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Abstract 

As a prominent class of actuators, stimuli-responsive hydrogels have attracted significant interest in the 

soft robotics community for biomedical applications. Key features of hydrogels, including high water 

content and similar physicochemical properties to that of tissues, make them excellent materials to be 

used in a wide range of biomedical applications such as drug delivery, and tissue engineering. 

Particularly, hydrogels with stimuli-responsiveness, self-healing, shape-morphing, low cytotoxicity, 

and tunable physiochemical properties can be used as functional building blocks in biomedical devices 

and robots, enabling minimally invasive medical procedures. 

     Introducing programmability to the shape-morphing of hydrogels opens up new opportunities, 

especially, in the fabrication of remotely controllable biomedical robots. In this work, we synthesized 

responsive hydrogel nanocomposites and bilayers with preprogrammed shape transformations that 

enable desirable robotic functionalities. For this, we used zwitterionic/acrylate chemistries that impart 

self-healing, stimuli-responsiveness, and biocompatibility to our hydrogel system. Introducing 

heterogenous physiochemical properties, at the microscale, and employing a multilayering approach, 

at the macroscale, rendered differential swelling to the hydrogels, which were then employed as a 

programming strategy to facilitate 2D-to-3D shape-morphing of the hydrogel upon exposure to 

environmental cues. 

     As a proof-of-concept, we demonstrated tethered and untethered soft robotic functionalities, such as 

actuation, magnetic locomotion, and targeted transport of soft and light cargo in confined and flooded 

media. Our future direction includes developing novel bio-inks from this hydrogel system for extrusion 

additive manufacturing given their excellent tunability of mechanical properties coupled with the shear-

thinning rheology of the hydrogel. We believe that the proposed hydrogel formulation will expand the 

portfolio of functional materials for fabricating miniaturized soft actuators for biomedical applications. 
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Chapter 1 

Introduction 

Traditional robots are automated machines that are capable of performing particular tasks with a high 

degree of precision and are typically made of rigid and bulky components, which limits safe human-

robot interactions. In the past two decades, the emergence of soft robots has opened up new possibilities 

for performing delicate tasks that require safe interaction between humans and robots. Developing 

small-scale soft robots is a growing research direction that aims to shrink the scale of soft robots for 

applications in confined and tiny environments. These small-scale robots, naturally, show great promise 

for minimally-invasive medical interventions, such as biopsies, targeted drug delivery, and single-cell 

transport, particularly in confined environments.[1,2] To develop small-scale robots that could perform 

predictable functions in tiny environments wirelessly and in a predictable fashion, using materials with 

onboard sensing, actuation, and processing abilities becomes crucial.[3–6]  

      Among the material choices for fabricating soft robots, hydrogel actuators have become a popular 

choice due to their high water content and physicochemical properties that closely resemble biological 

tissues.[7–13]  At the molecular level, hydrogel actuators exhibit a change in their spatial conformation 

in response to external stimuli such as heat, light, pH, and ionic concentration. These changes result in 

the macroscopic deformation of the hydrogel material.[7,8,11,14–23], which are typically isotropic. 

However, effective operation in many real-world scenarios, such as soft robotics, requires predictable 

anisotropic shape transformations that can be programmed into the hydrogel system. Introducing 

microstructural and macrostructural heterogeneity are two common techniques to elicit anisotropic 

shape change, which can be used to achieve programmability.[6,24,25][7,14,16–18,20,21]. For example, local 

internal stresses generated from differential swelling of hydrogels can result in anisotropic shape 

transformations, including but not limited to twisting, bending, or folding.[8,26] 

     Moreover, to unlock the potential of soft robots for various biomedical applications, they need to 

possess biocompatible properties, such as cell viability, preventing fouling, and eliciting a non-

immunogenic response. These characteristics are essential to ensure the safe interaction of soft robots 

with biological tissues and systems, paving the way for their use in advanced medical procedures and 

therapies.[27] Creating a soft robot with all the aforementioned functionalities is a challenging task that 

has been only scarcely explored in literature so far.  
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Zwitterionic hydrogels are known for their superior anti-fouling and biocompatibility properties.[28,29] 

Due to their super hydrophilicity, overall neutral charge, and presence of H-bond-accepting functional 

groups, zwitterionic hydrogels exhibit minimal protein adsorption and cell adhesion, making them 

highly biocompatible.[30] These properties can potentially reduce the risk of immune responses and 

adverse reactions in the body, making them an ideal choice for biomedical applications.[31] In addition, 

the supramolecular chemistry of the zwitterionic component enables the dynamic healing of chains 

upon scission, thus providing new avenues to develop intrinsic self-healing materials.[18,28]  To the best 

of our knowledge, this class of hydrogel has never been used in stimuli-triggered shape-morphing 

materials, especially for soft robotic applications. 

     In this work, we synthesized a novel hydrogel copolymer based on zwitterionic/acrylate chemistry, 

which offers a host of opportunities for small-scale soft robotics. In chapter 4, we show that 

microstructural anisotropy can be introduced by synthesizing cellulose nanocrystal (CNC)-based 

hydrogel nanocomposites, where the alignment of CNC enables hydrogels to undergo programmable 

stimuli-responsive shape transformation. In chapter 5, we showcase another programming strategy, by 

which utilizing a cut-and-paste method, enabled by the self-healing properties of the hydrogel, allows 

for the attachment of hydrogel layers to create programmable bilayer structures. We believe our 

proposed hydrogel system expands the portfolio of materials for fabricating soft actuators for small-

scale biomedical robotics. 
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Chapter 2 

Literature Review 

2.1 Soft Materials in Robotic Applications 

The field of robotics has emerged as an exciting and rapidly evolving research direction that has 

significant potential to improve the quality of human life. Particularly, using robots in healthcare 

applications has garnered considerable attention in the past four decades. The use of robots in healthcare 

applications provides increased precision during medical procedures and can significantly enhance 

patient care.[32–36] One of the primary concerns with traditional robots is the use of rigid materials to 

create robotic components, such as links and joints. Using rigid components in fabricating robots raises 

safety risks in interactions between humans and robots, such as potential damage to human tissues 

during robotic operations.[37–41]  

     To address this concern, soft robotics has emerged as a promising alternative to traditional rigid 

robotics.[42,43] Soft robotics employs compliant and flexible materials, with similar elastic modulus to 

the soft tissues found in biological systems, and as such offers safer human-robot interactions.[44,45] In 

this regard, using compliant materials with a high degree of flexibility as well as onboard sensing, 

actuation, and processing abilities has become increasingly important for developing soft robots.[46–48]      

Moreover, the development of small-scale soft robots has opened up new possibilities in minimally-

invasive medical interventions, including biopsy, single-cell transport, and drug delivery due to the 

ability of soft robots to navigate through narrow pathways in the body with minimal damage to healthy 

tissues.[49–51]  

    Below, we have listed five prominent classes of soft materials that have been used for designing 

adaptive robotic functions, namely, dielectric elastomers, shape-memory polymers, liquid crystal 

elastomers,  magnetoactive elastomers, and hydrogels as reported in the literature (Figure 2-1).[52]  

    Dielectric elastomers (DEs) have been developed as electroactive artificial muscles for use in soft 

robotic systems due to their ability to generate large strains when exposed to external electric fields. 

Electric fields applied to DEs result in area expansion and thickness shrinkage in the elastomer, 

allowing for the direct conversion of electric energy into mechanical energy, making them a compliant 

material choice for designing soft capacitors and artificial muscles.[53–55] The fabrication of DEs with 

desirable properties, such as low driving electric field, high actuation strain, and repeatable and 
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programmable actuation, requires in some cases intricate modification of the material's and electrodes’ 

chemistry and mechanical properties. These modifications are necessary to achieve optimal 

performance and ensure the reliability of the DEs in soft robotic systems.[56–66]   

     Shape memory polymers (SMPs) are another class of soft materials in robotic applications that can 

recover their initial shape after being deformed upon exposure to external stimuli.[52] For example, a 

transitory shape can be induced to temperature-sensitive SMPs above critical temperatures and fixed 

by cooling. Recovery to the initial shape can then be achieved by elevating the temperature beyond that 

critical temperature. [67–71] Overcoming hysteresis and slow transition speeds is necessary to fabricate 

SMPs with high robotic efficiency and low response time.[72]  

     Liquid crystal elastomers (LCEs) are used in soft robotics thanks to their localized thermal, 

photothermal, and photochemical actuation abilities. LCEs undergo large deformations when exposed 

to external stimuli due to the disruption of liquid crystal mesogens’ order at the micro-scale, leading to 

macro-scale shape changes.[73–85] LCEs are particularly suitable for thermal actuation, and researchers 

have explored the use of photothermal converters, such as dyes, to control the mode of actuation.[52,86,87] 

However, to expand the use of thermal LCEs in a broader range of robotic applications, improving low 

energy conversion efficiency is necessary. Additionally, improving the efficiency of actuators in 

aquatic environments seems to be an important research direction.[58,74,83,88–94]  

     Magnetoactive elastomers represent another class of materials for robotic applications, due to their 

ability to deform, navigate, and perform specific tasks under the influence of external magnetic fields. 

One of the key advantages of these materials is their safe and compliant navigation within the human 

body, which makes them highly suited for biomedical applications.[52,95,96] Several types of magnetic 

materials can be used to develop magnetically responsive soft devices, including ferromagnetic, 

paramagnetic, and superparamagnetic materials. These materials can partially or completely retain their 

magnetic moments after the magnetic field is removed, enabling them to be actuated using magnetic 

fields.[97–101] Inducing non-uniform magnetization and non-homogeneous encoding of magnetic 

particles into the soft base materials are the commonly-used approaches to control the anisotropic 

magnetic actuation. Despite the potential advantages of magnetic soft robots, there are still challenges 

to be overcome in terms of fabrication and actuation. For instance, it can be difficult to achieve high 

levels of non-uniformity in the magnetic field, and the energy required to actuate these materials can 

be high.[24,102]  
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Hydrogels represent a class of soft materials that possess properties suitable for use in soft robotics. 

Thanks to their high water content, hydrogels exhibit softness (with an elastic modulus in the range of 

1-100 kPa) that closely resembles that of biological tissues.[103–109] Stimuli-responsive hydrogels have 

been widely utilized in the development of soft robots.[110–116] These hydrogels can be categorized into 

two subcategories based on their actuation mode in response to external stimuli: active and passive 

responsive hydrogels.[52] Active hydrogels are composed of a network of polymer chains that is 

intrinsically responsive to one or more external physical, chemical, or biological stimuli.[115] In contrast, 

passive responsive hydrogels are composed of a polymer network incorporated with elements, such as 

ions, nanofillers, or conductive additives, which respond to external cues.[112,117–123] The interesting 

properties of hydrogels, including ease of synthesis and modification, reasonable response time, and 

functional capabilities in aquatic environments, make them a highly desirable material for a wide range 

of soft robotic applications. In this chapter, we will delve into the exceptional properties of hydrogels 

that make them the ideal material for soft robotics. Specifically, we will explore two crucial 

characteristics of hydrogels - self-healing and programmability - that are essential for their effective 

use in soft robotics. 

 

Figure 2-1. Overview of typical stimuli-responsive materials and their applications for soft robotics. 
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2.2 Responsive Hydrogels and Composites 

Hydrogel actuators offer numerous opportunities for designing bioinspired soft robots,[7,10–12,124] and 

can be used in various applications such as drug delivery, tissue engineering, and artificial muscles due 

to their high water content and structural similarity to biological tissues.[8,20] Biocompatible and 

programmable stimuli-responsive self-healing hydrogels possess a combination of characteristics such 

as low cytotoxicity, tunable physiochemical properties, and predictable shape-changing properties, that 

make them an ideal material choice for soft robotics.[125] This class of materials undergo spatial swelling 

or shrinking in response to external cues, which results in macro-scale shape changes.[12] Stimuli 

responsiveness is a crucial requirement of hydrogels for soft robotic applications, as it enables actuation 

upon exposure to one or, in some cases, several external stimuli, such as temperature, pH, light, and 

ion concentration (Figure 2-2).[24,126,127]  
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     Figure 2-2. a) Schematic representation of fabricating bioinspired small-scale soft robots. b) Schematic illustration of 

different smart/stimuli-responsive hydrogels. 
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Changing the chemical composition and morphology of hydrogels, as well as fabricating 

nanocomposite hydrogels, are commonly reported approaches for fine-tuning the physiochemical and 

mechanical properties of these materials.[128–131] Copolymerization is a powerful tool for controlling the 

chemical, physical, and mechanical properties, achieved by changing the type and ratio of the 

monomers used.[132,133] While copolymerization is an advantageous approach, finding compatible 

monomers and selecting the appropriate composition can be time-consuming. Furthermore, adjusting 

the ratio of the monomers alone may not result in significant changes in the physiochemical properties. 

Therefore, another effective strategy for controlling the properties of hydrogels is to incorporate 

additional components, such as nanoparticles, to modify their properties.[134,135] Cellulose nanocrystals 

(CNCs) have gained significant attention as reinforcing agents for hydrogels. CNCs are abundant, bio-

sourced, and biodegradable, which offer sustainable and environmentally friendly solutions for 

developing many soft commodities.[136–139] (Figure 2-3) 

     We believe that incorporating CNCs into stimuli-responsive hydrogels has great potential for 

developing high-performance soft robotic devices with improved mechanical properties. The 

incorporation of CNCs into hydrogels can enhance the mechanical strength, stiffness, and toughness of 

hydrogels while maintaining their high water content and biocompatibility.[140–142] For instance, CNCs 

are incorporated into a range of hydrogels, such as polyethylene glycol methacrylate (POEGMA), 

polyvinyl alcohol (PVA), and Polyacrylamide (PAAm), to enhance their mechanical properties.[143–146] 

The modified hydrogel nanocomposite exhibited up to a 35-fold increase in the storage modulus, faster 

water uptake, and slower degradation than the pure POEGMA hydrogel.[147] 
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Figure 2-3.  a) Schematic representation of the CNC fabrication process. Reproduced with permission.[148] Copyright 2023, 

Wiley-VCH. b) Schematic representation of the anisotropic CNCs in the hydrogel network. 

In addition to possessing desirable physicochemical properties and being able to respond to external 

stimuli, the development of soft robotic hydrogels for use in biomedical applications necessitates that 

the hydrogel material be biocompatible. This means that the material should possess cell viability, resist 

fouling (i.e., the accumulation of unwanted biomolecules on a surface), and should be non-

immunogenic, meaning that it should not provoke an immune response that could lead to rejection in 

the body.[149,150] Polyethylene glycol (PEG)-based materials have been widely used for developing soft 

robots in biomedical applications due to their biocompatibility. However, recent studies have 

demonstrated that zwitterionic chemistry (Figure 2-4)[151] exhibits even better biocompatibility than 

PEG-based materials (Figure 2-5).[31,152] For instance, sulfobetaine methacrylate is a zwitterionic 

compound that contains quaternary ammonium and sulfonate side groups. This material has a higher 

hydration capacity and a lower hydration free energy (-404 to -519 
𝑘𝐽

𝑚𝑜𝑙
) compared to PEG, which has 

a hydration free energy of -182 (
𝑘𝐽

𝑚𝑜𝑙
). This feature leads to the formation of a dense hydration layer 
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when exposed to a wet medium. Since most proteins and cells are inherently hydrophobic, they tend to 

resist adhering to sulfobetaine-based hydrogels, making them an excellent choice for biomedical 

applications.[153]  

     Hen et al. confirmed the excellent biocompatibility of sulfobetaine-based hydrogels by co-culturing 

the hydrogels with cells and bacteria for multiple days. According to their results, the hydrogel resistsed 

the adhesion of bacteria, cells, and proteins significantly, demonstrating its potential as an anti-fouling 

material for in-vivo applications. Cell-culturing in the leaching solution of hydrogels also showed 

excellent cell viability after at least three days, confirming the non-cytotoxicity of the studied 

hydrogels.[154] Cabanach et al. also demonstrated the biocompatibility of sulfobetaine methacrylate for 

in-vivo biomedical applications in another study.[31]  

 

Figure 2-4. Zwitterionic polymers can be classified into sulfobetaine (SB), carboxybetaine (CB), phosphorylcholine (PC) 

according to anions. Typical cations are quaternized ammonium.  

 

 

Figure 2-5. Anti-biofouling microrobots. a,b) Cell adhesion on PEG (a) and sulfobetaine-based (b) substrates after 48 hours 

of culture and rinsing. PEG substrates showed attached cells after rinsing, while cells on ZW substrates were easily washed 

away. c,d) Protein adsorption on PEG microrobots (c) and sulfobetaine-based microrobots (d). Zwitterionic microrobots did 

not show protein adsorption on their surface (no fluorescent signal). Reproduced with permission.[31] Copyright 2023, 

Wiley-VCH. 
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2.3 Self-Healing Hydrogels 

Self-healing hydrogels have been a subject of growing research interest in soft robotic systems, as they 

offer the potential to repair the damage to the hydrogel in unpredictable environments.[155–158] These 

hydrogels can be broadly classified into two categories: extrinsic and intrinsic self-healing systems.[159–

164] In extrinsic systems, a healing agent is embedded within the material, and upon rupture of the 

structure, it is released and transferred to the damaged part via osmotic pressure and capillary effect.[165] 

In intrinsic self-healing systems, dynamic healing of the ruptured chains is promoted by either covalent 

or non-covalent interactions (Figure 2-6).[166–170] These interactions can be triggered by specific 

external stimuli, such as temperature, pH, and oxidants, or by physical interactions, such as the 

electrostatic interactions between oppositely charged moieties in the building blocks.  

     In dynamic covalent systems, the self-healing ability is influenced by the efficiency of bond cleavage 

and reformation under specific external conditions, including temperature, pH, redox, and oxidants. 

Disulfide and diselenide bonds are the main focus of research on covalent dynamic systems.[171–177] 

Non-covalent healing systems, including host-guest interactions, metal coordination, electrostatic 

interactions, and hydrogen bonding, spontaneously repair the structural damage through physical 

interactions.[178–183] These self-healing mechanisms may act independently or in combination with each 

other.[156,184,185] Overall, the development of self-healing hydrogels, particularly intrinsic self-healing 

hydrogels, offers a promising approach to creating soft robots that can withstand unpredictable 

environments while maintaining their structural integrity. 
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Figure 2-6. Illustration of intrinsic self-healing systems based on different dynamic covalent bonds or/and non-covalent 

interactions. 

The presence of electrostatic interactions between zwitterions provides such hydrogel systems with 

self-healing abilities due to the physical interactions between oppositely charged building blocks 

(Figure 2-7).[186–189] Hydrogen bond-donating/accepting hydrogels are another type of non-covalent 

dynamic healable system that use the reversible formation and cleavage of hydrogen bonds to promote 

self-healing.[190–192] These systems have been found to exhibit high healing efficiencies and rapid 

healing rates, making them promising candidates for soft robotic applications.[193–198] Incorporating 

physical interactions has emerged as a straightforward and efficient method for introducing intrinsic 

self-healing capabilities in soft robotic devices. We believe that these properties facilitate the use of a 

cut-and-paste technique for joining hydrogel pieces to fabricate functional materials such as end-

effectors, which will be further elaborated on in subsequent sections. 
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Figure 2-7. Schematic representation of self-healing by the reformation of ionic associations.  

2.4 Programmable Actuation of Hydrogels 

As discussed in previous sections, stimuli-responsive hydrogels have attracted considerable attention 

in recent years due to their responsiveness to various external stimuli, including temperature, pH, light, 

and electric or magnetic fields. These materials have found widespread use in various applications, 

including sensors, drug delivery systems, and tissue engineering, among others.[199–204] The use of 

stimuli-responsive hydrogels as actuators in soft robotics requires anisotropic and predictable shape 

change profiles, such as bending and twisting, [156,205] which allows the device to perform a variety of 

functions such as locomotion and gripping/releasing. Introducing heterogeneity into the structure of 

hydrogels results in differential swelling.[17,18,206–211] As a result of this differential swelling, local 

internal stresses arise, leading to anisotropic shape transformations such as twisting, bending, or 

folding.[209,211] 

     The structural heterogeneity can be induced at the micro-scale or macro-scale.[212–218] 

Microstructural anisotropy can be introduced by the directed assembly of nanofillers, void channels, or 

liquid crystal domains in pre-polymerized hydrogel precursors, followed by their in-situ 

polymerization.[17,18,206,207,219,220] Conventional methods for the directional assembly of asymmetric 

nanofillers, void channels, or the creation of aligned liquid crystalline domains in hydrogels include 

unidirectional shear flow, exposure to external magnetic and electric fields, and directional freezing 

(Figure 2-8).[219] An outstanding example is the work by Gevorkian et al. who reported shape-change 

programming of anisotropic CNC-modified gelatin methacryloyl hydrogels, where the anisotropy was 

induced by applying unidirectional shear flow during fabrication. Obtaining complex morphing profiles 
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was achieved by changing the CNC orientation and patterning the hydrogel device with the regions of 

directional- and randomly-oriented strips.[219] 

 

Figure 2-8. a) Relationship between the swelling‐induced hydrogel shape and CNC orientation with respect to the long axis 

of the sheet. Reproduced with permission.[219] Copyright 2023, Wiley-VCH. b) Directional orientation of the hydrogel 

structure using the directional freezing method. Reproduced with permission.[221] Copyright 2023, Elsevier.  c) Electric field-

induced alignment of void channels inside the structure of the hydrogel. Reproduced with permission.[222] Copyright 2023, 

Wiley-VCH. d) Magnetic field-induced structural anisotropy of hydrogels containing co-facially oriented titanium 

nanosheets. Reproduced with permission.[223] Copyright 2023, Nature Publishing Group.   
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Another commonly-used method in fabricating programmable hydrogel actuators is utilizing multilayer 

structures to induce macrostructural anisotropy (Figure 2-9).[215] This approach involves integrating 

several hydrogel layers with different physicochemical and swelling properties to create a single 

construct. The asymmetrical response of each layer upon exposure to the stimuli results in various 

modes of shape-change, such as expansion and shrinkage, followed by bending and twisting, which 

enables the hydrogel to perform a range of potential functions such as gripping and cargo transport.[212–

216,218,224] He et al. studied the anisotropic shape-morphing abilities of bilayer hydrogels in response to 

the saline solution or thermal stimulus. The bilayer hydrogel formed helical structures upon exposure 

to external stimuli. They also investigated the effect of geometrical parameters, such as the width and 

thickness of the strips, and environmental conditions, such as the concentration of ions in the saline 

solution, on the morphology of the morphed hydrogel.[215] 

 

Figure 2-9. Relationship between the swelling‐induced bilayer hydrogel shape and layering orientation with respect to the 

long axis of the substrate sheet. Reproduced with permission.[215] Copyright 2023, ACS. 
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2.5 Research Objectives 

In this research project, we aim to develop a novel hydrogel copolymer using zwitterionic/acrylate 

chemistry. Our proposed hydrogel system presents numerous opportunities for the development of 

functional soft robots. To program the anisotropic shape transformation of the hydrogels, two 

approaches have been employed. The first approach involves developing CNC-based hydrogel 

nanocomposites, which enables programmability by incorporating microstructural anisotropy thanks to 

the shear-induced orientation of high aspect ratio CNC nanoparticles. The second approach involves 

introducing macrostructural anisotropy by integrating hydrogel layers with different physiochemical 

properties into a single device, which allows for the creation of complex shape changes by changing 

the geometrical parameters of the bilayer hydrogels.                                      

    The proposed hydrogel represents a promising material choice for fabricating biomedical robots. As 

a proof-of-concept, several tethered and untethered robotic functions, such as locomotion, gripping, 

and transportation, have been designed and performed by the fabricated robots. Figure 2-10 

demonstrates the main characteristics of the proposed hydrogel system that makes it a good material 

choice, meeting the qualifications for robotic functionality. 

 

Figure 2-10. Main characteristics of materials for robotic applications. 
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Chapter 3 

Materials and Methods 

3.1 Methods 

3.1.1 Materials 

3-dimethyl(methacryloyloxyethyl)ammonium propanesulfonate (DMAPS, 95%), 2-Hydroxy-2-

methylpropiophenone (97%), Iron(II) chloride (FeCl2, 98%), Iron(III) chloride (FeCl3, 97%), 

Hydrochloric acid (HCl, 37%), Sodium hydroxide pellets (NaOH, ≥ 97%), Ammonium hydroxide 

solution (NH4OH, ≥ 30%), Ethanol (>98%), N,N'-Methylenebis(acrylamide) (BIS, 99%), and 

Methacrylic acid (MAA, 99%) were purchased from Sigma-Aldrich Co., Canada. Cellulose nanocrystal 

(CNC, ≥ 94%) was acquired from CelluForce Inc., Canada. Deionized water (DI water, > 16 MΩ cm 

resistivity) was used in all of the experiments. All the chemicals were used without further purification. 

3.1.2 DMAPS-MAA Hydrogels 

Hydrogels were prepared by photopolymerization of an aqueous solution of DMAPS and MAA 

monomers. The total monomer concentration was kept at 50 wt%, with the DMAPS:MAA weight ratio 

varying between 1:2 and 3:1 to prepare SBMA1-4 samples, respectively. For each sample, 30 mg of 2-

Hydroxy-2-methylpropiophenone was added to 5 g of DI water. The hydrogel precursor was then 

injected into a cell prepared using two glass slides (5 cm × 5 cm) separated by two strips of 500 μm 

spacers. After purging with nitrogen for 30 min, UV polymerization was conducted at 60°C in a 

container also purged with nitrogen. Each side of the cell was exposed to UV light at a wavelength of 

365 nm for 45 minutes. Following polymerization, the hydrogels were washed with Milli-Q water to 

remove residual unreacted chemicals. 

3.1.3 DMAPS-MAA-BIS Hydrogels 

BIS cross-linker was added to the aqueous solution of DMAPS and MAA monomers at a 1:400 molar 

ratio. The concentration of the other components was kept constant. All preparation parameters, as well 

as polymerization conditions, were kept the same as the procedure described in the previous section. 
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3.1.4 DMAPS-MAA-CNC Hydrogel Nanocomposites 

CNC at concentrations of 3-10 wt% was added to the aqueous solution before the addition of other 

components. The amounts of monomers, cross-linker, and initiators were kept constant. The precursor 

was then transferred onto a glass slide placed between two strips of 500 μm spacer glued to the edges. 

The CNCs were aligned by sharing the precursor with the edge of another glass slide. The suspension 

was then covered with a glass slide and subjected to the same polymerization procedure as described 

in the previous section. 

3.1.5 Synthesis of Magnetic Iron Oxide Nanoparticles (Fe2O3 NPs) 

Magnetic iron oxide nanoparticles were synthesized using the precipitation method.[225,226] Briefly, 10 

g FeCl3, and 4.05 g FeCl2 were dissolved in 550 mL of deionized water under magnetic stirring for 90 

˚C. Then, 30 mL of NH4OH solution (30 wt.%) was gradually added (10 ml/min) to the stirring iron 

salt solution to anticipate the redox reaction. The reaction vessel was maintained at 90 ˚C under 

magnetic stirring for 1 hour. The resulting precipitate was collected, followed by rinsing with deionized 

water and ethanol and dried in the air. 

3.1.6 Synthesis of Magnetic CNCs (MCNCs) 

MCNC was synthesized using co-precipitation of iron salts on CNC as described elsewhere.[227–231] A 

suspension of CNCs (100 ml, 0.2 wt.%) was degassed with N2 for 20 min in a three-neck flask. After 

that, FeCl2 and FeCl3 were added to the mixture while stirred vigorously for an additional 30 min. The 

pH was adjusted by slowly adding NH4OH to the suspension (pH~10) which caused it to turn black. 

After stirring for 30 minutes at 70 °C, the mixture was cooled to room temperature by adding deionized 

water. MCNC nanoparticles were washed repeatedly with distilled water and ethanol, then separated 

with an external magnetic field and centrifugation (6000 rpm, Thermo ScientificTM, SorvallTM ST) 

to remove any impurities. The precipitated MCNC nanoparticles were then preserved in ethanol for 

further use. 

3.1.7 Magnetic DMAPS-MAA Hydrogels 

Magnetic iron oxide nanoparticles (5 wt%) were incorporated into the aqueous phase (3 wt.% CNC 

solution in DI water) before the addition of other components. The amounts of monomers, cross-linker, 

and initiators were kept constant. The precursor was transferred onto a glass slide between two strips 
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of 300 μm spacers glued to the edges. The suspension was then covered with another glass slide. The 

rest of the procedure is similar to the previous section. 

3.2 Characterization 

Polarized Optical Microscope (POM): POM images were captured by Euromex iScope (Fullerscope) 

microscope. The samples were placed on a glass slide, and the microscope was calibrated by adjusting 

the magnification and the sample stage to ensure optimal contrast and clarity of the image. The samples 

were viewed under both cross-polarized and parallel-polarized light to observe the birefringent 

properties of the material. The orientation of the sample was also adjusted to observe changes in color 

and intensity, which revealed important information about the sample's structure. 

Transmission Electron Microscope (TEM): The morphology of CNC and synthesized MCNC 

nanoparticles was investigated by transmission electron microscopy. The powder sample was dispersed 

in water (1 mg ml-1), and about 10 μl of the dilute dispersion was cast onto the surface of a 300 mesh 

grid which was then dried at an ambient temperature for 24 hours before taking the images on a Philips 

CM10 transmission electron microscope.  

Rheology: The rheological properties of the precursor and hydrogel were characterized using a 

rheometer (HAAKE MARS, Thermo Scientific) with a 20 mm parallel plate geometry and a gap of 0.7 

mm. Viscosity vs share rate was measured to confirm the shear thinning of the hydrogel precursor. The 

strain sweep (0.1–100%) was performed at a fixed frequency of 10 rad/s to determine the linear 

viscoelastic range. Then, a dynamic frequency sweep (0.1 to 100 rad s-1) at a constant strain of 1.0 % 

was applied. Water evaporation was minimized during the temperature sweep tests using a solvent trap. 

Finally, the step-strain test was conducted to investigate the self-healing properties of the hydrogel for 

several cycles.  

Mechanical Testing: Tensile testing of hydrogel was performed using a CellScale tensile machine 

(UniVert, Canada). Before running tensile tests on hydrogel samples that have been swelled in water 

for 2 hours, the samples were cut into appropriate sizes and shapes using a razor blade, taking care to 

avoid introducing any damage or defects to the hydrogels. Then, the samples were carefully mounted 

onto the Cellscale's clamps, ensuring that they were held securely in place without any slipping or 

sliding. 
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Scanning Electron Microscope (SEM): The alignment of CNC nanoparticles was investigated by 

scanning electron microscopy (SEM). Hydrogels were frozen and snapped in the liquid nitrogen and 

dried in the freeze-dryer for 24 hours. The final samples were mounted on a sample holder and gold-

sputtered before taking the images with a Hitachi S-3500N VP SEM.  

Fourier-Transform Infrared (FTIR): A Nicolet NEXUS 870 Fourier-transform infrared (FTIR) 

spectrometer was employed to obtain the FTIR spectra. Samples were mixed with KBr powder and 

pressed into pellets for the measurements with a wave number range set at 4000-500 cm-1 and a 

resolution of 1 cm-1. A total of 64 scans were accumulated to reduce the spectra noise.  

Vibrating Sample Magnetometer (VSM): Magnetization measurements were obtained at room 

temperature using a vibrating sample magnetometer (VSM, 8600 Series Magnetometer) with a 

maximum magnetic field of 16 kOe and a step size of 1 kOe. The magnetic hydrogel samples were 

carefully cut into circular discs with a diameter of 2 mm. For the magnetic nanoparticles, a small amount 

of powder was mixed with Krazy glue and allowed to dry. Care was taken to avoid introducing any 

damage or defects to the samples during this process, ensuring that they were prepared appropriately 

for further analysis. 
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Chapter 4 

Programmable Nanocomposites of Cellulose Nanocrystals and 

Zwitterionic Hydrogels for Soft Robotics 

4.1 Introduction 

Programmable nanocomposites of cellulose nanocrystals (CNCs) and zwitterionic hydrogels have 

unique mechanical and responsive properties, making them great potential to be utilized in constructing 

soft robotic devices.[30,232–234]. Zwitterionic hydrogels possess stimuli-responsiveness, self-healing, and 

biocompatibility, rendering them applicable for designing functional actuators, especially for designing 

shape-morphing robots for biomedical applications.[12,30,235] On the other hand, CNCs, which are 

extracted from plant cell walls, exhibit remarkable mechanical properties and have been used as 

rheology modifiers in hydrogel systems.[236–238] In this chapter, we aim to introduce a programmable 

zwitterionic hydrogel nanocomposite for constructing robotic actuators. We utilize CNCs as high-

aspect ratio nanofillers to introduce microstructural anisotropy to the constructs. The microstructural 

anisotropy is achieved by applying a unidirectional shear force to the hydrogel precursor, which results 

in the directional orientation of the CNCs and anisotropy in the mechanical and physiochemical 

properties of the hydrogels. This approach offers an easy method to program the shape-morphing mode 

of the hydrogel actuators. To the best of our knowledge, Zwitterionic/Acrylate chemistry has never 

been used in fabricating anisotropic hydrogel nanocomposites for soft robotic applications. In this 

chapter, we elaborate on the concept of utilizing the unique properties of CNC-modified zwitterionic 

hydrogel nanocomposites for soft robotic applications by showcasing how we used our fabricated 

actuators in designing robotic constructs, capable of gripping and transporting objects in confined 

environments. 

4.2 System Concept 

To synthesize self-healing hydrogels that undergo programmable, stimuli-responsive shape 

transformation, we designed a synthetic protocol based on the copolymerization of 3-dimethyl 

(methacryloyloxyethyl) ammonium propanesulfonate (DMAPS) and methacrylic acid (MAA) in the 

presence of CNC nanoparticles. It is known that copolymerizing sulfobetaine methacrylates, such as 

zwitterionic monomers, with a small amount of MAA, improves the mechanical properties of resulting 

hydrogels due to the hydrophobic associations imposed by CH3 groups of MAA.[231] Zwitterionic 
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hydrogels from a random copolymer of DMAPS and MAA have shown self-healing properties as a 

result of dynamic electrostatic interactions between oppositely charged groups and hydrogen 

bonding.[31,186,187,239,240] Additionally, DMAPS-MAA copolymers are sensitive to temperature, ionic 

strength, and pH, making them ideal building blocks for stimuli-responsive shape-morphing soft 

robots.[188,241–244]  

     Cellulose nanocrystals are outstanding examples of 1-D nano-reinforcing materials that have gained 

increasing attention due to their sustainable sources, unique mechanical properties, and surface 

characteristics.[245] Similar to other 1-D nanoparticles with high aspect ratios, confined CNC 

nanoparticles could be oriented by external shear forces. This strategy is versatile and compatible with 

extrusion 3D printing and has been previously used to induce anisotropy in hydrogels.[18,246–248] Inspired 

by this strategy, the shear-induced alignment of CNCs in our poly(DMAPS-MAA) hydrogel precursors 

could be utilized to induce structural anisotropy (Figure 4-1a-b). The self-healing properties of 

poly(DMAPS-MAA) would also enable us to employ a cut-and-paste strategy to prepare complex 

stimuli-triggered shape-morphing systems (Figure 4-1c). A combination of programmable stimuli-

responsiveness and a cut-and-paste approach could be used to fabricate both tethered and untethered 

soft grippers (Figure 4-1d-e). 
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Figure 4-1. Concept of Synthesizing Anisotropic Hydrogels. a) The schematic of the fabrication of the anisotropic stimuli-

responsive hydrogel and TEM image of CNCs. The scale bar is 100 nm. b) The chemical structure of the hydrogel 

components. c) Schematic of the self-healing mechanism of the hydrogel through noncovalent reversible crosslinking. d) 

Shape-change programming of the anisotropic hydrogel. e) Schematic of the cut-and-paste strategy to design functional (i) 

tethered and (ii) untethered soft grippers.   
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To find the soft actuator with optimal self-healing and mechanical properties, responsiveness, and 

programmability, we prepared a series of hydrogel precursors with different chemical compositions. 

These precursors were then polymerized between two glass slides separated with spacers of known 

thickness under UV light at a wavelength of 365 nm. In this systematic work, we first synthesized and 

studied physically cross-linked hydrogels, modified their formulation by chemical crosslinking, and 

finally added CNC nanoparticles to achieve programmable soft actuators from hydrogel 

nanocomposites with desired properties. 

4.3 Physically Cross-Linked Hydrogels 

At first, we synthesized physically cross-linked hydrogels and systematically studied their self-healing 

and mechanical properties. In all precursors, DMAPS and MAA were the main comonomers 

polymerized with different weight ratios ranging from 1:2 to 4:1 (DMAPS: MAA). Results of the tensile 

test in Figure 4-2a demonstrate that the physically cross-linked hydrogel with a 3:1 DMAPS: MAA 

weight ratio (called GelWC hereafter), although soft, is still mechanically robust and practical for soft 

robotic applications. In tandem, strips of physically cross-linked hydrogel samples were cut in half, and 

the two pieces were brought into contact for self-healing experiments. First, we studied the effect of 

time on the self-healing of GelWC and noticed a gradual enhancement of healing efficiency with time. 

After about 4 hours, GelWC showed full recovery, as shown in Figure 4-2b. The comparison between 

the results of mechanical testing on the original physically cross-linked hydrogels of different 

formulations and their self-healed counterparts after 6 hours also revealed the complete recovery of 

mechanical properties, or self-healing efficiency of 100%, for hydrogels containing at least 75 wt% of 

DMAPS (Figure 4-2c). Given its excellent self-healing and acceptable mechanical properties, the 

composition of GelWC was chosen for further modification in our study.   

     Response to external stimuli, such as pH, in the form of reversible shape-morphing triggered by 

swelling/deswelling, is crucial for the functionality of hydrogels as soft robots. To confirm the stimuli-

responsiveness of GelWC samples, we studied their swelling/deswelling mechanism in response to 

changes in environmental pH, which is schematically depicted in Figure 4-2d. Figure 4-2e shows the 

degree of swelling ((L-L0)/L0, where L0 and L are the initial and post-swelling lengths of samples, 

respectively) of a GelWC sample in neutral, high, and low pHs. After about 2 hours, samples reached 

equilibrium in water (pH ~ 7). By placing the samples in a buffer with pH 12, they started to swell 

rapidly. Placing the samples in a buffer with pH 3 forced them to lose some water and return to their 
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original size. To confirm the effect of pH on the swelling/deswelling behavior of the GelWC samples 

after equilibration in water, they were first placed in a buffer with pH 3 and then in a buffer with pH 

12. The size of the samples did not change at pH 3 but increased rapidly at pH 12 (Figure 4-2f). At 

high pH values (greater than 4.7), the -COOH groups of MAA are ionized, and the charged -COO- 

groups repel each other, leading to the swelling of the hydrogel, while at lower pHs, this process is 

reversed.[241] However, the swelling/deswelling of GelWC samples with changes in pH was not 

repeatable, and the hydrogel started to degrade after three consecutive exposures to high and low pHs. 

This can most likely be attributed to the breaking of the intergroup electrostatic association due to the 

screening of zwitterionic moieties by oppositely charged ions in the environment.[244]  
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Figure 4-2. Hydrogel behavior. a) Stress-strain behavior of physically-crosslinked DMAPS-MAA hydrogels containing 

different ratios of comonomers. b) Stress-strain behavior of GelWC after self-healing as a function of time. c) Self-healing 

efficiency of physically-crosslinked DMAPS-MAA hydrogels samples containing different ratios of comonomers after 6 h 

of healing. d) Schematic presentation of the swelling/deswelling mechanisms of a GelWC sample in response to pH. e) The 

degree of swelling of a GelWC sample in water (pH ~ 7) and in buffers with pH 12 and 3. f) The degree of swelling of a 

GelWC sample in water (pH ~ 7) and in buffers with pH 3 and 12. 

 

4.4 Chemically Cross-Linked Hydrogels 

To improve the reversibility of GelWC swelling/deswelling, we introduced a small amount of N, N’-

methylene bis (acrylamide) (BIS) as a chemical crosslinker to the hydrogel formulation. Our goal was 

to enhance the pH-responsive swelling/deswelling by introducing chemical crosslinking to the 
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hydrogels. After varying the concentration of BIS and conducting swelling/deswelling experiments, we 

determined that hydrogels with a 167:1 weight ratio of comonomers: BIS (molar ratio 143:1) exhibited 

reversible swelling/deswelling, and we refer to them as Gel in the subsequent analysis.  

4.5 Hydrogel Nanocomposites 

Inducing anisotropy into the microstructure of hydrogels has been proven to lead to differential swelling 

and is an essential step in the fabrication of programmable shape-morphing hydrogels.[7,249–251] The 

unidirectional shear of 1D nanoparticles, such as CNC, has been employed in a few reports as an 

effective method of inducing anisotropy in hydrogels’ microstructure.[252–254] It is also known that CNC 

nanoparticles can be aligned by external stress induced by shear, magnetic, and electric fields, 

especially when they are present in a liquid crystalline phase.[22,255,256] As such, we postulated that the 

addition of CNC nanoparticles to hydrogel precursors can impart a liquid crystalline phase, and their 

shear alignment can lead to anisotropy in our DMAPS-MAA hydrogels' microstructure. For this, we 

modified the formulation of the Gel precursor and replaced water with a 10 wt% CNC suspension (see 

Materials and Methods for details). In our preliminary experiments, we found that the concentration of 

CNC in the final hydrogel precursor must be above 4 wt% to ensure the realization of the liquid 

crystalline phase. Furthermore, we confirmed the shear thinning of Gel precursors containing CNC 

nanoparticles in rheology tests (Figure 4-3a).  

 

Figure 4-3. a) The viscosity of AGel precursor as a function of shear rate at 25 °C shows the shear thinning behavior. b) 

FTIR spectra of the hydrogels and their components. The C=C stretching and C-O stretching regions are highlighted in blue 

and green, respectively. 
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Gel precursors containing 5 wt% CNC nanoparticles were accordingly polymerized in capillary cells 

either to anisotropic hydrogels with preferential CNC alignment (AGel) or isotropic counterparts 

without any preferential CNC alignment (IGel). AGel samples were prepared by casting the precursor 

on a glass substrate and confined by spacers, followed by applying a unidirectional shear force via 

moving a glass counter substrate on top several times (Figure 4-1a). To prepare IGel samples, the 

counter substrate was gently placed on the casted precursor without any lateral movement. The 

photopolymerization was then carried out to fix either the unidirectional or random alignment of the 

CNCs inside hydrogel precursors. 

     We performed FTIR tests to confirm that the presence of CNC does not disturb the polymerization 

reaction (Figure 4-3b). The MAA spectrum showed a distinctive peak at approximately 1635 cm-1, 

corresponding to the stretching of the C=C.[257] The peak at around 1630 cm-1 is attributed to the C=C 

stretching in the structure of DMAPS.[258] After polymerization, the amplitude of the C=C characteristic 

peak (highlighted in blue) reduced substantially in AGel, IGel, and Gel spectra, suggesting the 

successful polymerization of the monomers.[259] The small peak at 1060 cm-1 in the IGel and AGel 

spectra (highlighted in green) is due to the stretching of the C-O bonds of CNC, as it can also be 

observed in the CNC spectrum.[116]  

4.6 Anisotropy of Hydrogel Nanocomposites 

Different techniques were used to confirm the anisotropy present in the hydrogel microstructure. 

Hydrogels that contained CNC (IGel and AGel) were transparent under natural light but exhibited vivid 

interference colors when viewed through crossed polarizers or a polarized optical microscope (POM) 

(Figure 4-4a,b). Regardless of the orientation with respect to POM's polarizer/analyzer, IGel showed 

a heterogeneous multicolor transmission pattern, confirming the isotropic microstructure of the 

hydrogel precursor polymerized in a polydomain liquid crystalline phase. In contrast, AGel showed a 

uniform monochromatic transmission when observed between crossed polarizers. The highest 

transmission through the sample was observed when the longer side of the sample (parallel to the shear) 

was positioned at 45˚ with respect to the polarization axis, and the sample appeared dark when it was 

parallel to either the polarizer or the analyzer. These results suggested that the CNCs in the hydrogel 

precursors indeed formed a nematic phase that could be aligned along the shearing direction and 

retained even after photopolymerization.[230] To investigate the uniformity of the alignment along the 

thickness, the cross-section of AGel (parallel to the shear) was studied by POM. The POM image of 
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the AGel cross-section positioned 45˚ with respect to the polarization axis revealed two distinct layers, 

one bright and one dark, confirming the anisotropy gradient along the thickness (Figure 4-4c). The 

sample appeared dark when it was parallel to the polarization axis. The POM images of the IGel cross-

section positioned 45˚ and parallel to the polarization axis appeared similar, confirming the isotropic 

microstructure (Figure 4-4c). These images confirmed that moving a glass slide on the top surface of 

hydrogel precursors produced a shear stress gradient along the thickness. However, the applied shear 

was not large enough to induce the alignment of CNCs in the precursor throughout the thickness beyond 

a certain threshold, leading to a gradient in anisotropy. 

     To investigate the effect of applied shear on the microstructure of AGel samples, scanning electron 

microscopy (SEM) images were taken of their surface and cross-sections (Figure 4-4d).[245] The SEM 

image of the AGel surface exposed to shear before polymerization revealed microstructural alignment 

in the direction of the shear, while SEM images of the cross-section confirmed the POM results, 

showing an anisotropy gradient along the thickness. For typical AGel samples, the unidirectional 

microstructural anisotropy was less pronounced for regions closer to the bottom substrate. The larger 

portion of aligned thickness in the POM image of the AGel cross-section is likely due to the fact that 

POM images were taken from swollen samples, and the aligned region had higher swelling compared 

to the isotropic region. To maximize the portion of thickness in which shear force can induce alignment, 

the gap used for capillary cells was varied from 500 µm to 250 µm. The gradient of microstructural 

anisotropy was less pronounced for films with a thickness of 250 µm. However, manipulating hydrogels 

thinner than 500 µm was challenging, so 500 µm was chosen as the initial thickness for the rest of the 

studies. 

     We then investigated the effect of CNC alignment on the degree of swelling of Gel, IGel, and AGel 

hydrogels in water (Figure 4-4e). Upon immersion in water, all hydrogels started to swell and after 

about 1 hour reached a pseudo-equilibrium state in which their swelling rate decreased significantly. 

While Gel and IGel expanded uniformly in all directions, the expansion of AGel in the direction 

perpendicular to the alignment was much more pronounced than that in the direction parallel to the 

alignment. When the pH or ionic strength of the environment was increased, the anisotropic swelling 

of AGel became even larger and more noticeable. 

     To study the effect of CNC nanoparticle addition and their alignment on the mechanical properties 

of the hydrogel at micro and macro scales, we performed rheology and tensile tests on dimensionally 
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identical circular and rectangular specimens of Gel, IGel, and AGel, respectively. For rheology, we cut 

circular discs with identical radii and thickness from Gel, IGel, and AGel samples. Figure 4-5a 

demonstrates the rheological behavior of these hydrogels. To confirm the formation of hydrogels at 

room temperature, frequency-dependent dynamic shear moduli measurements were performed in the 

linear viscoelastic region (1% strain, 1 Hz) to ensure that the microstructure of the hydrogels was 

preserved. In the entire frequency range, the storage modulus Gʹ was greater than the loss modulus Gʺ, 

suggesting the solid-like behavior of all hydrogels (Figure 4-5a).[229] The storage modulus of Gel was 

the highest among the three hydrogels, followed by IGel and AGel in the entire frequency range. The 

decrease in the storage modulus of IGel and AGel can be attributed to the drastic enhancement of 

hydrophilicity and water content of the hydrogels by introducing CNC to their formulation, as shown 

in Figure 4-5b. The strain amplitude sweep test on the hydrogels indicated that the 1% strain at which 

the frequency-dependent dynamic shear moduli measurements were performed was in the linear 

viscoelastic region of the hydrogels (Figure 4-5c).[260]  

      For the tensile test, we cut specimens from Gel and IGel samples whose long axes were 

perpendicular to each other. We also cut specimens from an AGel sample, whose long axis was parallel 

and perpendicular to the shearing direction. As anticipated, Gel and IGel specimens showed almost 

identical mechanical properties measured in different directions. AGel showed a higher tensile modulus 

and tensile strength in both directions compared to Gel (Figure 4-4f). The tensile modulus and tensile 

strength of AGel specimens stretched parallel to the alignment direction are higher than those of AGel 

specimens stretched perpendicular to the alignment direction. Such a large difference in the mechanical 

properties of Gel and AGel, and those of AGel measured parallel and perpendicular to the alignment, 

indicates the key role the presence and alignment of CNC nanoparticles play in the reinforcement of 

gels and inducing mechanical anisotropy in AGel hydrogel composites, respectively. 

     We then investigated the influence of CNC alignment on the optical properties of AGel when 

subjected to elongation. Figure 4-4g shows the gradual color changes for specimens of AGel stretched 

parallel and perpendicular to the direction of CNC alignment. The color change pattern is completely 

different for these two specimens, confirming the anisotropy in the microstructure. The color change 

for AGel stretched parallel to the alignment direction is mostly due to the change in specimen thickness, 

while the alignment of the CNCs is maintained intact.[230] For AGel stretched perpendicular to the 

alignment direction, elongation of the specimen at first disrupts the orientation of the CNCs, leading to 
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the loss of birefringence, while with further elongation, the CNCs start to orient in the parallel direction, 

causing birefringence again.[22]  

 

Figure 4-4. Anisotropy of hydrogel nanocomposites. a) Images of AGel (i and iii) and IGel (ii and iv) between crossed-

polarizers. CNC alignment direction is shown with a yellow arrow. b) POM images of (a, c) AGel and (b, d) Gel. c) POM 

images of the cross-section of AGel (i and iii) and IGel (ii and iv). CNC alignment direction is shown with a yellow arrow. 

The red dashed line separates the regions with and without alignment. d) SEM images of AGel surface exposed to shear (i) 

and cross-section (ii). Black arrows show the direction of CNC alignment. The red dashed line separates the regions with 

and without alignment. The size of the error bar is 100 µm and the initial thickness of the sample before freeze-drying was 

700 µm. e) Degree of swelling in time for Gel and IGel in two perpendicular directions and that of AGel parallel and 

perpendicular to the CNC alignment. f) Tensile test results of Gel, IGel, and AGel in parallel and perpendicular directions to 

CNC alignment along with the tensile modulus values calculated using the tensile testing of at least three replicates. g) The 

color changes of AGel samples elongated parallel to the direction of CNC alignment. CNC alignment direction was fixed at 

45° relative to the polarizer and analyzer while samples were elongated parallel (i) or perpendicular (ii) to the CNC 

alignment direction. CNC alignment direction is shown with red arrows. 



 

 32 

 

Figure 4-5. a) Frequency-dependent dynamic shear moduli of hydrogels at 1% strain and 1 Hz. b) Swelling behavior of Gel, 

IGel, and Agel. The swelling ratio is defined as 
𝒎−𝒎𝟎

𝒎𝟎
× 𝟏𝟎𝟎, where 𝒎 and 𝒎𝟎 are weight at time t and initial weight, 

respectively. c) Amplitude sweep experiment on Gel, IGel, and AGel showing the linear viscoelastic region. 

4.7 Self-Healing of Hydrogel Nanocomposites 

To successfully employ the cut-and-paste strategy for creating complex shape-morphing constructs that 

can be triggered by various stimuli, it is essential to have appropriate self-healing properties. Intrinsic 

self-healing hydrogels can be broadly categorized into two approaches: dynamic covalent crosslinking 

and noncovalent physical cross-linking.[261] Our hydrogel belongs to the second category, where 

dynamic hydrogen bonds and ionic associations enable interdiffusion of the chains across the crack and 

their engagement in new junctions, as shown in Figure 4-1c.[231]   

     To evaluate the recovery of hydrogel mechanical properties at the microscale following the network 

rupture at high strain, step-strain measurements were performed.[262] When Gel and AGel were 

subjected to a small strain in the linear viscoelastic region (1%, Figure 4-6a) for 200 s, Gʹ was greater 

than Gʺ. By increasing the strain to a value greater than the linear viscoelastic threshold (100%, Figure 

4-6a) for 200 s, Gʹ dropped immediately and became smaller than Gʺ, indicating network disruption. 

After 200 s of rest, the strain was reduced to 1% again and the hydrogel exhibited complete recovery 

of both G′ and G′′. This result was reproducible upon additional strain cycles, as can be seen in Figure 

4-6b-c. To evaluate the self-healing efficiency of hydrogels at the macroscale, tensile tests were 

performed on the original and self-healed samples. The self-healing efficiency of the Gel was evaluated 

after 6 hours of healing, and limited self-healing was observed. In the presence of the cross-linker, the 

ability of the hydrogel to retain water decreased. The expelled water accumulated on the surface of the 

Gel samples, interrupting the self-healing process. 
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Adding CNC to the hydrogel enhances the hydrophilicity of the network which can prevent water 

accumulation on the surface of the hydrogel by retaining the water inside. Consequently, healing 

efficiency of ~50% and ~90% was observed for AGel in alignment and perpendicular directions, 

respectively (Figure 4-6d,e). Higher swelling of AGel in the perpendicular direction compared to the 

alignment direction (Figure 4-4f) facilitates the chain movements and interdiffusion across the crack 

resulting in more effective healing in this direction. We also examined the self-healing of Gel and AGel 

samples with isotropic and anisotropic swelling profiles. Figure 4-6f shows a rectangle (5 mm × 25 

mm) made of one piece of Gel (lower half) and one piece of AGel cut in the perpendicular direction 

(upper half) after 6 hours of healing. After around 100% strain, the sample broke but not at the healed 

area indicating that the healing of AGel and Gel pieces was effective and that the healed region was at 

least as strong as the pristine hydrogels. 

 

Figure 4-6. Self-healing of hydrogel nanocomposites. a) Amplitude sweep results on Gel and AGel showing the linear 

viscoelastic region. Step-strain experiment on b) Gel and c) AGel. Large strain (100%) inverted the values of Gʹ (squares) 

and Gʺ (circles), indicating breakage of crosslinks. Gʹ was recovered under a small strain (1%). Self-healing of AGel in d) 

alignment and e) perpendicular directions after 6 h. f) Stretching a rectangular sample (5 mm × 25 mm) made of one piece 

of Gel (lower half) and one piece of AGel cut in the perpendicular direction (upper half) healed for 6 hr. Due to the rotation 

of CNCs upon extension, the upper half becomes first transparent and then white again. 
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4.8 Shape-Change Programming 

The reversible in-plane and out-of-plane anisotropic swelling triggered by pH, the gradient of 

microstructural anisotropy along the thickness, and the initial geometry of single-layer AGel samples 

provide a robust set of adjustable parameters to program the 2D-to-3D shape-morphing. The gradient 

in microstructural anisotropy along the thickness facilitates bending in a mechanism similar to classical 

bimorph hydrogels subject to non-identical swelling along their thickness.[263–266] The unidirectional 

alignment of CNC on the regions closer to the top surface can guide such bending deformation in 

preferential directions by decoupling the deformation characteristics from the geometry of the initially 

flat hydrogel.[267] Our system can be deemed as a bimorph with non-identical swelling behavior along 

the thickness in which CNCs are oriented randomly on one side, with a characteristic thickness of hI 

(⁓200 µm), and unidirectionally aligned on the other side, with a characteristic thickness of hA (⁓600 

µm) (Figure 4-7a). Similar to the deformation profile of typical bistable bimorphs, straining of the 

layer with the unidirectionally aligned CNCs (with higher swelling) is constrained by the layer with 

randomly oriented CNCs (with lower swelling). Therefore, while one layer is loaded with tension, the 

other layer experiences compressive stresses, and to release those internal stresses, the generated 

bending moment results in the bending of the flat hydrogel.[268] We have modeled the deformation 

behavior of the hydrogel bimorphs with finite element simulations. Through anisotropic swelling, if the 

long axis of strips is either perpendicular or parallel to the dominant swelling direction, the simulations 

show that the strip will undergo pure bending (Figure 4-7b i-ii). Deviation of the strips' long-axis 

orientation from the dominant swelling direction, in turn, leads to helicity as a result of the balance 

between forces induced by elastic stretching and bending (Figure 4-7b iii).[269–271]  

     To verify our simulations, we cut different samples from an AGel film whose long axes were 

perpendicular, parallel, and at a 45° angle with respect to the CNC alignment to investigate how CNC 

alignment affects the shape-morphing of the hydrogel. To trigger the shape change, we first increased 

the pH of the hydrogel environment to ~12, and to recover the original shape, we decreased the pH to 

~3. Figure 4-7c i and ii show two strips of AGel in which the CNC alignment is perpendicular and 

parallel to their long axes, respectively. Both strips showed reversible bending, one parallel (Figure 4-

7c i) and the other perpendicular (Figure 4-7c ii) to their long axis. The bending direction in both strips 

was dictated by the larger swelling, which occurs perpendicular to the CNC alignment. When the angle 

between the CNC alignment and the long axis of the strip is 45°, the hydrogel twists and forms a helix 

(Figure 4-7c iii).[272] The pitch of the helix can be adjusted by the angle at which the strip is cut with 
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respect to the CNC alignment.[118,119,273] The reversibility in shape change and soft actuators' durability 

are major requirements for the functionality of soft robots over a desirable time. Therefore, we also 

tested these parameters for AGel strips. Figure 4-8 shows the reversible bending and unbending of a 

short strip of AGel for seven cycles in response to pH. The bending angle was defined as the angle 

between a vertical tangent applied to one edge of the hydrogel and a vector connecting two edges of 

the hydrogel after bending.[263]  

     The predictable swelling behaviors of Gel and AGel single layers, as well as their self-healing 

characteristics, enable the creation of a host of responsive constructs with complex deformation profiles 

using a cut-and-paste approach. Figure 4-7d shows three examples of 2D constructs made by cut-and-

paste of a few pieces of single-layer Gel or AGel samples with different CNC alignment and their 

expected shape change. Figure 4-7e shows the POM images of assembled multi-piece constructs from 

Gel or AGel samples and CNC alignment in them. We predicted the overall shape change of multi-

piece constructs using finite element simulations (Figure 4-7f). Figure 4-7g shows complex reversible 

3D shape morphing of the hydrogel construct triggered by increasing and decreasing the pH. In 

accordance with our prediction, the anisotropic regions bend upon swelling, while the isotropic regions 

exhibited uniform swelling. The reversibility of the actuation allows the 3D shapes to return to their 

flat configuration by decreasing the pH. 
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Figure 4-7. Shape-change programming of anisotropic hydrogels. a) Effect of CNC alignment with respect to the long axis 

of the cut piece in the shape morphing of the piece after swelling. We cut AGel film at different angles to obtain 

perpendicular (i), parallel (ii), and 45° (iii) CNC alignment with respect to the long axis of the cut piece. The size of the red 

arrows shows the level of swelling in different directions. b) Results of finite element simulations of shape change of AGel 

pieces cut with the CNC alignment perpendicular to the long axis (i), parallel to the long axis (ii), and making a 45° angle 

with the long axis (iii) in response to pH change c) Reversible shape change of AGel pieces cut with the CNC alignment 

perpendicular to the long axis (i), parallel to the long axis (ii), and making a 45° angle with the long axis (iii) in response to 

pH change. The scale bars are 10mm. d) The cut-and-paste approach to assemble the AGel and Gel pieces to make a 

construct with complex shape-morphing. e) Images of the assembled AGel and Gel pieces to make constructs with complex 

shape-morphing between two perpendicular polarizers. The scale bars are 10mm. Self-healed regions are shown by a red 

dashed line. CNC alignment is shown by black and wight arrows. f) Results of finite element simulations of hydrogel 

constructs in response to pH change g) Reversible shape changes of hydrogel constructs in response to pH change. The scale 

bars are 10mm. 
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Figure 4-8. Reversible rolling and opening of a short roll for 7 cycles in response to pH. The bending angle was defined as 

the angle between a vertical tangent applied to one edge of the hydrogel and a vector connecting two edges of the hydrogel 

after bending. 

4.9 Cell-Viability and Degradation of Hydrogel Nanocomposites 

To examine the applicability of the fabricated hydrogel in biomedical soft robotics, we investigated the 

cytotoxicity properties of AGel, IGel, and Gel. To study the effect of the comonomer ratio, we also 

prepared a hydrogel with a flipped weight ratio of comonomers (DMAPAS:MAA weight ratio 1:3). To 

study the cytocompatibility of the hydrogels, a live/dead assay was performed, and cell proliferation 

was monitored by fluorescence microscopy over 5 days (Figure 4-9a). For all the hydrogels, cell 

viability was very high (above 95%) over the 5 days of incubation alongside the hydrogels, confirming 

their biocompatibility. The hydrogel prepared with the flipped weight ratio of comonomers showed 

high toxicity, leading to the death of most of the cells on day one of the experiments, confirming the 

effect of zwitterionic monomer on the biocompatibility of the hydrogel. On-demand degradation of the 

hydrogel is essential for its sustainability (no waste at the end of its lifetime) and biomedical application 

(biodegradation in the body). In an aqueous salt solution, the ions break the dipole-dipole attraction and 

intergroup association between the zwitterionic moieties, thus promoting the swelling and finally 

degradation of the hydrogel (Figure 4-9c).[274] Although the hydrogel without a crosslinker (GelWC) 

is stable for a long time underwater, it started to dissolve fast in a 10 wt% NaCl solution upon immersion 

(Figure 4-9b). In this work, chemically-crosslinked hydrogels are not fully degradable. However, we 

anticipate that using a degradable crosslinker such as a zwitterionic carboxybetaine disulfide cross-

linker makes them completely degradable.[227]  
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Figure 4-9. Biocompatibility of hydrogel nanocomposites. a) Proliferation of the incubated Fibroblast cells with Gel, IGel, 

and AGel samples monitored by fluorescent microscopy over 5 days. Scale bars are 50 μm. b) On-demand degradation of 

GelWC in 10 wt% NaCl solution. c) Schematic of the degradation of GelWC in a salt solution. 

4.10 Soft Robotic Applications 

After demonstrating programmable shape-morphing, self-healing, and biocompatibility of our 

hydrogel, we designed a pH-responsive miniature gripper as a proof-of-concept of its tethered robotic 

applications (Figure 4-10a). The gripper was made by applying the cut-and-paste approach to attach 

two strips (5 mm × 30 mm) of AGel in which the direction of alignment was perpendicular to the long 

axis. The gripper was used to grab light spherical cargo by rolling the gripper arms around it when 

triggered by increasing the pH. After transferring the cargo to a new location, the gripper arms were 

opened by decreasing the pH, and the cargo was released (Figure 4-10a). Due to the softness of the 

gripper arms, they can also wrap around irregular and soft objects. It is important to note that in this 
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experiment, the hydrogel grippers prevent the lateral movement of soft and light cargo during transport, 

but do not play a key role in load bearing in the normal direction against gravity.   

     To test the applicability of our hydrogels in an untethered robotic application, we also fabricated a 

miniature robot that could be remotely navigated to transfer a very light cargo through a confined 

flooded space similar to a maze. To benefit from a smaller pitch, or more turns, in a helix, we made our 

untethered robot from a strip of AGel cut in a way that the angle between the CNC alignment and its 

long axis is around 60°. To grab the cargo, the soft robot twists around it at high pH, and lowering the 

pH results in opening the twists and releasing the cargo. We attached a patch of IGel prepared by 

magnetic CNC (MCNC) instead of CNC (IGelm) to the robot to enable remote navigation (Figure 4-

10b). MCNCs were prepared by co-precipitation of Fe2+ and Fe3+ ions on CNC (Figure 4-11a). MCNC 

nanoparticles exhibit a typical superparamagnetic behavior with extremely small hysteresis loops and 

coercivity (Figure 4-11b). IGelm showed a lower magnetization saturation compared to MCNC due to 

the dilution of the magnetic nanoparticles in hydrogel (Figure 4-11b). This patch enables the magnetic 

navigation of the robot through the maze using a strong permanent magnet from outside of the 

workspace. When the robot reaches the confined walls, we increase the pH of the environment to twist 

the robot and grab the cargo. The robot can then be moved through the maze and finally release the 

cargo by returning to its original shape after increasing the pH, as shown in Figure 4-10c. 
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Figure 4-10. Soft robotic applications of anisotropic hydrogel nanocomposites. A micro-gripper developed by a cut-and-

paste strategy that grabs a spherical cargo by rolling its arms triggered by increasing the pH. After transferring the cargo to a 

new location the gripper arms are opened and the cargo is released by decreasing the pH. Scale bar is 10 mm. b) Schematic 

of a micro-robot transferring a light cargo by twisting around it triggered by increasing the pH. The micro-robot can be 

remotely navigated and steered by a magnet. c) A micro-robot transferring an I-shaped cargo by twisting around it triggered 

by increasing the pH. The micro-robot is remotely navigated and steered by a magnet. Decreasing the pH triggers the 

opening of the micro-robot and the release of the cargo. The scale bar is 10 mm. 
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Figure 4-11. a) TEM image of MCNCs. The scale bar is 100 nm. b) VSM of Gel, IGelm, MCNC. 

 

4.11 Concluding Remarks 

As a concluding remark, we have successfully synthesized programmable stimuli-responsive 

zwitterionic hydrogels through a one-step photopolymerization process. By modifying the hydrogel 

with sustainable high aspect ratio CNC particles, we were able to achieve structural anisotropy under 

unidirectional shear flow. By changing the environmental pH as an external stimulus, we were able to 

program the shape-morphing mode of the planar hydrogel strips, providing a wide range of 

opportunities for shape-changing applications. Furthermore, the hydrogel's outstanding self-healing 

characteristics allow for complex shape-change profiles using a cut-and-paste approach to attach 

additional hydrogel strips with differential anisotropic structures. 

     This all-in-one material, coupled with demonstrated biocompatibility, makes it suitable for soft 

robotic applications, particularly in the design of intelligent biomedical microrobots. However, the pH-

dependent actuation may limit the use of our soft robots in real-world biomedical applications, as 

changing the environmental pH could be beyond the tolerated physiological conditions of the biological 

organs. Therefore, we plan to expand the response portfolio of our hydrogel by introducing methods to 

diversify its applications. Thanks to the zwitterionic moieties, the hydrogel can serve as a bimodal 

actuator responsive to both pH and ionic strength. We will introduce another approach to program the 

shape-change behavior of our hydrogels by designing an integrated device that will undergo a 
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predefined shape change by changing the ionic concentration of the surrounding environment. The next 

chapter will focus on the methodology and applications of the bilayer hydrogel system. 
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Chapter 5 

Self-Healing Shape-Morphing Zwitterionic Hydrogel Bilayers for 

Soft Robotics 

5.1 Introduction 

Responsive zwitterionic hydrogel bilayers possess a variety of properties that make them well-suited 

to be used in soft robotic devices. Their high flexibility and stimuli-responsive capabilities, which 

enable them to morph in response to external stimuli such as changes in temperature or pH, make them 

interesting for use as grippers, locomotives, and other sophisticated shape-morphing constructs.[30,215,275] 

In this chapter, we aim to introduce a zwitterionic bilayer hydrogel with a combination of desired 

properties for constructing robotic devices. We utilize a stacking strategy to introduce macrostructural 

anisotropy to our hydrogel constructs. This strategy offers a versatile method to program the shape-

morphing and provides more control for the design of robotic actuators compared to introducing 

microstructural anisotropy, which was introduced as the shape-change programming tool in the 

previous chapter. To the best of our knowledge, zwitterionic chemistry has been rarely utilized in 

developing bilayer constructs for soft robotic applications. In this chapter, we elaborate on the concept 

of zwitterionic bilayer hydrogels for soft robotic applications by showcasing the use of our fabricated 

bilayer constructs for simple robotic functions, such as gripping and transporting objects in confined 

and flooded environments. 

5.2 System Concept 

The technique we reported in Chapter 4 was mainly based on introducing microstructural anisotropy in 

hydrogels through the directional orientation of the molecules, voids, or particles at the micro-scale. 

Introducing macrostructural anisotropy is another approach to programming the shape-morphing of 

hydrogel actuators. This approach differs from the previous approach, discussed in Chapter 4 since it 

mainly deals with the introduction of heterogeneity in the physiochemical properties of the construct at 

the macro-scale. This method relies on the integration of two stimuli-responsive hydrogel layers with 

different physiochemical and geometrical properties, which could result in more intricate deformation 

profiles. For example, one layer could exhibit expansion upon exposure to stimuli while the other layer 

could show shrinkage in the presence of the same stimuli. Integration of such reverse actuation profiles 

in a single construct result in the more pronounced differential swelling of the construct along the 
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thickness, which leads to anisotropic out-of-plane shape change. This method is a robust approach to 

program complex actuation and tailors the morphing mode of soft constructs. Thanks to the inherent 

self-healing properties of zwitterionic/acrylate hydrogels, they have excellent potential to be used in 

fabricating such constructs (Figure 5-1a). In our design, we will leverage the chemistry of a random 

copolymer of 3-dimethyl (methacryloyloxyethyl) ammonium propanesulfonate (DMAPS) and 

methacrylic acid (MAA) in an aqueous environment to achieve self-healing and actuation properties. 

We expect that the incorporation of MAA improves the mechanical properties of the hydrogel through 

intra- and inter-molecular hydrogen bonding and hydrophobic associations provided by hydroxyl and 

methylene groups in the MAA chemical structure (Figure 5-1b).[186,187,239,276,277] The zwitterionic 

network formed by DMAPS should also demonstrate remarkable self-healing properties due to the 

dynamic electrostatic interactions between oppositely-charged groups. As we reported in Chapter 4, 

following other reports in the literature, DMAPS-co-MAA has also shown responsiveness to 

temperature, ionic strength, and pH, making it a promising material for designing multi-modal stimuli-

responsive actuators for soft robotic applications.[241–243,278,279] The outstanding self-healing properties 

of DMAPS-co-MAA make it suitable for a cut-and-paste strategy to program complex stimuli-triggered 

shape deformations using the bilayer approach. The fabricated bilayer can be used to design functional 

micro-robots such as grippers and end-applicators for remotely controlled applications. Optimizing the 

mechanical properties, self-healing, and actuation of the fabricated hydrogel for soft robotic 

applications requires a systematic investigation of the hydrogel precursors with different chemical 

compositions. In this chapter, we show the results of our systematic study on the synthesis of different 

DMAPS-MAA hydrogels and bilayer constructs thereof, with a focus on their applicability in soft 

robotic applications.  
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Figure 5-1. Concept of synthesizing bilayer hydrogels. a) Shape-change programming of the hydrogel. Schematic 

representation of the hydrogels' reversible expansion/shrinkage mechanism. b) The chemical structure of the hydrogel 

components. Schematic of the electrostatic cross-linking and self-healing mechanism of the hydrogel.  
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5.3 DMAPS-MAA Hydrogels 

The self-healing and mechanical properties of physically cross-linked hydrogels were investigated after 

polymerizing hydrogel precursors with different DMAPS: MAA weight ratios. The fabricated 

hydrogels are named SBMA1 to SBMA4, in which the weight ratio of DMAPS to MAA varies from 

1:2 to 3:1 (Table 5-1). The stress-strain behavior of the hydrogels, Figure 5-2a, shows that increasing 

DMAPS concentration in the formulation reduces Young’s modulus and tensile strength 

monotonically. This is not the case for the elongation at break as it decreases first by increasing DMAPS 

concentration then it decreases by further increasing the zwitterionic content. The super-hydrophilicity 

of DMAPS increases the water uptake of the hydrogels with higher DMAPS concentration which 

causes a reduction of the mechanical properties.[280,281] However, after a critical DMAPS concentration 

(above 50 wt.% in the monomer mixture), the density of the physical network increases significantly, 

increasing the elongation at break. Thus, SBMA4 hydrogels are soft yet possess large elongation at 

break.  

Table 5-1. Synthesized hydrogel compositions. 

DMAPS: MAA Weight Ratio Name 

1:2 SBMA1 

1:1 SBMA2 

2:1 SBMA3 

3:1 SBMA4 

 

     As shown in Figure 5-2b, SBMA3, and SBMA4 reach an equilibrium swelling after being exposed 

to water for about 1 hour; however, SBMA1 and SBMA2 do not exhibit equilibrium swelling. This 

observation can be attributed to the difference in the network strength of the studied hydrogels. 

Sulfobetaine, the zwitterionic monomer used in fabricating the hydrogels, is the main contributor to the 

formation of the hydrogel's physical network due to the electrostatic interaction between the oppositely-

charged moieties in its structure. In SBMA3 and SBMA4 hydrogels, sulfobetaine is the dominant 

component; hence, these hydrogels have a denser and stronger network of physically cross-linked 

chains. In SBMA1 and SBMA2 hydrogels, methacrylic acid is the dominant component. A lower 

content of sulfobetaine results in a reduction of electrostatic interactions, which leads to a weak 
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hydrogel network. Therefore, SBMA1 and SBMA2 hydrogels fail to withstand swelling and start 

degrading after being exposed to water over time. 

     We then studied the self-healing properties of the four hydrogel formulations at the macroscale. For 

that, the self-healing-time-study experiment was conducted to determine the effect of contact time and 

chemical composition on the self-healing properties of the hydrogels. Strips of different hydrogel 

compositions were cut in half, followed by bringing the pieces to contact for different periods. The 

effect of time on the self-healing properties of SBMA1 and SBMA4 samples is shown in Figure 5-2c. 

One can observe a gradual improvement in healing efficiency for both specimens; however, the healing 

efficiency is significantly higher for the SBMA4 hydrogel, where the broken hydrogel exhibits full 

recovery of mechanical properties four hours after healing. We attribute this to the higher amount of 

electrostatic interactions in the SBMA4 hydrogel compared to the SBMA1 counterpart (the results of 

the self-healing experiment for the SBMA2 and SBMA3 samples are reported in Figure 5-2d).   
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Figure 5-2. Hydrogel selection through characterization. a) Stress-strain behavior of the hydrogels. b) Monitoring the 

swelling behavior of the hydrogels in water. SBMA1-2 starts degradation after around 1 hour while SBMA3-4 shows 

stability after 4 hr. c) Self-healing efficiency of SBMA1 and SBMA4 over time. d) Self-healing efficiency of SBMA2 and 

SBMA3 hydrogels over time. 

 

Cyclic step-strain mechanical testing was used to investigate the self-healing behavior of hydrogels at 

the microscale and their elastic response under a controlled strain regime. In all studies, we frequently 

toggled the applied strain between 1% and 100%, corresponding to the linear and non-linear 

viscoelastic regions obtained from the amplitude sweep test shown in Figure 5-3a,b. Both hydrogel 

compositions exhibit a linear viscoelastic region in which the microstructure of the hydrogels is 

preserved, and the elastic and loss moduli possess constant values. Additionally, G' is greater than G" 

in the entire range of applied strains within this region. Through this method, we can evaluate the 
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recovery of the hydrogels’ mechanical properties at the microscale following the network rupture at 

high strain. As shown in Figure 5-3c,d, both SBMA1 and SBMA4 hydrogels demonstrate a gel network 

(Gʹ greater than Gʺ) in the range of linear viscoelastic strains (shear strains below 1%). For SBMA1, in 

shear strains above the linear viscoelastic threshold (shear strains beyond 100%), Gʹ dropped 

immediately and became smaller than Gʺ, indicating hydrogel network dissociation. The ruptured 

network did not recover after the reduction of strain given the lower concentration of DMAPS, which 

causes the reduction of electrostatic interactions and limits the reconstruction of the hydrogel network. 

In contrast, SBMA4 exhibits full structural recovery, confirmed by the recovery of the mechanical 

properties at the beginning of the second cycle.  

 

Figure 5-3. Rheology test in the amplitude sweep mode indicates a) The formation of a strong gel and the linear viscoelastic 

region of the SBMA1 sample. b) The formation of a strong gel and the linear viscoelastic region of the SBMA4 sample. c) 

Rheological behavior of SBMA1 in the step-strain mode, which shows the lack of self-healing properties. c) Rheological 

behavior of SBMA4 in the step-strain mode, which shows self-healing properties in a cyclic regime. 
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A crucial capability of hydrogels for designing functional devices is to exhibit a reversible response to 

specific external cues, such as a change in ionic strength, in the form of volume changes. In this study, 

the swelling and deswelling mechanisms of the proposed hydrogels in response to changes in the ionic 

strength of the environment were investigated. As shown in Figure 5-1a, hydrogels with high 

zwitterionic content expand in saline solution due to charged group neutralization. This leads to 

increased water absorption. However, hydrogels with high acrylate content shrink as water is expelled 

to establish osmotic equilibrium.  

     Figure 5-4 shows the expansion coefficient ((L-L0))/L0, where L0 and L are the initial and post-

swelling lengths of the samples, respectively) of the SBMA1-4 samples in 2M sodium chloride (NaCl) 

solution. After swelling the samples in DI water for about 2 hours, the hydrogel specimens were placed 

in the 2M NaCl solution. Among the hydrogels, SBMA1 and SBMA2 showed shrinkage, while SBMA3 

and SBMA4 hydrogels showed an immediate expansion upon exposure to the saline solution. The 

oppositely-charged ions in the surrounding saline neutralize some of the –NH4
+ and –SO3

- groups of 

DMAPS, resulting in a loose hydrogel network due to the reduction of the electrostatic interactions, 

which manifests in increased water uptake. However, for the MAA-rich hydrogels, water expels out 

from the network to reduce the ionic concentration outside the hydrogel network and to provide an 

equilibrium through the osmotic effect. This phenomenon overtakes the impact of the partial collapse 

of the zwitterionic network upon exposure to the saline and results in the volume shrinkage of the 

SBMA1 and SBMA2 hydrogels.[282–286]  

 

Figure 5-4. Dimensional change of the hydrogels upon exposure to the saline solution over time. 
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To evaluate the efficiency of self-healing between SBMA1 and SBMA4, which is necessary for the 

successful fabrication of bilayers, we first made two hydrogel strips of SBMA1 and SBMA4 with 

dimensions of 25 mm  10.5 mm, which were equilibrated in water for 2 hours. Then, we cut each strip 

in two halves and combined them by pressing them laterally with a contact area of 100 mm² under 

constant pressure (Figure 5-5a). After 6 hours of healing, the stress-strain behavior of the healed bilayer 

hydrogel was evaluated, and remarkable elongation was observed (Figure 5-5b). Compared to the 

stress-strain behavior of the healed SBMA4 hydrogel, the elastic modulus of the bilayer made of 

SBMA1 and SBMA4 strips has improved slightly (around 4 kPa, see Figure 5-2c), which can be 

attributed to the contribution of the stiffer SBMA1 hydrogel. However, the elongation at the break of 

the bilayer hydrogel decreased by 200% compared to the SBMA4 hydrogel, although it is still 

significant for simple robotic applications. This drastic decrease can also be attributed to the 

contribution of the SBMA1 strip, which has considerably less zwitterionic content, leading to reduced 

chain dynamics and restricted interdiffusion of polymer chains in the contact area. 

5.4 Chemically Cross-Linked DMAPS-MAA Hydrogels 

Utilizing hydrogels for soft robotics requires long-term underwater stability. During the actuation of 

constructs in the saline solution, the ions in the surrounding environment disrupt the electrostatic 

attraction between the zwitterionic moieties, causing the excessive swelling and eventual degradation 

of the SBMA4 hydrogel after 20 minutes. SBMA1 hydrogels start degrading after being kept in water 

for 50 minutes. Although both SBMA1 and SBMA4 hydrogels demonstrated the desired mechanical 

properties and self-healing efficiency, they dissociated upon immersion in water and saline solution 

after 20 mins, which limits their practical applications (Figure 5-5c,d). To address the issue of 

degradation in physically cross-linked DMAPS-MAA hydrogels, we added small amounts of N, N’-

methylene bis (acrylamide) (BIS) as a chemical crosslinker. This approach resulted in hydrogels that 

could withstand degradation for at least several hours and multiple cycles. One shortcoming of this 

strategy was the reduction of the elastic modulus and the elongation-at-break of healed chemically-

crosslinked hydrogel strips, despite the low BIS: monomer molar ratio (1:400) (Figure 5-5b). This is 

likely due to the reduced water retention capability of the hydrogels, which causes expelled water to 

accumulate on the contact surface of the strips and interfere with the adhesion of the layers.  Therefore, 

the amount of chemical cross-linker was kept minimal since it adversely affects the self-healing 



 

 52 

efficiency of the hydrogels, which is crucial for integrating hydrogel strips into a bilayer construct by 

reducing the mobility of the chains. 

5.5 Chemically Cross-Linked DMAPS-MAA Nanocomposite Hydrogels 

The addition of CNC nanoparticles to the hydrogel formulation could remedy this problem by 

increasing the hydrophilicity of the chemically-crosslinked hydrogel and enhancing the elastic 

modulus, elongation, and degradation resistance. The formulation was modified by replacing water 

with a dilute CNC solution (3 wt.% in water, see Materials and Methods for details). The proposed 

CNC concentration is below the threshold of the CNC liquid crystalline phase formation (4 wt.%) and 

the hydrogel precursor is dilute enough to be injected into the cell. The polymerized stripes 

demonstrated relatively high self-healing efficiency (58.42% for SBMA4 and 36.89% for SBMA1 

hydrogels) while still stable in the aquatic environment (Figure 5-5b-d). Once CNC is added to the 

formulation, the hydrophilicity of the hydrogel increases, which prevents surface water accumulation 

by retaining the moisture inside the structure. Compared to its chemically cross-linked counterpart, the 

elongation of the modified nanocomposite hydrogel was improved by 40% (Figure 5-5b).  

 

Figure 5-5. a) Schematic representation of the mechanical test procedure. b) Comparison of the mechanical behavior of the 

unmodified, cross-link-modified, and CNC-modified hydrogels. c)Degradation profile of the SBMA4 hydrogels in saline 

solution. d) Degradation profile of the SBMA1 hydrogels in water. Stripes labeled with i, ii, and iii represent pure, 

chemically cross-linked, and chemically cross-linked nanocomposite hydrogels. 
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5.6 Shape Change Programming 

To achieve anisotropic stimuli-triggered shape-morphing, the cut-and-paste strategy has been utilized 

to fabricate bilayer constructs composed of hydrogel layers with different chemical compositions and 

thus, actuation behavior.[287–289] The structural gradient along the thickness of the bilayer and the initial 

geometry of each layer provide a robust toolbox to program shape-morphing. Given the excellent 

mechanical properties and acceptable degradation resistivity, the bilayer structures in our work were 

made by integrating chemically cross-linked CNC-containing SBMA1 and SBMA4 nanocomposite 

hydrogels (called Gel1 and Gel4 afterward). The modified bilayer was used for further investigations 

in this study. 

     For a bilayer made from Gel1 and Gel4, we predict that, upon exposure to the saline solution, the 

gradient in the chemical composition along the thickness will result in the bending of the construct, 

given the reverse actuation modes of each layer (Figure 5-6).[290] In addition to the mechanical 

properties of each layer, their initial geometry, such as length, thickness, and attachment angle, plays a 

significant role in tuning the deformation profile.[291] Indeed, the bilayers’ deformation is controlled by 

a combination of macrostructural anisotropy and the balance of internal residual stress resulting from 

differential swelling along their thickness. For example, if the long axis of the shrinking strip aligns 

with the direction of the expanding strip, the bilayer will undergo pure bending (Figure 5-6). For such 

a design, self-healing is crucial for maintaining bilayer integrity.  
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Figure 5-6. Schematic of the expansion and shrinkage mechanisms of the Gel4 and Gel1 hydrogels upon exposure to the 

saline solution. Differential volume changes along the thickness of the bilayer routs in the predictable deformation. 

5.7 Bilayer Actuation 

After ensuring the integrity of the bilayer, the controlled shape-morphing was investigated by exposing 

the bilayer system to a 2M saline solution, followed by swelling in pure DI water to recover the original 

shape. The predictable swelling and shrinking behaviors of Gel1 and Gel4 provide a host of 

opportunities for designing devices with complex morphing profiles. To verify this prediction, first, the 

shape change was triggered by increasing the salinity of the hydrogel environment to 2M, and the pure 

bending of the initially rectangular bilayer was investigated by monitoring the bending angle over time. 

Then, the hydrogel was exposed to DI water to recover the original shape, and the releasing angle was 

monitored over time (Figure 5-7a). The bending/releasing angle is the angle between a vertical tangent 

applied to one edge of the hydrogel and a vector connecting two edges after bending/releasing. The 
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bilayer demonstrated reversible bending, and the bending direction was controlled by the expanding 

layer (Gel4). Repeatable shape-changing is another requirement for the functionality of the bilayer for 

robotic applications. To explore the durability of the hydrogel morphing, the bilayer was exposed to 

frequent changes in environmental salinity. Figure 5-7b shows the reversible bending and unbending 

of a bilayer of Gel1 and Gel4 for at least five cycles in response to the change in salt concentration. 

     To further prove the concept of the programmable shape-morphing of bilayers, five bilayer 

constructs were designed, in which several Gel1 stripes were cut and attached to the Gel4 (substrate 

layer). The angle between the long axis of Gel1 and Gel4 hydrogels was 0°, 22.5°, 45°, 67.5°, and 90°. 

Changing the bilayer geometry by increasing the number of attaching layers and altering the attachment 

angle would introduce further fidelity in tuning the shape-morphing profile of the bilayer. Deviation of 

the angle of the attaching stripes from the long axis of the substrate strip results in the bilayer twisting 

and the formation of a helix shape. The pitch of the helix can be adjusted by the angle at which the Gel1 

stripes are attached to the Gel4. As shown in Figure 5-7c-d, increasing the angle from 22.5° to 67.5° 

results in an increase in the helical pitch, forming a less compact helix. 
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Figure 5-7. Bilayer actuation. a) Quantitative study of the reversible response of the bilayer upon exposure to the saline 

solution and water. b) Cyclic study of the bilayer's ultimate bending and releasing angles by frequent changes in the 

environment salinity. c) Schematic representation of controlling the deformation mode by changing the bilayer geometry. d) 

Obtaining spiral shape-morphing with different pitch sizes by controlling the geometrical parameters of the bilayer hydrogel. 

e) Schematic representation of the fabrication of end-effectors for robotic applications. 
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5.8 Robotic Functions 

After demonstrating the remarkable properties of our hydrogel bilayer, including programmable shape-

morphing, self-healing, and demanded degradation-resistivity, we designed an ionic strength-

responsive miniature gripper for untethered robotic applications. The gripper was constructed by 

joining Gel1 and Gel4 layers, which created arms capable of gripping light, spherical cargo (Figure 5-

7e). By increasing the salinity, the gripper arms rolled around the cargo, and then we navigated the 

gripper through the confined paths of a maze, followed by replacing the saline with water to release the 

cargo (See Figure 5-8). We also developed a miniature spiral robot to transport very light cargo through 

the maze. To achieve a smaller pitch or more turns in the helix, we cut the strips of Gel4 at an angle of 

around 22.5° between the Gel4 strips and the long axis of the Gel1 substrate. By increasing the salinity, 

the bilayer twisted around the cargo to pick it up. Then, the designed construct transported the cargo 

navigated by an external magnetic field, and finally, released the cargo at the end of the path (Figure 

5-9). In both applications, we incorporated magnetic iron oxide nanoparticles into the precursor to 

magnetize the Gel1 strips and enable remote navigation.  
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Figure 5-8. a) Schematic of the reversible deformation of a micro-robot triggered by environmental salinity. b) The 

schematic representation of a micro-robot that can be remotely navigated by a magnet.  c) Soft robotic applications of 

bilayer hydrogels. A micro-gripper developed by a multilayering strategy that grabs a spherical cargo by rolling its arms 

triggered by increasing the salinity. After transferring the cargo to a new location by magnetic navigation, the gripper arms 

are opened and the cargo is released by replacing the saline with water. 
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Figure 5-9. a) The schematic representation of a micro spiral swimmer that can be remotely navigated by a magnet.  b) The 

micro-robot rolls around a T-shaped cargo by increasing the salinity. After transferring the cargo to a new location by 

magnetic navigation, the spiral robot opens up and the cargo is released by replacing the saline with water. 
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5.9 Concluding Remarks 

In summary, we employed a cut-and-paste approach to design bilayer hydrogels with a heterogenous 

stimuli-response pattern along the thickness, which promotes controllability of the predictable 

deformation of the soft robot by changing the salinity of the surrounding environment. The bilayer 

features selective out-of-plane deformations due to the heterogenous physiochemical and mechanical 

properties and possesses essential requirements for untethered soft robotic applications. To further 

prove the capability of the designed anisotropic hydrogel for robotic applications, we employed our 

hydrogel bilayer to fabricate a miniature gripper and a spiral locomotive. These devices enable the 

transport of lightweight cargo by changing the concentration of the saline environment.  
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Chapter 6 

Challenges and Outlook 

6.1 Future Research Direction 

Overall, there are several directions for future research to fully realize the potential of our 

programmable hydrogel systems for advanced robotic applications. One key area is the development 

of zwitterionic hydrogels with more complex shape-morphing and locomotion modes to enable more 

sophisticated robotic functions. Another research area is improving the mechanical properties of the 

hydrogel formulations to support higher load-bearing capacity applications. Furthermore, to enable 

minimally invasive medical interventions for therapeutic and theranostic applications, there is a need 

to develop hydrogel-based robotic devices at milli- and micro-scales. This requires the utilization of 

sophisticated microfabrication techniques. The shear-thinning rheology of the hydrogel precursor, 

coupled with its photocurable nature, offers opportunities for the development of bio-inks for extrusion 

additive manufacturing. Stereolithography, direct laser writing, and two-photon polymerization are 

other additive manufacturing methods at the submillimeter scale that could benefit from a variety of 

hydrogels, including our system, as inks. The non-cytotoxicity and biocompatibility of the hydrogel 

precursor offer a host of possibilities for synthesizing cell-laden bio-inks for extrusion and laser-based 

fabrication. Additionally, the longevity, durability, and on-demand degradability of hydrogel constructs 

are also important considerations for practical applications. Finally, there is a need to design hydrogel 

constructs with integrated functions of actuation, sensing, control, and communication to enable 

multifunctionality in advanced robotic applications. These future research directions will be critical to 

advancing the field of hydrogel-based soft robotics for biomedical and other applications. 
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Appendix A 

Supplementary Information 

Finite element simulations 

The mechanical deformations of anisotropic hydrogels, shown in Figure 4-7, were modeled using the 

finite element software (COMSOL Multiphysics 6.0). The neo-Hookean hyperelastic model was used 

to model the swelling behavior of hydrogels, which is capable of describing the mechanical behavior 

of hydrogels in different regimes of large deformation. The hydrogel elastic modulus of E = 191 kPa 

was used for the anisotropic gels with an assumed Poisson’s ratio of 0.3, typical in most hydrogel 

materials, with the calculated material density of 1120 kg/m3. Although the neo-Hookean model is not 

capable of modeling the anisotropic elasticity of the hyperelastic material, it can lead to correct 

estimation when the elastic properties of the material in different directions are close to each other. 

When the elastic properties of hydrogels in different directions differ drastically, anisotropic 

hyperelastic models such as the Ogden model or Fung model can be used. Both models are more 

complex than the neo-Hookean model and require more information about the material's properties.  

 

The swelling strain was included in the total strain as 𝜺𝑻 =  𝜺𝒆  + 𝜺𝒔, where 𝜺𝒆 is the elastic strain 

tensor and 𝜺𝒔 is the swelling strain tensor, given by:[206]  

𝜺𝐬 = [
𝜶∥ 𝟎

𝟎 𝜶⊥
] 

 

where 𝜶∥ and 𝜶⊥ are swelling in parallel and perpendicular to the alignment direction (adopted from 

Figure 4-6d). The swelling strains were increased by small increments in the simulations to achieve 

solution convergence.  

 

 

Cell Viability 

Fibroblast cells (NIH/3T3) were cultured in a 37 °C, 5% CO2 humidified incubator using Dulbecco’s 

modified Eagle's medium (DMEM) supplemented with 10% (v/v) FBS and 1% (v/v) 

penicillin/streptomycin. The cytotoxicity of the hydrogels was evaluated using a Live/Dead assay kit 

(Invitrogen). Circular films of different hydrogels were prepared and washed with 1 wt% NaCl solution, 

DI water, and ethanol for 7 days to remove unreacted materials. The prepared films were also sterilized 

via UV exposure for 2 hours. Cells were cultured in 6-well plates at an initial density of 5x10^4 cells 
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per well and incubated with sterilized films for 5 days. On days one, three, and five, cells were stained 

with Calcein AM (0.5 μL/mL in PBS) and ethidium homodimer-1 (2 μL/mL in PBS) to visualize live 

and dead cells, respectively, according to the manufacturer's protocol. Stained samples were imaged 

using a Zeiss LSM 700 confocal microscope (Carl Zeiss AG, Germany). 

 
 

 

 

 

 


