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ABSTRACT 

 

The rapid progress of microtechnology has augmented the need for the breakthrough of 

medical devices that are capable to achieve mechanical output in-vivo on the micro and 

macroscale. Actuators are a kind of machine that can move or control a mechanism and 

requires a controlling signal or a stimuli. Based on the external stimuli they need, actuators 

can be classified into different categories, including mechanical, electro-mechanical, 

pneumatic and hydraulic actuators. Among all types of actuators, those supported stimuli-

responsive hydrogels deserve individual consideration. Hydrogels are three-dimensional 

crosslinked hydrophilic polymer networks which have ability to swell and shrink in response 

to different stimuli such as temperature, light, pH etc. The ability of stimuli responsive 

hydrogels to change their volume in response to change in their physiological surroundings 

makes them fascinating to be used as smart materials for biomedical applications such as: 

carriers for drug delivery, microfluidic system, sensors as well as actuators. The aim of this 

project was to explore the performance of  hydrogels as actuator that uses natural environment 

stimulus to produce microscale displacement and force that has potential in different 

biomedical applications e.g. controlled drug dispensation, stent expansion, wound 

management etc. 

Keywords: Hydrogels, Actuators, Mechanical characterization, biomedical applications 
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Chapter 1 

CHAPTER 1 INTRODUCTION 

The recent advancement in microsystem technology has been of great interest due to its 

ability to produce mechanical devices with more precisely defined features in a size range 

similar to polymeric materials (Cao, Lai, & James Lee, 2001). The evolution of hydrogels as 

new smart polymeric materials offers new possibilities in microsystems; thus, for the 

approaching technology, microscale hydrogel devices would be of great interest. 

Hydrogels are three-dimensional crosslinked polymer networks and have the ability to absorb 

water or biological fluids due to presence of great number of hydrophilic groups. The degree 

of swelling increases strikingly in response to external stimuli like temperature (Hirokawa, 

Tanaka, Johnson, & Sen, 1984; Shirota, Endo, & Horie, 1998), pH (Brannon-Peppas & 

Peppas, 1991), solvent (Ohmine & Tanaka, 1982) or electric field (Tanaka, Nishio, Sun, & 

Ueno-Nishio, 1982). This ability to respond to an external stimulus can be used in a variety of 

applications, including sensors (Bashir, Hilt, Elibol, Gupta, & Peppas, 2002), carriers in drug 

delivery (Langer, 1998), as well as actuators in microfluidic devices (Harmon, Tang, & Frank, 

2003). Many kinds of actuators for different biomedical applications have been known, but 

stimuli-responsive hydrogel based actuators need individual attention.  

Polyvinyl alcohol (PVA) is a hydrophilic synthetic polymer that has been extensively used in 

biomedical and pharmaceutical industry due to good biocompatibility and physical properties. 

It also comprise of enormous hydroxyl groups and can certainly form hydrogen bonds with 

free water molecules. (Morita, Honda, & Takahashi, 2000). Chitosan is a natural 

polysaccharide derived from chitin containing hydroxyl and amine groups, has the potential to 

form hydrogen bonds when mixed with PVA (Chuang, Young, Yao, & Chiu, 1999). Gelatin 
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is natural biological material derived from collagen exhibiting the water absorbing capacity 

about 5–10 times of their own weight (Remington, Troy, & Beringer, 2006). Gelatin has 

countless noteworthy properties, like; the gel and film forming property, water holding 

capacity, and emulsifying property (Djagny, Wang, & Xu, 2001). Thus, the hydrogel 

composite combining the synthetic i.e. PVA and natural polymers i.e. chitosan and gelatin can 

be synthesized providing the desired physical, chemical and mechanical properties.  

The present work focuses to explore the performance of  hydrogels as actuator that uses 

natural environment stimulus to produce microscale displacement and force which may have 

potential in diverse biomedical applications e.g. controlled drug dispensation, stent expansion, 

wound management etc. To investigate this, novel hydrogel composition has been synthesized 

and different parameters have been evaluated including the temporal submersion analysis of 

hydrogel and comparative volumetric analysis. Hydrogel composition has also been 

structurally and chemically characterized using SEM, FTIR and XRD analysis. Finally, the 

hydrogel has been employed in an actuator configuration and it is mechanically characterized 

by studying different parameters of the hydrogel as linear actuator.  
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CHAPTER 2 REVIEW OF LITERATURE 

2.1 Introduction to Hydrogels 

Hydrogels are three-dimensional (3D) crosslinked networks made of polymers that are water 

soluble and exhibit hydrophilic nature. Softness, smartness, and the capacity to swell and 

retain a substantial amount of water when exposed to an aqueous solution make hydrogels 

exclusive materials (Shibayama & Tanaka, 1993). The quantity of water can approach up to 

99 wt% of the hydrogel mass (Kudela, 1987). In reaction to diverse stimuli such as 

temperature (Cai & Suo, 2011), light, pH (Brannon-Peppas & Peppas, 1991) and ionic 

strength, hydrogels can considerably swell and shrink due to change in total water in the 

polymer network. The swollen form of hydrogel is soft and rubbery, showing high 

biocompatibility due to great amount of water retention (Kalshetti, Rajendra, Dixit, & Parekh, 

2012). Hydrogels can be produced in a range of physical forms, including films, 

microstructures, nanoparticles and coatings. Researchers believe that the behavior of 

hydrogels is similar to plants, in a way that twisting and bending is achieved by altering the 

amount of water in the cells and tissues. The reversible change in sizes and shape of hydrogels 

makes it suitable for an extensive range of biomedical applications, including the design of 

different optical devices, microfluidic devices (Harmon et al., 2003), sensors (Bashir et al., 

2002), actuators (Guenther et al., 2007) and drug delivery systems (Dinarvand & D'Emanuele, 

1995; Langer, 1998). 

In order to adapt hydrogels for different biomedical applications, microsystems exhibiting the 

responsive behavior of smart materials need to be established. The requirements of hydrogel 

synthesis for this purpose include preparation of novel sensitive polymers, selection of 
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relevant and specified stimulus and speed of response. The most common methods to 

synthesize the composite hydrogels are based on the crosslinking methods including the 

physical, chemical and radiation crosslinking. 

In recent times, Hydrogels have become useful to be used as smart material because of their 

ability to produce intense volume transition in reply to a range of physical and chemical 

stimuli. The physical stimuli consist of temperature, light, electric or magnetic field, pressure, 

and sound, whereas the chemical stimuli comprise pH, ionic strength, molecular species and 

solvent composition,  as illustrated in Figure 2.1 (Ahmed, 2015).  

2.2 Characterization Parameters of Hydrogels 

Hydrogels are usually characterized by variety of parameters depending on the applications 

they are synthesized for. The parameters that affect the properties of hydrogels includes: 

chemical composition/structure of hydrogel, degree to swell/deswell and the response rate etc.  

The volume fraction of hydrogel in the swollen state, indicating how much fluid can be 

absorbed and retained, is an important parameter for structural characterizations of hydrogel 

(Chai, Jiao, & Yu, 2017). For increased response rate of hydrogels, porous structure is the 

Figure 2.1 Stimuli responsive swelling properties 
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demanding property, which can be obtained by changing the crosslinking density of the gel 

matrix. For the application of hydrogels in drug delivery systems, the release rate is an 

important parameter which depends on the diffusion coefficient through the gel network and 

can also be modified according to desired mechanism (Gupta, Vermani, & Garg, 2002). The 

size and the mechanical strength of the hydrogel also act as important parameters to establish 

the hydrogels for actuator applications.   

For various applications, the swelling behavior of hydrogel under loaded condition need 

significant importance than a free swelling. Thus, pressure measuring device can be utilized 

for characterizing the swelling behavior of hydrogels, where an external pressure decreases 

the swelling pressure of hydrogels. Examples include: an active diaper absorbent must be 

capable of swelling when an external pressure is applied as result of baby’s weight. In 

agricultural applications, the swelling pressure of the absorbent hydrogels be influenced by 

the depth and the density of the soil. (Peppas, Ottenbrite, Park, & Okano, 2010).  

 

Figure 2.2 Techniques for Mechanical characterization of hydrogels: (a-b) Extensiometry; (c) Compression 

Test (d) Bulge Test (e) Indentation (F is force and P is pressure). 
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Several approaches have been considered to scrutinize the mechanical performance of 

hydrogels as demonstrated in Figure 2.2. The most commonly used method is by tensile 

testing in which sample material is held between two grips, then the change in elongation of 

the material is observed due to applied force. The second most common technique known as 

Compression testing comprises of the material between two plates and squeezing it. Other 

approaches include bulge testing and indentation (Ahearne, Yang, & Liu, 2008).  

2.3 Hydrogels as Actuators 

Actuators are a kind of machine that can move or control a mechanism and requires a 

controlling signal or a stimuli. Based on the external stimuli they need, actuators can be 

classified into different categories, including mechanical, electro-mechanical, pneumatic and 

hydraulic actuators. However, the use of stimuli-responsive hydrogels as actuators deserve 

particular consideration. Originally, it was expected that the novel kind of actuator, entitled as 

artificial muscle, can be offered by stimuli responsive hydrogel due to comparable properties 

of hydrogels to the natural muscle. Nevertheless, due to the deliberate swelling process of 

hydrogels, its early to use hydrogels for the robotic “artificial muscle” applications. Though, 

hydrogels suggest remarkable properties for low dynamic applications such as medical pumps 

(Andreas Richter, Klenke, & Arndt, 2004) or automatic mattresses (A Richter, Krause, 

Lienig, & Arndt, 2005).  
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The distinctive properties of a range of actuators are presented in Table 1. Although hydrogels 

have brilliant static actuation characteristics, like natural muscle, their actuation speed is 

restricted by the rate of diffusion, making them unfeasibly slow for a lot of applications. So, 

hydrogels are usually working in presentations on the microscale, and have had some degree 

of victory when practiced to devices on large scale (Dicker, Weaver, Rossiter, & Bond, 2014). 

 

Table 1 Actuator types and their characteristics 

The physical principle of hydrogel actuators is based on their ability to experience large 

volume changes as a stimulus (thermal, photonic, chemical or electrical) is applied. The 

alteration in the properties of stimuli responsive hydrogels occurs due to application of 

external signal while the initial form of hydrogels can be achieved by the removal of stimuli. 

The interchanging property of the stimuli responsive polymeric materials permits one to study 

them as basic machines i.e. actuators converting the surrounding signals into a mechanical 

reaction (Ionov, 2010). There are numerous reports related to the design and fabrication of 

hydrogel as actuating layers with diverse stimuli responsive characteristics. For instance, pH-

responsive structures composed of polyelectrolytes (Bassik, Abebe, Laflin, & Gracias, 2010; 

Guan, He, Hansford, & Lee, 2005; He, Guan, & Lee, 2006; Kelby, Wang, & Huck, 2011; 

Actuator Energy den.(kJ 

m−3) 

Stroke (%) Pressure (MPa) Reaction time 

(ms) 

Hydrogels 3.5 90 4 300– a 

Solenoids 0.25 50 0.1 5 

SMA 100 8 900 300b 

Muscle 5.9 70 1.18 0.03 
aActuator size in the micrometre  range to centimetre range. 

bDepending on the applied heating power. 
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Kumar, Luchnikov, Nandan, Senkovskyy, & Stamm, 2008; Kumar et al., 2009); Polymer 

based thermo responsive machines with varying critical solution temperature behavior 

(Stoychev, Puretskiy, & Ionov, 2011; Wang et al., 2005; Xia et al., 2013); solvent sensitive 

systems (Guan et al., 2005; Kelby et al., 2011). As illustrated in above mentioned 

applications, the deformation and relaxation of a hydrogel is effected by the application and 

removal of stimuli, correspondingly. 

An interesting method for construction of hydrogel-based actuators has been explained by 

Aizenber and Sidorenko. They made-up a thin hydrogel films with incorporated high-aspect 

ratio rods. The change of orientation of the rods is produced by breakdown or swelling of the 

thin hydrogel layer (Pokroy, Epstein, Persson‐Gulda, & Aizenberg, 2009; Sidorenko, 

Krupenkin, Taylor, Fratzl, & Aizenberg, 2007). Lee et al. have utilized the ability of 

hydrogels to swell and deswell reversibly and fabricated pH-sensitive hydrogel actuators 

copying the shape and motion of octopus and sperm (Kwon et al., 2008). These kinds of 

aquabots are capable to yield directional motion in reaction to change of electrochemical 

potential and can be possibly used for variety of biomedical applications to sense and destroy 

certain microorganisms. It is identified that behavior of cells (differentiation, growth, 

apoptosis) depends on geometrical constrains. Thus, a thermoresponsive polymeric actuator 

has been established by Pelah, which can reversibly deform cell shape (Pelah, Seemann, & 

Jovin, 2007). More recently, smart bilayer hydrogels with reconfigurable shapes actuated by 

pH-triggered swelling difference were constructed successfully by using natural polymers. 

This newly established soft actuator have the ability to perform mechanical work by lifting up 

objects (Duan, Liang, Zhu, Guo, & Zhang, 2017). 
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The use of hydrogels as actuators exhibit some advantages as well as disadvantages. The main 

advantage of hydrogel as actuator configuration is the sensitivity to their surrounding 

environment such as pH, temperature, concentration, biosignals etc. Hydrogels possess good 

biocompatibility and an amount of flexibility akin natural tissue, thus can be utilized in 

numerous biomedical applications as in vivo actuator configuration. Despite of such vast 

benefits, the usage of hydrogel as actuator configuration is restricted to aqueous solutions as 

the water or biological fluid is really required for actuation mechanism. Another limitation of 

hydrogels is the slow response time of hydrogels which marks them inappropriate for 

extensive applications or in conditions where fast response is required, but the solution can be 

provided by using porous hydrogels (O’Grady, Kuo, & Parker, 2009). 
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CHAPTER 3 MATERIALS AND METHODS 

3.1 Materials 

Polyvinyl alcohol (PVA) 72000 BioChemica was obtained with molecular weight of approx. 

72000 g/mol and 85-89% degree of hydrolysis.  Chitosan (CS) was purchased from 

Avonchem (UK). Gelatin (4055–1405) was procured from Daejung Chemical Co. (Siheung, 

Korea). Glutaraldehyde (Daejung Chemical Co.) used as chemical crosslinking reagent was 

purchased as a 25% (wt%) aqueous solution. Acetic Acid was used as received without 

further purification. Doubly distilled water was used during the course of the experiment. 

3.2 Synthesis of Hydrogels 

Hydrogels were synthesized in the form of two compositions. 

Composition 1: (Chitosan/Gelatin) 

A 0.5% Chitosan (CS) solution was prepared by dissolving in 1% Acetic Acid (CH3COOH) 

solution with gentle stirring for 30 minutes at 30C. The 7% Gelatin solution was made by 

dissolving in distilled water with gentle magnetic stirring for 1h at 50C. The CS and gelatin 

solution was mixed into the PVA solution. The 1:3 weight ratio of Chitosan and gelatin was 

used. 0.063% Glutaraldehyde was used as a crosslinking agent.  

Composition 2: (PVA/Chitosan/Gelatin) 

A PVA solution of 5% was ready by mixing 5g PVA powder into distilled water with gentle 

magnetic stirring for 2 h at 150C. A 0.5% Chitosan solution was prepared by mixing in 1% 

CH3COOH solution with gentle stirring for 30 minutes at 30C. The 7% Gelatin was prepared 

by dissolving in distilled water with gentle magnetic stirring for 1h at 50C. The CS and 
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gelatin solution was mixed into the PVA solution. The weight ratio of PVA, Chitosan and 

gelatin were1:1:3. 0.063% Glutaraldehyde was used as a crosslinking agent. 

The solutions were then poured into molds specifically design for hydrogel preparation. The 

gels were then air dried at room temperature. The completely dried gels were then cut into 

variable sizes and thicknesses. 

3.3 Characterization of Hydrogels 

The shortlisted composition was then characterized by performing numerous analysis: 

3.3.1 Surface Morphological Analysis  

The assessment of the surface morphology of the hydrogel composite was done by Scanning 

Electron Microscopic (SEM) using JSM-6490A Analytical scanning electron microscope 

(JEOL, Tokyo, Japan). The SEM images were acquired at an activation voltage of 5 kV. 

3.3.2 Chemical Structure Analysis 

The Fourier Transform Infrared Spectroscopy (FTIR) was performed to chemically 

characterize the presence of specific functional groups and types of interactions in the 

hydrogels. FTIR spectra were obtained in KBr mode, with wavenumber range from 4000 to 

450 cm-s during 256 scans, with 8 cm-1 resolution (Perkin Elmer, spectrum 100 FTIR 

spectrophotometer). 

3.3.3 Crystallographic Analysis  

The amorphous or crystalline structure of composite hydrogel was identified by X-ray 

diffraction (XRD) analysis. The diffraction pattern was obtained using a STOE X-ray 

Diffractometer, with Cu-K α radiation source (λ= 0.15418). The data was composed at 2θ 

between 5-60 degrees. 
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3.4 Parametric Analysis of Hydrogels 

Different parameters including the temporal submersion analysis and comparative volumetric 

analysis has been studied, in which the volumetric changes of hydrogel at different time 

intervals has been evaluated. 

3.4.1 Temporal Submersion Analysis 

For temporal submersion analysis, hydrogels were immersed in aqueous medium at different 

levels of submersions i.e 25%, 50%, 75%, 100% as shown in Figure 3.1.  All tests were 

performed at pH 7. Different sized hydrogel samples of varying height and thickness were 

used. Dried hydrogel samples were cut into desired size. The change in volume of submerged 

portion of hydrogel was measured using Vernier caliper after every 10 minutes for total time 

of 1 hr. Each test was repeated 3 times. 

Figure 3.1 Hydrogel sample immersed in 

aqueous medium 
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3.4.2 Comparative Volumetric Analysis 

The comparative analysis and selection of different compositions was done by measuring 

swelling/volume change kinetics of hydrogels.  For this, hydrogels were characterized by their 

rate of change of volume, which is defined by the duration taken by hydrogels to achieve 

certain fraction of stable swelling measurements.  

3.5 Investigation of Hydrogel as Linear Actuator 

3.5.1 Design of Hydrogel based Linear Actuator (HBLA) 

The initial sketch of the Hydrogel based Linear Actuator (HBLA) was made using Pro 

Engineer wildfire 5.0 software. The actuator consist of multiple parts which were assembled 

in a configuration to obtain the final device. The overall actuator consists of three parts as 

shown in Figure 3.3; one is the hollow cylindrical tube containing holes on the base for liquid 

exposure. Second, the hydrogel sample, which is placed inside the hollow tube. One end of 

the hydrogel sample is exposed to the liquid medium and the other face touches the end 

effector.  

The working mechanism of the HBLA is described in the Figure 3.2. When the hydrogel 

sample swells by absorbing water, it creates a force when it touches the end effector, causing 

the end effector to move. 
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Figure 3.3 Hydrogel based Linear Actuator 

Figure 3.2  Illustration of concept behind the working mechanism of Hydrogel based linear 

Actuator (HBLA) 
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3.5.2 Characterization of Hydrogel in Actuator Configuration 

In actuator configuration, Hydrogel was characterized by studying its behavior under 

constraint and loaded conditions. For this purpose, hydrogel was cut into disc shaped samples 

of about 2.5mm thickness and 8.5mm diameter. These samples were placed in hollow 

cylindrical tube in which the hydrogel samples were restricted from all sides, however, one 

face of the hydrogel was exposed to aqueous medium and the other face of the hydrogel was 

set free and allowed to swell. 

 The change in length of hydrogel in constraint environment was measured by taking images 

after every 10 mins for total time 2h. These images were then processed in Matlab. The 

change in length of hydrogel was measured using command imtool which scales the length in 

pixels. The pixels were then converted into millimeters (mm).  

The behavior of hydrogel under loading condition has also been evaluated. The experiments 

were performed by applying different loads on the hydrogel and measuring the difference in 

hydrogel swelling over time. 

3.5.3 Mechanical Characterization of Hydrogel Based Linear Actuator 

Actuators are generally mechanically described by two main parameters: force and the 

displacement. The swelling behavior and change in volume of hydrogel can be utilized to 

generate a force (Gerlach & Arndt, 2009). Thus, to calculate the force that can be lifted by 

HBLA, the load was simply placed on the end effector of the HBLA and the gel was allowed 

to swell undergoing mechanical work. The displacement of the end effector was measured 

and the load lifting capacity of hydrogel was then observed, as illustrated in Figure 3.4. 
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Figure 3.4 Illustration of Displacement and Weight Lifting capacity of HBLA 
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CHAPTER 4 RESULTS AND DISCUSSION 

 

The high swelling and volume change properties of hydrogel can be achieved by forming a 

composite material with high affinity for water or aqueous medium that can be achieved by 

adding hydrophilic and functional groups such as carboxyl, amide, and hydroxyl. These 

groups can freely form hydrogen bonds (Peppas et al., 2010). Therefore, two hydrogel 

composites have been synthesized with the high affinity for aqueous medium. 

 

 

 

Figure 4.1 Hydrogel Composite Film (Semi-

cured form) 
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4.1 Characterization of Hydrogels 

4.1.1 Surface Morphological Analysis  

The surface morphology of the PVA/Chitosan/Gelatin hydrogel composite has been evaluated 

using SEM analysis as shown in the Figure 4.3 

The figure shows homogenous, not tightly woven, non-stratified structure. The little bit rough 

surface could be due to the reorientation of polar functional groups toward to the top surface 

indicating hydrophilic 3D polymeric structure (Chen, Wang, Mao, Liao, & Hsieh, 2008). The 

irregular surface nature suggests that the composite maybe of amorphous nature.  

4.1.2 Chemical Structure Analysis 

The FTIR analysis was done to identify the presence of specific functional groups and types 

of interactions in the hydrogel composition. The FTIR spectra of PVA/Chitosan/Gelatin 

hydrogel has been shown in Figure 4.2. The spectra shows two characteristic bands at 3422 

cm−1 and 1638 cm−1 (Fan, Yang, Yang, Peng, & Hu, 2016). The 3422 cm−1 band indicate the 

presence of hydroxyl group and secondary amide thus confirming the presence of PVA in the 

composite material. The peak at 1638 cm−1 and 1542 cm−1 confirms the chemical 

crosslinking of the blend and presence of secondary amide group respectively (Costa Jr & 

Mansur, 2008). The peaks at 1079 cm−1  and 1239 cm−1  indicated the C-O stretching of 

secondary alcoholic groups and ester (Pawde & Deshmukh, 2008). The peak at 2940 cm–1 

specifies the existence of a hydrocarbon chromophore in the esterified product. Briefly, the 

esterified product has an ester linkage, a secondary alcoholic group, and secondary amide 

groups additionally. 
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Figure 4.3 SEM image of PVA/Chitosan/Gelatin hydrogel composite at 5kV and 

x150 magnification 

Figure 4.2 FTIR results of PVA/Chitosan/Gelatin hydrogel composite 



  Results & Discussion 
  

20 
 

Chapter 4 

 

4.1.3 Crystallographic Analysis  

 
The XRD pattern of PVA/Chitosan/Gelatin composite hydrogel is shown in Figure 4.4. 

According to Kweon H et al; the diffraction peaks at about 19◦ and 22.5◦ represents the 

crystal-like peaks of PVA and the hydrated crystalline structure of chitosan, respectively 

(Kweon, Um, & Park, 2001). The pattern of PVA/Chitosan/Gelatin shows a flat and broad 

peak at 20◦, illustrating that the presence of gelatin decreases the crystalline nature of PVA 

and chitosan. This occurrence can be explained by the noteworthy hydrogen bonding among 

chitosan, PVA and gelatin (Chen et al., 2008). 

 

 

 

 

Figure 4.4 XRD Pattern of PVA/Chitosan/Gelatin Composite hydrogel 
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4.2 Parametric Analysis of Hydrogel 

When the hydrogel is immersed in an aqueous medium, it absorbs water and swells. Since the 

different dimensional changes of hydrogels appear during the swelling process, these 

parameters can be utilize to study the behavior of hydrogel as actuators.  

4.2.1 Temporal Submersion Analysis 

For different biomedical applications, hydrogel is considered to be in contact with aqueous 

medium or biological fluid fully or partially. Therefore, the behavior of hydrogel at different 

immersed levels has been evaluated. The change in volume of hydrogel (∆V= Vt -Vi), where 

Vt= Volume of hydrogel at time t and Vi= initial hydrogel volume in dry state, has been 

calculated at different time intervals for different percentages of volume submersions. The x –

axis of the graph shows the time in which the hydrogel swells and change in volume take 

place, whereas the y axis of the shows the overall ∆V of the hydrogel composites. The results 

reveal the constant increase in (∆V) (Figure 4.5) with time for both the hydrogel 

compositions i.e. Chitosan/Gelatin and PVA/Chitosan/Gelatin.  

The hydrogel samples with different height and thicknesses are compared.  

Figure 4.6 depicts that at 50% submersion, when the height of the hydrogel is increased, the 

change in volume is also increased. However, when the thickness of the hydrogel samples is 

increased, thicker samples shows less change in volume (∆V) initially as compared to thin 

samples as depicted in Figure 4.7. This occurs may be due to more part of the gel exposed to 

aqueous medium; also because minor hydrogel particles reply to external stimuli more rapidly 

than hydrogels in bulk form (Oh, Oh, Choi, & Bae, 1998). 
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Figure 4.6 Temporal Volume Submersion of PVA/Chitosan/Gelatin at 50% volume submerged in liquid; 

Size a= 15x15x1.5 (mm) small and Size a1= 15x20x1.5 (mm) large 

 

Figure 4.5 Temporal Volume Submersion of Chitosan/Gelatin at 50% volume submerged 

in liquid; Size a= 15x15x1.5 (mm) small and Size a1= 15x20x1.5 (mm) large 
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Figure 4.7 Temporal Volume Submersion of Chitosan/Gelatin at 50% volume submerged 

in liquid; Size a= 15x15x1.5 (mm) thin and Size b= 15x15x3(mm) thick 
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4.2.2 Comparative Volumetric Analysis 

According to Shibayama & Tanaka, the rate of response to external stimuli has inverse 

relation to size of the hydrogel, thus the rate of the two hydrogel compositions i.e. 

Chitosan/Gelatin and PVA/Chitosan/Gelatin were compared using the smallest size 

(Shibayama & Tanaka, 1993). The Figure 4.8 shows that at 100% volume submersion, 

PVA/Chitosan/Gelatin shows higher overall change in Volume and higher rate of Volume 

change as compared to Chitosan/Gelatin. The initial rate volume change of 

PVA/Chitosan/Gelatin composition is 5.92 whereas of Chitosan/Gelatin composition is 5.28 

as illustrated by slope of the graph. Thus, the addition of PVA to the hydrogel composite has 

confirmed the increased rate of water absorption which is in agreement to the property of 

PVA according to the literature (Chuang et al., 1999).  

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Comparative volumetric profile of hydrogel compositions. Composition 1= Chitosan/Gelatin and 

Composition 2= PVA/Chitosan/Gelatin 
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4.3 Investigation of Hydrogel as Linear Actuator 

The configuration of hydrogel based polymeric structure as linear actuator has been 

developed and different properties have been studied. 

4.3.1 Characterization of Hydrogel in Actuator Configuration 

The free swelling of the hydrogel has been widely studied but little is known about swelling 

performance of hydrogels in constrained and loaded conditions. The change in length (∆L= Lt 

-Li), where Lt= Length/thickness of hydrogel at time t and Li= initial hydrogel length in dry 

state) of the hydrogel in constraint state as linear actuator has been calculated. The Figure 4.9 

demonstrates that the change in length (∆L) of hydrogel increases with time rapidly upto 70 

minutes, after 70 minutes, ∆L increases gradually and comes to equilibrium.   

 

  

Figure 4.9 Swelling Behavior of Hydrogel under Constraint Condition 
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For many applications, the measurement of hydrogel under loaded conditions is significant 

than a free expansion behavior where no stress is present additionally. For this, the effect of 

pressure on the hydrogel swelling was evaluated. The Table 1 shows that as we increase the 

load on the hydrogel, the pressure on the hydrogel increases, thus change in thickness of the 

hydrogel decreases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Swelling behavior of Hydrogel under loaded condition in actuator configuration. Initial thickness= 2.5mm. 

Change in thickness=Final hydrogel thickness - Initial hydrogel thickness 

 

 

  

Load Final thickness Change in thickness 

5g 4.05mm 1.55mm 

10g 3.9mm 1.40mm 

15g 3.61mm 1.11mm 

20g 3.76mm 1.26mm 

25g 3.37mm 0.87mm 

30g 3.40mm 0.90mm 

35g 3.37mm 0.87mm 

40g 3.17mm 0.67mm 
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4.3.2 Mechanical Characterization of Hydrogel Based Linear Actuator 

HBLA is mechanically characterized by observing the displacement of end effector and its 

weight lifting capacity. For this, the load displacement graph (Figure 4.10) has been plotted 

indicating an inverse relation between load and displacement. As we increase the load, the 

displacement of the end effector decreases. However, the initial loading does not have a 

significant effect on the displacement of the end effector of hydrogel actuator as depicted in 

the graph. The load lifting capacity of hydrogel in this particular linear actuator configuration 

is about 40g.  

 

 

 

 

 

 

 

 

 

 

Figure 4.10  Mechanical Testing of Hydrogel Based Linear Actuator Illustrating 

the weight lifting capacity. 
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CHAPTER 5 CONCLUSION AND FUTURE PERSPECTIVES 
 

In this project, Hydrogel based linear actuator has been developed and different properties of 

hydrogels as actuators has been studied, which can be utilized in variety of biomedical 

applications including the drug delivery systems, stent expansion etc. The 

PVA/Chitosan/Gelatin hydrogel composite illustrated the good results indicating its use where 

fast initial swelling rate is required. The hydrogel behaving as passive actuator producing 

microscale displacement with low lifting capacity demonstrate their use in applications where 

small amount of displacement is required. However, the result shows use of studied hydrogel 

composition in limited applications. 

FUTURE PERSPECTIVES 

In the fields of science and medicine, hydrogels have become realistic as sensing and 

actuating machines. Hence, in future, the hydrogel based actuator can be used in numerous 

biomedical applications like drug delivery system and auxetic film or stent expansion. The 

concept may include the formation of bilayer structure; active layer of hydrogel film and 

passive layer containing the auxetic structure as described in Figure 5.1. When the hydrogel 

swells and expands, the auxetic films adhered to hydrogel will also expand and thus opening 

the pores of the auxetic film. Therefore, in this bilayer structure, Hydrogel will be acting as 

the passive actuator. Secondly, hydrogel can be used as a lining material for stent expansion. 

Thus, studying the behavior of hydrogels as actuators and their application in biomedical 

devices would open possibilities for the upcoming technology. 

 



  Conclusion 
  

29 
 

Chapter 5 

 

Figure 5.1 Illustration of hydrogel as actuator for auxetic structure 
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