, using droplet microfluidics 
(DMF) surface wetting control to guide the gel formation.[31]

A unique microfluidics approach for functional hydrogel patterning with mul-
tilayered heterogeneous structures is presented. Prepolymer solution droplets 
with differentiated sodium acrylate concentrations are dispensed/printed in  
a wetting-controlled “two-parallel plate” (TPP, like a Hele-Shaw Cell) system. The 
gelation within the system enables hydrogel bilayer structures with reconfigur-
able 3D deformations driven by in-plane and through-thickness heterogeneity 
under stimuli-responsive mask-less swelling/deswelling. The cooperation 
between swelling mismatch of functional groups results in a higher com-
plexity of 3D reconfiguration in responding to discrete levels of stimulation 
inputs. This facile patterning technology with an in-built ionic hierarchy can be 
scaled up/down with advanced transducing functionalities in various fields.
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1. Introduction

Inspired by nature,[1–3] morphing soft materials responding to 
external stimulation (e.g., electrical, mechanical, and chemical) 
has proven to exhibit applicability in various fields,[4–9] but not 
restricted to flexible electronics,[10,11] 4D printing,[12,13] biomedical 
transducers,[14] and soft robotics.[15,16] One of the desirable devel-
opments is to make the morphing process programmable[17–22] 
and reversible[23,24] through structured soft functional materials, 
which enable effective shape configuration design according to 
the applications. As one of the popular candidates, hydrogels have 
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Abstract
Polyampholyte (PA) hydrogels have attracted significant attention for their superior mechanical
strength and toughness compared with other conventional hydrogels. In this study, we present a
novel thermodynamic approach to understanding the mechano-chemo-electrotaxis coupling and
interfacial dynamics in PA hydrogels. Flory–Huggins theory, carried out through an interfacial
free-energy model, is the foundation for the quantitative study of the mechanically constitutive
relationship of the PA gels. The proposed free-energy model is further extended to describe the
mechano-chemo-electrotaxis switching and interfacial dynamics by co-relating the
Williams–Landel–Ferry equation and scaling laws. It was concluded that the interfacial bonding
strength is the key factor influencing the mechanical strength and reconstruction reversibility of
the PA macromolecular gel system. The resulting analytical outcomes showed good agreement
with the reported experimental data. We opine that the proposed model will guide the future
application of PA hydrogels.

Keywords: polyampholyte hydrogel, interfacial dynamics, coupling model

(Some figures may appear in colour only in the online journal)

1. Introduction

Hydrogel represents a group of important soft matter with ver-
satile features, such as bespoke biocompatibility [1], superior
biodegradability [2] and high stretchability [3]. The intrinsic
nature of lowmacromolecular concentration in hydrogels usu-
ally results in a relatively low Young’s modulus and a reason-
able elasticity [4, 5], enabling their potential for application in
biological/biomedical engineering [1, 2, 6]. On the other hand,
such low macromolecular concentration also limits the wide
range of engineering applications of these materials due to the
environmental impact on the mechanical properties, such as
brittleness, unscalability and non-adaptivity [7–12].

However, polyampholyte (PA) hydrogel has been recently
discovered to have the potential to overcome its limitations
and improve properties such as the mechanical strength,
elongation and tensile strength to 1–10 MPa, 1000% and
100–1000 J m−2, respectively [13]. The molecular structure
of PA hydrogels normally consists of strong bonds work-
ing as permanent cross-linking points and weak bonds work-
ing as reversible sacrificial bonds [12, 14]. Under mech-
anical loading, the weak bonds break first to dissipate the
mechanical energy through a reversible mechanochemical
transition [15–20], while the strong bonds serve as perman-
ent cross-linking points to dissipate the mechanical energy
through deformation. Therefore, the mechanical properties of
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ABSTRACT
For the first time, a focal-length tunable intra-ocular 

lens (IOL) device has been realized by a standard-shaped, 
homogeneous “one material” system.  Different to existing 
technologies, this poly(N-isopropylacrylamide) gel 
(PNIPAM) based polyelectrolyte system doesn’t require 
any additional materials (e.g. metal electrodes, movable 
mechanical structures) to achieve a controllable lens shape 
transformation for the focal-length shifting actuation. The 
designed morphological deformation mechanism employs 
ionic-strength responsive mechanical buckling via 
controlled swelling of PNIPAM in phosphate buffered 
saline (PBS) with similar concentration to human eye 
liquid.  This unique approach will unlock great potential in 
a wide range of smart ocular applications.  

KEYWORDS
PNIPAM, PNIPAAm, responsive polymer, intra-

ocular lens, focal length, swelling; 

INTRODUCTION
The crystalline lens (CL) is the main functional part 

for the focusing control mechanism of human eyes, 
directing the light coming through the cornea towards the 
retina.  Cataract is a common eye disease that affects the 
human eye via CL opacification. It comprises around half 
of the world blindness, while the number of patients will 
continue to increase with the aging population [1-3]. Since 
the invention of modern cataract surgery with artificial 
Intra Ocular Lenses (IOLs), it has been developed 
significantly into an effective way to cure this problem [4, 
5].  One desirable property is the switchable focal length, 
where adaptive vision correction is needed when eye 
conditions change [6, 7].  While existing multifocal IOL 
designs provide a benefit for near and intermediate vision 
for some cases, they do not allow dynamic focus length 
shifting in a continuous fashion. Technical innovations 
towards new generation of eye implants are therefore 
desired in terms of improving patient experiences as well 
as driving efficiencies in public healthcare expenditure.    

Meanwhile, latest manufacturing technologies have 
enabled advanced materials for smart ocular system 
applications, such as 3D printed artificial cornea [8], 
customized ocular prosthesis [9], 3D printed iris [10], 
smart contact lenses with ocular pressure sensing [11,12].  
Looking beyond human ocular applications, tunable bio-
optical configurations in other advanced devices have been 
achieved in recent developments, which no longer require 
complicated mechanical units [13 – 15].  Some of the 
recently developed smart polymer achieve tunable optical 
focal length, responding to and controlled by external 

stimulation such as pH-responsive [16], electric field [17], 
and ion concentration [18] with mechanical confinement 
structures or electrical interconnects.  However, limited 
efforts have been found on developing easy-to-implant 
artificial ocular device with responsive focal shifting, since 
the above devices may require non-compatible materials 
(e.g. metal electrodes), liquid/solid interactions and stimuli 
for actuation are hard to fulfil in in-vivo, as in the human 
eyes.  

 
With these regards, we proposed and demonstrated a 

new polyelectrolyte system based on PNIPAM (also named 
PIPAAM or PNIPAAm), to advance the robust optical 
implant technology with focal shifting.  For the first time, 
tunable morphological deformation has been realized by a 
homogeneous “one-material” polyelectrolyte system with 
either freestanding (this abstract’s focus), or edge-confined 
configurations.   

 

 
The designed morphological deformation mechanism 

is to be achieved by responsive mechanical buckling, 
which is a common phenomenon in thin, soft structures that 
may yield rapid out-of-plane deformation (Fig. 1a).  Such 
out-of-plane deformation results in dynamic changes in 
designed IOL morphology parameters therefore achieving 
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ABSTRACT: Autonomous shape transformation is key in
developing high-performance soft robotics technology; the search
for pronounced actuation mechanisms is an ongoing mission. Here,
we present the programmable shape morphing of a three-
dimensional (3D) curved gel structure by harnessing multimode
mechanical instabilities during free swelling. First of all, the
coupling of buckling and creasing occurs at the dedicated region of
the gel structure, which is attributed to the edge and surface
instabilities resulted from structure-defined spatial nonuniformity
of swelling. The subsequent developments of post-buckling
morphologies and crease patterns collaboratively drive the
structural transformation of the gel part from the “open” state to the “closed” state, thus realizing the function of gripping. By
utilizing the multi-stimuli-responsive nature of the hydrogel, we recover the swollen gel structure to its initial state, enabling
reproducible and cyclic shape evolution. The described soft gel structure capable of shape transformation brings a variety of
advantages, such as easy to fabricate, large strain transformation, efficient actuation, and high strength-to-weight ratio, and is
anticipated to provide guidance for future applications in soft robotics, flexible electronics, offshore engineering, and healthcare
products.

KEYWORDS: hydrogel, swelling, creasing, buckling, shape transformation

1. INTRODUCTION

Soft matter-based biosystems widely exist in nature to support
lives such as octopus, starfish, caterpillars, etc., by fulfilling
adaptive shape changes and responsive motions to allow them
to survive in complex environments.1−5 Inspired by these
features, a number of soft actuator concepts6−11 have been
developed to mimic dedicated actuations/motions, e.g., soft
grippers actuated by inflation of a pneumatic network to
manipulate fragile and irregular objects,12 a humidity- and
light-driven liquid crystal network actuator13 to mimic self-
shape morphing of flowers, and bellow-like actuators14 with
origami structures enabled various motions. The discovery of
superior bio-inspired robotic structure/mechanisms with
desired working capacity, efficient actuation, high strength-to-
weight ratio, on-demand shape programmability, and low cost
is highly desired for frontier engineering applications.
Responsive hydrogel-based configurable structures can

undergo shape transformation and perform complicated
pattern generation spontaneously and reversibly in the
presence of external stimuli, such as temperature, ionic
strength, pH, light, solvent, and electric field.15−19 Together
with its soft, biodegradable, and biocompatible properties, a
hydrogel has been seen as an ideal candidate to build soft
robotics,20 soft actuators,21,22 and soft electronics.23,24 Notably,

Palleau et al.25 created soft hydrogel tweezers through
electrically assisted ionoprinting and demonstrated the
gripping/releasing of small objects. Using a 3D printing
technique, Xu and co-workers26 fabricated an airplane-like
swimming gel robot that could remotely control different
motions under near-infrared light. Yuk et al.20 exploited the
hydraulic actuation of hydrogels to develop soft robotics,
which is capable of optical and sonic camouflage in water.
While the above attempts provide advancements in exploring
the novel actuating mechanism, the overall fabrication,
assembly, and actuation of these devices heavily rely on the
support from instruments and infrastructure, which will
considerably limit the application/commercialization of hydro-
gel actuators at the scale-up level.
Mechanical instabilities including wrinkling,27−33 creas-

ing,34−37 folding,38−40 ridging,41−44 buckling,45,46 and bend-
ing47 have brought a unique approach to realize programmable
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