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Title: Laser-Assisted Micromachining of Hydrogel Films for Biomedical Applications
Major Professor: Babak Ziaie
Hydrogels are soft polymers comprising of a three-dimensional network capable of absorbing
significant amount of water or other aqueous bio-fluids. A group of hydrogels, commonly referred
to as “environmentally-sensitive hydrogels” are designed such that they can undergo reversible
volume change in response to a variety of physical and chemical stimuli. Although mechanically
soft, embedding organic and inorganic micro and nanoparticles into the hydrogel network
increases their mechanical strength. Hydrogels have been extensively explored as scaffolding for
tissue engineering or smart materials for biomedical transducers. Hydrogels in the mm-scale are
typically associated with a slow response time. At micro-scale, however, they can be fast and
useful as smart sensors and actuators. Several micromachining techniques have been employed to
pattern thin films of hydrogel. Micro-patterning methods are based on traditional fabrication
techniques such as lithography, etching, and micro-molding. These methods are time consuming,
expensive, and do not scale well to large production. In addition, they have limitations as related
to processing composite gels (e.g., UV light cannot penetrate through the gel and particles can
mask dry etch). In this work, we outline a doctoral research aimed at alternative solution based on
direct laser patterning, allowing low cost, fast, and scalable fabrication for mass production.
We characterized and analyzed a series of transient features of the laser-engineered patterns,
including the ablated width, sidewall quality and resolution, as a function of laser beam parameters
and hydrogel thermal & optical properties by laser-machining the hydrogels at different moisture
level of hydrogels till fully dry at an interval of one hour. All the optimal patterns appear at 1-2
hours of drying (hydrogel losing 35%-65% weight), thus identifying an optimal window for a rapid
end-to-end fabrication. Then, two types of composite gels were created and laser engineered,
consisting of nano-iron particles embedded hydrogel (“ferrogel”) and micro-silica beads loaded
hydrogel (“silicagel”); the results show comparable features similar to the bare hydrogel,
confirming the processability of laser micro-machining on the composite gels. Next, we studied
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the swelling kinetics of the laser-machined hydrogels and identified tradeoffs between swelling
speed and mechanical force. At the final, we used the laser patterning method to design and
fabricate two pH-regulated autonomous drug delivery devices, a 3D printed smart capsule for
targeted drug delivery in small intestine and a flexible patch for delivering antibiotics to infected
chronic wounds. In both cases, their delivery capabilities can be tuned by either controlling the
spatial resolution of the hydrogel actuator (the former) or using an n × n array (the latter).
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1. INTRODUCTION

Motivation
Hydrogels are three-dimensionally crosslinked polymeric network which can absorb a large
amount of water due to the hydrophilic side groups integrated in their backbone chains [1] and
hence exhibit a swelling capacity (volumetric expansion) of several times of their initial weight
(dimension). Not only imbibing the water from the surrounding medium into its network, the
hydrogel also can expel the water into the external environment; therefore, this reversible
shape/structure changing due to water uptake/expulsed into/out of the network is usually utilized
to analyze and investigate the swelling kinetics of the hydrogel. Hydrogels can be physically or
chemically crosslinked that the former is by ionic, hydrogen or Van der Waals bonds and the latter
is through covalent bond; and both the crosslinking manners in gel network are capable of
providing hydrogels with structural and physical integrity, thus rendering them the insoluble in the
aqueous medium [2], [3].

Figure 1.1 Environmental sensitive hydrogels swell and collapse when exposed to external stimuli
Reproduced from Ref. [4] with permission from Elsevier.
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As a type of ‘smart’ or ‘intelligent’ material, environmentally sensitive hydrogels can respond
their volume and shape transition to the change of enclosing medium. Depending on the functional
groups along their backbone chains, hydrogels can be sensitive/responsive to a variety of
environmental stimuli, such as temperature, light, pH, glucose, magnetic/electrical signal and so
on [4]–[6]; as a result, the hydrogel will exhibit not only changes in their dimensions/structures
but also variations in their mechanical strength and permeability, whose degree depends on the
encountered external surrounding stimuli, Figure 1.1. Environmental sensitive hydrogels usually
respond to single stimulus, while they can be modified/tuned to response multiple stimuli through
crosslinking different type of responsive monomers. Furthermore, the multiple environmental
stimuli sensing capability can be easily achieved by incorporating functional organic or inorganic
agent/particle into the gel network; this manner is also capable of physically customizing the
hydrogel from being responsive one type stimulus to other stimuli. Due to all the aforementioned
fascinating properties, environmental sensitive hydrogels can be applied as a promising option
featuring various biomedical and pharmaceutical applications, such as biosensors, diagnostic
imaging, drug delivery, etc., thus attracting the scientific interest for several decades [7]–[13],
Figure 1.2.

Figure 1.2 Typical bio-applications of envrionmental sensitive hydrogel regulated by external
stimuli or different size.
Within most of the applications, hydrogels are required to fit into a cooperation with external
mechanical or electrical system, which requires an in-situ polymerization of hydrogel instead of a
time-consuming or destructive curing and transferring manner. Especially for sensing or actuation
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purpose, which is dominated by the swelling kinetics of the hydrogel, like swelling ratio and
swelling rate, the hydrogel thus requires a micro-patterning process, either within or after the
polymerization. Besides, sometimes the hydrogel is required to be bonded to an adhesion
promoting film to finish the sensing or actuation function, while this kind of bonding could give
rise to the delayed stress relaxation and undesired hydrogel buckling during the hydrogel
deformation period [14]–[16]. Therefore, the micro-machining process on the hydrogel is essential
to achieve a repeatable and stable hydrogel-deformation induced micro biomedical systems.

Figure 1.3 Tryditional micro-michaning techniques (a) UV-photolithography; (b) Micro-molding.

Figure 1.4 Micro-molding (soft lithography) applied for micro-machining of collagen. Reproduced
from Ref. [17] with permission from ACS.
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Current MEMS techniques for generating micro- and nano-patterns on polymeric materials
include soft lithography and photolithography [18], Figure 1.3. Soft lithography is a rapid and low
cost manufacturing technique without altering the integrity of polymers, whose procedure consists
of fabricating and utilizing a micro-patterned elastomer (usually PDMS) to stamp, transfer, or mold
micro-structures of hydrogels in series, Figure 1.4, [17]; although cost-effective and repeatable,
its scalability and massive-fabrication capability are restricted by the development of appropriate
masters. Photolithography is a powerful tool for high resolution patterning. One such example was
well demonstrated in the published articles [19] that the UV-lithography was applied for direct
photo-patterning a UV-curable pH-sensitive hydrogel in a microfluidic platform, serving as the
pH-regulated valve to manipulate the flowrate, Figure 1.5. Another example involved a
combination of photography and dry-etch of dehydrated hydrogels, a wide variety of hydrogel
(three types of environmental sensitive hydrogels) and high resolution (2.5 µm) achieved and
illustrated, [20], Figure 1.6. However, Photolithography usually suffers a low throughput limited
by the complicated fabrication procedure and variable photomasks requirements; and the
requirement of cleaning room techniques also puts the Photolithography at a disadvantage of being
costly [21]. Besides, Photolithography does not fit the fabrication of composite hydrogels as UV
will either compromise the properties of embedded particles or be blocked/scattered by those
particles thus impacting the polymerization of hydrogels, Figure 1.7. Therefore, laser engraving
system is chose in this work to micro pattern hydrogels without damaging the integrity and
properties of hydrogels after processing. Moreover, compared to those abovementioned
micro-machining techniques, the laser micro-machining is more advanced at the cost-effectiveness
and throughput, thus more preferred for the scalable massive manufactory of micro-patterned
hydrogels and concomitant the affordable development of complex biomedical micro-systems.
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Figure 1.5 UV-photolithography applied for in-situ micro-machining of photocurable hydrogel for
microfluidics. Reproduced from Ref. [19] with permission from Nature.

Figure 1.6 Photolithography and dry-etch applied for micro-machining of mAA-co-AAm hydrogel
for biomedical applications. Reproduced from Ref. [20] with permission from IEEE®2005.
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Figure 1.7 Limitation of photolithograph for composite hydrogels.
Organization of this document
This document is organized into eight chapters. The first chapter gives the motivation and
significance for the proposed research. Chapter 2 provides background information regarding the
pH-sensitive hydrogel-based applications for bio-medical micro-systems and a brief introduction
of laser system. Chapter 3 presents the principle of the laser-micromachining technique and the
experimental data of its application on hydrogel. Chapter 4 is the pH-sensitive hydrogel swelling
kinetics analysis and characterization regulated by the laser micro-machined gel pattern and
several typical physical/chemical stimuli, which are encountered in ordinary bio-applications.
Chapter 3 and 4 are the theoretical and experimental basis for comprehending the operation
principle of the first sensing system, which consist of the major parts of this thesis.
In the following chapters, two laser-engineered hydrogel-based bio-applications will be
presented. Chapter 5 presents a smart capsule that can release its payload after a
predetermined/adjustable delay subsequent to passing from stomach into the small intestine.
Through the swelling of the pH-sensitive hydrogel, the accuracy and the resolution of the delaytime are autonomously controlled that the former is within ±5 min after one hour the small intestine
increasing to ±40 min after 4 hours; the latter is one hour per 0.2mm gap.
Chapter 6 presents an inexpensive and closed-loop polymeric pump for topical/transdermal
drug delivery which uses wound pH as a trigger for localized drug release. The device provides a
slow drug release (< 0.1 µL/min) for up to 3 hours and can be tuned to n2 times bigger through a
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layer-by-layer fabrication to create an n×n drug delivery array (2×2 in this work). In addition, a
simplified version using cationic pH-sensitive hydrogel (a reverse swelling kinetics of anionic one)
could be achieved.
Finally, chapter 7 and 8 summarize the conclusion of this dissertation and discussions on
prospective research for the improvement of the laser-micromachining technique applied on the
pH-sensitive hydrogel and the extension of the hydrogel-based bio-applications presented here.
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2. BACKGROUND: PH-SENSITIVE HYDROGEL AND LASER
MICRO-MACHINING TECHNIQUE

pH Sensitive Hydrogels
As one type of environmental sensitive hydrogel, pH sensitive hydrogels can experience abrupt
or gradual volume variations in response to the changes of pH levels of the surrounding
environment due to their ionic moieties. pH sensitive hydrogels are composed of polymeric
backbones with either anionic (e.g. carboxyl acid, sulfonic acid) or cationic pendant groups (e.g.
amines); they contain a wide range of variable entities, including poly (acrylic acid) (PAA), poly
(methacrylic acid) (PMAA), poly (ethylacrylic acid) (PEAA), poly (propylacrylic acid) (PPAA)
copolymers of PAA and PMAA with PEG, PNIPAAm, poly (vinyl alcohol) (PVA), poly
(hydroxyethyl methacrylate) (PHEMA), etc. Therefore, these side groups in the hydrogel networks
offer the hydrogels different deformation (swelling/shrinking) kinetics [22].

Figure 2.1 Illustration of (a) volume change and (b) swelling ratio curves of anionic and cationic
hydrogels in response to different pH value.
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Anionic hydrogels swell due to the increasing density of likewise charged groups within the
network accompanied by an adequate generation of mobile counterions inside the gel when the pH
value of a media is higher than pKa of the groups, like –SO3H, -COOH, Figure 2.1. Therefore, the
high degree of ionized pendant groups causes an enhanced electrostatic repulsion force among the
groups, inducing an increase of hydrophilicity of the polymer thus leading to greater swelling
response. In contrast, cationic hydrogels swell and shrink in an opposite behavior of anionic
hydrogels as their ionization (protonation) begin at the pH level lower than pKa of the groups and
deprotonation start at the pH level higher than pKa of the groups. Figure 2.1 describes and
summarizes the general volume responses curves (swelling ratio versus pH value) of anionic and
cationic hydrogels in acidic and basic solutions that the anionic hydrogels swell as pH increases
and shrink as pH decreases and while the cationic hydrogels have a reverse deformation kinetics.

Figure 2.2 Chemical structure and (b) volume transition mechanism of poly (methacrylic acid-coacrylamide) (mAA-co-AAm) hydrogel.
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Poly (methacrylic acid) (mAA) is commonly copolymerized with poly (acrylamide) (AAm) to
form a typical example of anionic pH sensitive hydrogels, poly (methacrylic acid-co-acrylamide)
(mAA-co-AAm) hydrogel, whose chemical structure and volumetric deformation mechanism of
are shown at Figure 2.2 (left: mAA, right: AAm). At high pH levels larger than its pKa, the
carboxyl groups (-COOH) of mAA is deprotonated (thus ionized) to -COO-, producing an internal
electrostatic repulsion among the polymer chains as follows:
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅]𝑔𝑔𝑔𝑔𝑔𝑔 + [𝑂𝑂𝑂𝑂 − ]𝑎𝑎𝑎𝑎 → [𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅− ]𝑔𝑔𝑔𝑔𝑔𝑔 + 𝐻𝐻2 𝑂𝑂

(2.1)

Therefore, the degree of ionization density (thus ionic strength) within the hydrogel network

strongly increases and concomitantly induces the phase transition due to the intensified
electrostatic repulsion between the ionized groups ( −𝐶𝐶𝐶𝐶𝐶𝐶− ) . As a result, the increased

hydrophilicity of the hydrogel leads to a greater swelling response. At low pH levels, the acidic
gel is deionized/protonated as the -COO- is combined with H+ ions back to the form of –COOH,
[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅− ]𝑔𝑔𝑔𝑔𝑔𝑔 + [𝐻𝐻 + ]𝑎𝑎𝑎𝑎 → [𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅]𝑔𝑔𝑔𝑔𝑔𝑔

(2.2)

thus reducing the electrostatic repulsion force and consequently causing hydrogels to turn into to
a relatively shrunken status in contrast. Due to the dominant strong repulsion force of ionic
hydrogels, ionic hydrogels exhibit a larger external stimuli regulated volumetric transition than
neutral hydrogel, thus more applicable in pH-controlled drug delivery and sensors [23]. In this
doctoral research, the poly (mAA-co- AAm) hydrogel is chose for demonstrating the laser
micro-machining on hydrogels and proving the working principles of all its incorporated
micro-systems for the health care applications.
2.1.1

pH-sensitive hydrogels for drug delivery

pH sensitive hydrogels are frequently utilized into implantable or digestible drug delivery
applications since several human body sites, such as the gastrointestinal tract [24], [25], vagina
[26] and blood vessels, have variable pH value in natural or locally changed by specific substrates,
all thus providing a suitable base for pH-responsive drug release. The manner of pH-regulated
drug delivery is to diffuse different sizes of drug molecular into (drug loading) and out of (drug
release) hydrogels by controlling the hydrogels from shrinking to swelling or the reverse behavior,
which result in the controlled release of entrapped drug and thus can cover a broad range of drug
administrations, including oral, nasal, buccal, rectal, vaginal, ocular, parenteral routes, etc..
Moreover, plenty of variable drug/agent composition (protein, enzyme, cell, etc.) in different
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formation (disc, membrane, micro/nano-capsule) can be delivered through this kind of
pH-regulated drug delivery system, [27]–[32].
Apart from single-stimulus (pH in this context) responsive hydrogel, drug delivery also can be
benefited from a multiple-stimuli-responsive hydrogel by incorporating other stimulus sensitive
monomers in the network. For example, a typical pH and temperature sensitive copolymer, poly
(N-isopropylacrylamide) / BMA (butyl methacrylate) / AA (acrylic acid) hydrogel, has monomer
NIPAAm as thermal-sensitive and AA as pH-sensitive. This copolymer has its lower critical
solution temperature (LCST) profile tailored as a function of pH and hence can achieve the desired
aqueous loading and release profile [33]. Another example is pH-, thermo-, and glucose- tripleresponsive (DMAEMA-co-AAPBA) hydrogels using bovine serum albumin to model protein
release behavior from the hydrogel matrix as a function of pH, temperature and glucose
concentration with maximum drug release rate at physiological pH [34].
pH sensitive hydrogel can also be converted to other stimuli-sensitive hydrogels by
incorporating other environmental sensitive organic or inorganic agents/particles into gel network,
thus capable of delivering drug autonomously controlled by the change of other stimuli
concentrations. A typical such application is to immobilize the glucose oxidase (GOx) in
pH-sensitive hydrogel network; once immersing in glucose solution, the gel can achieve a volume
transition following the pH decrease induced by the increase of hydrogen ion from gluconic acid
produced through glucose oxidation according to the below reaction [35] [36]:
GOx

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑂𝑂2 + 𝐻𝐻2 𝑂𝑂 �⎯� gluconic acid + 𝐻𝐻2 𝑂𝑂2

(2.3)

Such aforementioned drug delivery systems, either using hydrogels as drug-entrapped carriers

or as shell wall of microcapsules, generally require gel network to involve simultaneous absorption
of water and desorption of drug via a swelling-controlled mechanism, thus the rate of release of
drugs are affected by a multitude of parameters such as the polymer matrix, properties of the drug,
or drug-matrix interaction, etc. Therefore, it suffers from various limitations such as high cost,
difficulty with sterilization, and toxic reactions, Table 2.1.
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Table 2.1 Advantages and limitations of pH sensitive hydrogels based drug delivery system.
Advantages

Limitations

biocompatibility

High cost

Delivered by various routes Low mechanical strength
Easy to process

Difficult to load

Easy to modify

Difficult to sterilize

Controlled release rate

Nonadherent

High loading efficiency

Cause local reactions

Minimal toxicity

Cause systemic reactions

Instead of using hydrogels as carriers entrapping or encapsulating drug for a passive-diffusion
based drug delivery, small scale system/devices cooperation with pH-sensitive hydrogel are also
developed in macro or micro scales to achieve a more controllable and programmable drug
delivery. This manner is able to utilize the strength of hydrogels like stimuli-sensitivity while can
circumvent the weakness of hydrogels like fragile, limited to drug type/form, [1], [4], [37].
Several academic efforts are developed for the fabrication of such prototypes. A smart
micro-valve is created by sandwiching a phenylboronic-acid-based hydrogel between a rigid
porous membrane and a deflectable diaphragm; when exposed to external pH, the gel deformation
opens and shuts a flow channel for the on-off flow control of insulin delivery, Figure 2.3(a) [9]. A
polymeric drug delivery system is developed by using poly HEMA and poly (methyacrylic
acid-co-ethylene glycol) (MAA-co-EG) gels as a gate to regulate the self-folding induced drug
release; while it suffers several limitations as the low drug-loading efficiency and the surfactant
coating for targeted drug release, Figure 2.3(b) [38]. A soft micro-robot is created by encapsulating
the drug into eight radial arms made of poly HEMA and PEGDA with Fe3O4 nanoparticles; when
manipulated by an electromagnetic actuation (EMA) system to a low pH medium, it will unfold
its shape and release the drug. Its semi-sealed drug reservoir could expose the drug to the ambient
environment, which thus limits the delivered drug type, Figure 2.3(c) [39]. A closed-loop insulin
delivery device is made of medical grade silicone tubing with one end sealed by glucose responsive
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hydrogel, whose swelling and shrinking modulate the insulin release as a function of blood glucose
concentration, while lacking the capability of targeting, Figure 2.3(d) [40].

Figure 2.3 (a) illustration of smart micro-valve; (b) polymeric drug delivery system using bilayer
of pH-sensitive hydrogels, Reproduced from Ref. [38] with permission from Elsevier; (c) magnetic
actuated soft micro-robot, Reproduced from Ref. [39] with permission from IOP Publishing; (d)
glucose-sensitive tube for insulin delivery, Reproduced from Ref. [40] with permission from John
Wiley and Sons.

2.1.2

pH-sensitive hydrogels for wireless electrochemical sensing

Not only does the pH sensitive hydrogel can be utilized into the pH-controlled drug delivery
with cooperation of a chemo-mechanical system working as a chemical engine to initiate the drug
release, but also it can be applied into a chemo-electrical system, thus serving as the role for
electrochemical sensing. As the ingestible “radio pill” is ﬁrst demonstrated in 1957 [41], the
wireless electrochemical sensing techniques for in-vivo physiological signal detection get rapid
and extensively investigation. In order to overcome the need of on-board power source, a common
drawback of most implantable chemical wireless micro-devices, the environmental sensitive
hydrogels, which deform response to the surrounding external stimuli, have been employed to
fabricate passive wireless chemical sensors [8], [11], [12], [42]–[48]. Our group ﬁrst developed a
MEMS-based passive LC transponder, whose capacitive-dependent resonance frequency is
dependent on osmotic swelling and shrinking of a pH/glucose responsive hydrogel, thus achieving
the interrogation between the LC resonator and the external pH/glucose level [49]. However, due
to the requirement of cleanroom processing and the complicated fabrication of a hermetically
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sealed MEMS capacitor, this MEMS-based LC resonator has a limited practical application by the
low throughput and high manufacturing costs. Portions of the text in this section are taken from
publications by the author [13].

Figure 2.4 Sensing mechanisms of the ferrogel sensor using inductive-dependent resonance
frequency modulation to measure the external enviromental stimuli concentration. Reproduced
from Ref. [50] with permission from Elsevier.
An alternative pH-sensitive hydrogel-based wireless sensing mechanisms is to incorporate the
micro/nano functional particles into the polymeric network of the hydrogels [51]–[53]. One such
entity developed by our group using the composite gel for wireless sensing is to integrate magnetic
nanoparticles into the pH-sensitive hydrogel in order to achieve a low-cost and easy-to-fabricate
passive LC resonator, which can be applied into subcutaneous physiological pH detection, Figure
2.4 [53]. A magnetically functionalized hydrogel, “ferrogel”, is created in this manner and thus
possesses volume-controlled magnetic permeability (i.e., lower permeability in the shrunken state
and higher permeability at the swollen state), which can be used in conjunction with a planar coil
to form a passive LC transponder whose inductance is modulated with pH variations.
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While the fabricated ferrogel sensor has a significantly simpler fabrication process and lower
cost than the MEMS-based one, the short interrogation range (∼1 cm) and the requirement for a
complicated readout circuitry limit its practical applications to scenarios in which the sensor is
implanted subcutaneously. In order to remove/circumvent one of the major bottlenecks of passive
sensing as to achieve a deep tissue penetration (>10 cm), our group later developed a different
chemical sensing method, which features a silica-bead-embedded hydrogel (silicagel) whose
volumetric response to the chemical stimuli can be remotely interrogated by ultrasonic imaging
through evaluating the back-scattered wave intensity. The application was to insert the fabricated
silicagel in either the subcutaneous space or deep tissue within the body and monitor the volume
transition using ultrasonic waves at clinical imaging frequencies (2–20 MHz); as its volume
transition would modulate the embedded silica bead density (a higher density at in the shrunken
state and a lower density at in the swollen state), the change in intensity of back-scattered ultrasonic
wave can be transformed into an ultrasonic image as a function of volume change and thus external
stimuli variation. This biochemical monitoring scheme only requires a minimally invasive surgical
procedure for implantation of the silicagel, thus featuring more clinically relevant since ultrasonic
imaging equipment is commonly available in most clinics, Figure 2.5 [13].

Figure 2.5 Sensing mechanisms of the silicagel sensor using ultrasonic back-scattered intensity
measurement. Reproduced from publications [13] by the author.

32
Laser introduction
A laser system usually consists of three major parts, energy pumping source, lasing medium
(source of emitted photons), and optical set up (direction, focusing and amplification). The
initiation of laser generation starts to pump some types of energies, in electrical, light or other
forms, on the lasing medium (in the form of gas or solid), which can excite the atoms of the lasing
medium and concomitantly induce the transition of those atoms from their ground state to excited
state; as these atoms return to their natural state, each one emits a photon. Then, the generated
photon is allowed to travel randomly throughout the laser cavity until encountering another excited
atom, which then cause another photon to be released with exact same properties and direction.
This process is called ‘stimulated emission’. Therefore, such multiple interactions between the
produced photon and higher energy atoms emit more and more photons in the laser cavity, which
results in high energy beam of light with coherent photons or laser. Eventually, the composed laser
beam is guided and amplified to a desired direction through optical set up [54].

Figure 2.6 Laser interactions with material.
Figure 2.6 shows the laser-machining phenomenon and mechanism that when the laser imparts
thermal energy on the surface of a substrate, the heat is created and deposited to the point of impact
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and then propagate to the surrounding, the distance/damage dependent on the laser beam
configuration and the thermal properties of the materials. At the center of the induced thermal
energy, the temperature is maximum and evaporation takes place, resulting in removal of material;
while at the surrounding of the focus, the temperature is lower than melting point, only causing
the melting/softening of the materials (no decomposition occurs).
Due to its high lateral resolution, low heat input, and high flexibility, Laser beam is considered
as a very useful in the micro-processes like cutting, welding, machining and other application
where localized heating can be used. Moreover, as heat diffusion time is in the order of nanosecond
to microsecond time scale, which is much longer than the electron–phonon coupling time of most
materials (in the range of picosecond to nanosecond), laser energy can be deposited at a time scale
much shorter than both the heat transport and the electron–phonon coupling to avoid collateral
damage [55]. Thus, Laser beam is capable to be applied for micro-machining a wide range of
variable materials, including metals, semiconductors, ceramics, polymers, etc. [55].
Laser-based micro-machining in polymers can be categorized into laser ablation, laser-assisted
etching, laser-assisted deposition, stereolithography, and surface modification processes [56].
Laser ablation is used to break the chemical bonding of polymers in order to remove the directly
interacted materials, including several mechanisms like photochemical (by directly breaking the
chemical bonds of the substance during the process of photon absorption), photothermal (by
releasing the heat of the excited molecules), or a combination of both [55], [56]. Based on that,
laser ablation could be utilized to directly fabricate/write micro features on polymers, or create
variable micro-machined polymeric masters for replication. Laser-assisted chemical etching (LCE
or LACE) uses laser energy to create the local enhancement of a chemical etching reaction, which
is thermally enhanced by substrate heating and/or generation of active species in the etchant by
photo- or pyrolytic dissociation to produce deep structures in silicon [56]. Laser-assisted
deposition processes can create material deposition through ablating the material from solid to gas
phase in partial vacuum, which is capable of depositing high melting point and multi-element
materials [56]. Stereolithography can selectively solidify the liquid photopolymer through
adjusting the focus of UV beam, thus suitable to build complex 3D structures on layer-by-layer
fabrication process [56].
According to the two main laser ablation mechanism (photochemical or photothermal), the
laser system can be roughly divided into two categories, UV (the laser beam wavelength ≤ UV)
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laser or IR (up to mid-infrared) laser [55], [57]–[60]. The former ablates the affected material
through both mechanism; the latter removes the influenced material only by photo-thermally
induced vaporization (due to a lower photonic energy); and the detailed comparison is in Table
2.2. As one type of the IR laser, CO2 laser use CO2 as the lasing medium to emitting light at a
wavelength of 10.6 µm in the mid-infrared region. Although the CO2 laser has a compromised
range of the processable material when compared to the UV laser, it has proven to be well suited
for micro-processing of ceramics/polymers as most of polymers have a good absorption coefficient
at mid-infrared region and represented the best choice of the inexpensive commercial equipment
for practical industrial applications [55], [61]–[63]. As a matter of fact, a CO2 laser platform from
Universal laser system is selected to micro-machine hydrogels include (poly (mAA-co- AAm)
hydrogel and two derivative composite gels) through direct laser ablation in this research.

Table 2.2. Comparison of CO2 to other laser system.
CO2 laser

UV laser

Wavelength(nm)

10600

180-400

Ablation mechanism

photothermal

Photochemical/photothermal

Pulse length

CW or us

ns

Cost

Low

High

Feature size

large

small

35

3. CHARACTERIZATION OF LASER MICRO-MACHINING
TECHNIQUE APPLIED ON THE HYDROGELS

Principle and theory
When the laser irradiates the surface of the hydrogel, the deposited thermal energy heats the
hydrogel following the Gaussian distribution [55], [63]–[65] of the laser beam intensity; therefore,
the micro-patterns/micro-channels created by the laser on the material usually has a U shape at a
cross section view, where the removed width decreases from the surface to the bottom of the
materials. For the practical application of micro-machined hydrogel, the laser-ablated width on the
hydrogel should be defined to the smallest removed width at which this part of the hydrogel is
completed ablated; in other words, the ablated depth equals to the gel thickness before laser process
and the ablated width equals to that of the ablated bottom layer of U channel. The definition of
ablated width aims at guaranteeing the enough space created for the micro-gels array to swell and
thus eliminating the possible hydrogel buckling caused by the collision of swollen hydrogels.
From this point of view, the laser-machined hydrogel usually has the ablated width smaller or
bigger than the laser beam diameter, which can be manipulated by decreasing/increasing either the
laser beam intensity or beam radius. When laser ablating hydrogels, two regions on hydrogels are
created that one is the laser direct-affected region due to the high temperature raised directly from
the irradiation of the laser beam; and the other is the laser indirect-affected region, resulting from
the heat lateral convection (vertical to the direction of laser scan) thus heating up to the evaporating
point of the hydrogel away from the focus of laser beam. The regulation of the laser ablated width
can be manipulated by controlling either the laser beam intensity or radius. As previously
described, the laser beam usually follows the Gaussian distribution as follows [64]:
𝑃𝑃

𝐼𝐼(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝜋𝜋𝑑𝑑2𝑖𝑖(𝑧𝑧) 𝑒𝑒 −[(𝑥𝑥

2 +𝑦𝑦 2 )⁄𝑑𝑑2 (𝑧𝑧)]

(3.1)

, where I is the laser beam intensity, 𝑃𝑃𝑖𝑖 is the laser power and d(z) is the laser beam radius at
distance z from the focal waist. This equation shows a linear relationship between the laser beam

intensity and the laser power; therefore, by increasing the laser power, the beam irradiation
imparted on the hydrogel surface will be intensified propotionally. The laser beam intensity also
can be interpreted to the linear heat source (W s m-1), the product of laser power and the reciprocal
of scanning rate, 𝑃𝑃𝑙𝑙 = 𝑃𝑃𝑖𝑖 ⁄𝜐𝜐 ( 𝜐𝜐 is the laser scanning rate), which can be enhanced either by
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increasing the laser power or decreasing the scanning rate (more heat accumulation).
As discussed previously, the laser beam radius is one of the key parameters to manipulate the
ablated width and the operation can be easily accomplished by altering the focal length of the laser
beam. According to the definition of the laser beam radius[55]:
2𝑑𝑑 = 4𝜆𝜆𝜆𝜆𝑀𝑀2 ⁄𝜋𝜋𝜋𝜋

(3.2)

, where λ is the wavelength of laser radiation, f is the focal length of the lens, M is the beam quality
and D is the spot size on the focusing lens, it is evident that the laser beam radius is an one-to-one
function of the focal length assuming other parameter being constant and the fixed linear heat
source. Therefore, by controlling the laser beam profile (linear heat source or beam radius), it is
able to control the thermal ablation to the targeted dimensions and concomitant laser-engineer
hydrogels to different desired patterns for fulfilling different requirements, Figure 3.1 (a).
At the other hand when at a fixed laser beam profile, the laser ablation also responds to the
change of the hydration state of the hydrogel that when the heat diffusivity of the hydrogel
increases or decreases, the ablated dimension (both width and depth) will also be expanded or
compressed, Figure 3.1 (b). The mechanism between the hydrogel thermal properties and laser
micro-machining can be further understood by the one dimensional thermal model of the heat
conduction equation [66], [67]:
T = 𝑇𝑇0 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡 −

1� −(𝑥𝑥 2 ⁄4𝛼𝛼𝛼𝛼)
𝑝𝑝
2 𝑒𝑒

(3.3)

, where 𝑇𝑇0 is the ambient temperature, t is the time and α is the heat diffusivity of the hydrogel.

From this equation, it is evident that as the heat diffusivity increases, the temperature caused by
the heat conduction from a fixed heat source will increase at the same position; in other words, the
heat can propagate to a larger distance, thus extending the thermal ablation. The converse is also
true; that is, when the heat diffusivity decreases, the laser ablated width will decrease. Note that
this mechanism dominates in the laser indirect-affected region. Moreover, according to the
definition of the heat diffusivity [67] as follows:
α = k⁄𝜌𝜌𝐶𝐶𝑝𝑝

(3.4)

, where k is the heat conductivity, 𝜌𝜌 is the density and 𝐶𝐶𝑝𝑝 is the heat capacity of the material, the

heat diffusivity can be raised by either increasing the heat conductivity or decreasing the heat
capacity of the material, which, however, is not achievable for the hydrogel during a drying status.
As the hydrogel contains a big amount of water, its thermal properties is dominated by the amount
of the possessed water; when hydrogel is drying (losing water by water evaporation), both its heat
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conductivity and capacity will decrease [68]; therefore, there would exist an optimal timing during
the gel drying, at which the heat diffusivity reaches a maximum, and so is the ablated width.

Figure 3.1 Conceptual illustration of laser-micromachining on hydrogel (a) The laser-ablated
width regulated by laser beam profile (beam intensity and radius); (b) The laser-ablated width
regulated by thermal properties of the hydrogel.
In addition, the thermal ablation on material removal approximately also follows BeerLambert’s law, 𝐼𝐼(𝑧𝑧) = 𝐼𝐼𝑜𝑜 𝑒𝑒 −𝛼𝛼𝑧𝑧 where 𝐼𝐼𝑜𝑜 is initial intensity, α is absorption coefficient of the

materials (𝑐𝑐𝑐𝑐−1), and z is the depth laser intensity drops. The relationship between the etching
depths per pulse and the laser fluence is given by 𝐿𝐿𝑓𝑓 = �𝛼𝛼� ln(𝐹𝐹�𝐹𝐹 ), where 𝐿𝐿𝑓𝑓 is etch depth per
1

𝐽𝐽

𝑡𝑡ℎ

𝐽𝐽

pulse (µm), F is laser fluence �𝑐𝑐𝑐𝑐2 �, and 𝐹𝐹𝑡𝑡ℎ is threshold fluence �𝑐𝑐𝑐𝑐2 � [55], [60]. When the
hydrogel is drying, not only is the thermal properties of the hydrogel changed, but also both the
mid-infrared absorption coefficient and the thickness of the hydrogel decrease [69]; therefore, the

heat attenuation/propagation on the radial distance from the laser beam center is reduced/enhanced,
which consequently increase the ablated width.
In summary, when fixing the optical parameters of the laser system, the quality of the laser
micro-machining is a complicated balance among the thermal parameters, the absorption
coefficient, and the physical dimension of the hydrogel, where only the thermal conductivity is
proportional to the ablated width as its decrease would reduce the heat radial propagation and thus
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the ablated width; while all other parameters, including the thermal capacity, the thickness and the
absorption coefficient, are inversely proportional to the ablated width as their decrease can either
expedite the material removal (water evaporation by reduced thermal capacity) or enhance the heat
propagation (less heat attenuation by other two), thus increasing the ablated width.
Finally, the ultimate target of the laser micro-machining on the hydrogel can be summarized
that the optical setting of the laser should be applied for finish the designed micro-patterning within
one single laser scanning instead of a time-consuming laser cycling, which otherwise would
damage the surrounding area or the substrate; and the laser-engineering window should be set as
close as possible to the timing of the hydrogel gelation in order to shorten the entire fabrication
period and consequently the cost. Therefore, the establishment of a dynamic profile (by hours) of
the laser micro-machining on the hydrogel is essential not only to control the size of various
patterns and but also to fulfill the requirement of a scalable, rapid and cost-effective massive
manufactory, Table 3.1.

Table 3.1. Laser configuration and material properties for ablated depth and width.
Ablated depth

Ablated width

Laser power

Large

Large

Beam radius (spot size)

Small

Large

Ablation rate

Slow

Slow

Focal length

On Focus

Off Focus

Thermal and optical properties

Heat diffusivity

Low

High

of the hydrogel

Absorption coefficient

Low

Low

Optical parameters of the laser

Experiment and general discussion
In current work, an adhesion promoting substrate (GelBond® PAG Film, Lonza) is utilized to
provide chemical bonding for hydrogel to be held on place, eliminating the detachment of gels by
probable vibration and rotation of capsule inside small intestine or bending of drug delivery patch
upon chronic wound. First, this substrate is laser machined to create micro pores (~72 µm
diameter) for allowing continuous ion exchange between gels and ambient aqueous environment
since gels is confined in a cavity with one end sealed by an elastic membrane, making these micro

39
pores as the only channels for gels communicating with enclosing medium. Next, poly
(mAA-co-AAm) hydrogels are casted and cured on the substrate. In order to control the thickness
of gels on porous substrates, the pre-gel solution should not be casted directly on the porous
substrate, since the porosity of the substrate allows some of the pre-gel solution to leak out at the
edges of the substrate randomly, resulting in non-uniform gelation on and within the substrate.
Instead, the pre-gel can be first casted onto a hydrophobic substrate (e.g., PDMS) and then
sandwiched by placing the porous substrate on top of the pre-gel solution. Due to surface tension,
the pre-gel will not spread on the PDMS solution until the porous substrate is placed on top of it,
and then, it will only spread within the bounds of the substrate. Thus, with this sandwich method,
it is possible to create uniform thin films of gel on a porous hydrophilic substrate, Figure 3.2.
Finally, the hydrogel is allowed for one hour curing and then to be dried at room temperature; at
an interval of one hour up to four hours by drying the hydrogel at room temperature, the CO2 laser
micro-machining on the hydrogel is applied and the weight of the hydrogel at each interval is also
monitored. Moreover, both the laser work and the weighing of the complete dried hydrogel after
24 hours are also conducted as an extreme case of the change of both the thermal and optical
properties of the hydrogel. In order to consider the hydrogel dimension effects on the laser
machining, four types of hydrogels are fabricated to 0.5, 1, 1.5 and 2 mm thickness and laser
micro-machined within one single laser beam scan with variable laser beam configuration and
different moisture level, Figure 3.1.

Figure 3.2 Fabrication of laser micro-machined hydrogels on adhesion promoting film.
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As mentioned previously, when a laser beam imparts the thermal energy on the surface of the
hydrogel, the Gaussian distribution of the laser beam intensity would form a U channel in the
hydrogels, creating an inverse “Gaussian” pattern at the cross section view, Figure 3.3. Therefore,
the laser micro-machining on hydrogels is expected to create a gradient decrease of the removed
width, finally producing a truncated non-thermally ablated micro gels, Figure 3.3. Figure 3.4 (a)
and (b) demonstrates the conceptual illustration and the photograph of the top view of the
micro-machined hydrogel under a single scan of laser beam for a 5 mm length ablation. At the
center of the laser beam, the hydrogel is completely removed/decomposed with the ablated depth
equal to the gel thickness and the ablated width either larger or smaller than the laser beam radius,
which depends on the laser beam profile and hydrogel thermal & optical properties. Meanwhile,
at the position a little further away from the focus of the laser beam, the temperature raised by the
heat radial propagation in the laser indirect-affected regions is unable to fully etch the gels;
therefore, the hydrogels are partially removed as the ablated depth is smaller than the gel thickness,
the debris shown as the dark part in the Figure 3.4 (b).

Figure 3.3 (up) Demostration of the fabrication and laser micro-machining of the hydrogel on an
adhesion promoting substrate; (down) Ilustration of the Guassian patterned themally-etched
hydrogels due to the Guassian laser beam profile.
So far, we are able to define several significant features which are chose to demonstrate the
laser micro-machining quality in this research, including ablated width, sidewall quality (S.Q) and
resolution. The ablated width is defined as the bottom layer width of the laser micro-machined U
channel and serves the role of guaranteeing the swelling space of the fabricated micro gels, Figure
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3.3. The sidewall quality (S.Q) is defined as the ratio of ablated width to laser affected width (the
sum of completely and partially removed hydrogel), Figure 3.4 (c). From the definition of the S.Q,
it is apparent that the degree of S.Q close to 1 is the key factor to identify the quality of the laser
micro-machining on hydrogels in order to achieve a sharp/vertical laser-etched hydrogel edge. The
third and the last important feature that should be used to investigate the laser micro-machining
quality on the hydrogel is the resolution, which is defined as the ablated width versus the linear
heat source.

Figure 3.4 (a)-(b) Demostration and photograpgh of the topview of a 5 mm laser single ablation
focused on the hydrogel surface, where two regions are created as the fully ablated hydrogel at the
center of the laser beam and the partially ablated hydrogel due to the heat conduction parallel to
the fully ablated area; (c) Definition of the sidewall quality.
In summary, the experiment procedure is designed to conduct a thorough and comprehensive
characterization of the kinetic laser micro-machining of hydrogels that the ablated width should
be precisely controllable to achieve different desired dimension so as to fulfill different sensing
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(smaller ablated width, smaller lateral dimension, thus faster response time) or actuating (larger
ablated width, larger lateral dimension, thus bigger mechanical force) or a balance of them; the
optimal S.Q should approach as high as possible to 1 in order to induce less lateral damage to the
micro-machined patterns, thus achieving the high-definition straight edges; and the resolution
should be controlled within a high linearity to provide the tunable manufacturing scalability.
Finally, the fully characterization of the laser-machining on the hydrogels at different drying state
should help us to understand the time-dependent laser-machining kinetics on hydrogels and thus
allocate a tunable and controllable processing window to achieve the desired pattern with the
maximum S.Q and resolution under a rapid and scalable end-to-end fabrication. Note that as the
hydrogels are covalent bonded to the substrate, the hydrogel swelling is not isotropical, which
means that the swelling ratio at the top layer of hydrogels would be larger than that at the bottom
layer as the top layer gels are free of any constraint; and this anisotropic swelling behavior is
expected to balance the uneven laser ablation (Gaussian thermal removal of the targeted
hydrogels), thus compensating the over-etched top layer of hydrogels and possibly reaching an
equal equilibrium swollen width at both layers.

Figure 3.5 (a) Photograph of cross view of a bended adhension promoting substrate by nonuniform drying of the bonded hydrogels; (b) Photograph of top view of a non-uniform lasermachined microgel patterns on the curved substrate.
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As described above, one main reason of managing the laser-machining process at different
hydrogel moisture level is to find out the optimal window for achieving the time-saving and high
quality fabrication. Besides, there exists a second reason, which was demonstrated in Figure 3.5.
This demonstration involves an experiment conducted by drying the hydrogel on top of a 12 mm
wide gel bond at room temperature for 24 hours until reaching a fully dried gel and laser micromachining the gel afterwards. Since the hydrogel is bonded to the substrate, the anisotropic drying
due to the water evaporation from the gel network will generate a non-uniform deformation
(shrinking) between the bottom (large shrinking resistance by the gel bond) and up layer (free of
shrinking resistance) of the hydrogel, thus bending the substrate, Figure 3.5 (a). Then, this curved
substrate will cause a difficulty for allocating the focus of laser beam accurately and in turn
creating a non-uniform fabricated micro gels, Figure 3.5 (b). Therefore, applying the laser
micro-machining on the hydrogel after few hours of polymerization (thus no any deformation of
substrate) is the guarantee to achieve a uniform micro-patterned hydrogel array.
Finally, a series of laser-machined hydrogel micro channels under different drying hours and
laser beam profile were created and photographed for the analysis and measurement of the
abovementioned features, including the ablated width, S.Q and resolution, so as to determine the
optimal fabrication windows and conditions. Figure 3.6 presented the results of laser-machined
hydrogels at 1 or 2 drying hours, where the optimal combination of laser machining qualities are
capable to be accomplished, details explained in the next sections.
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Figure 3.6 A set of selected photographs of the 5 mm laser single ablation on the four different
thick hydrogels where the chosen hydrogel drying hours (1 or 2) for conducting the lasermachining are the optimal fabrication windows to achieve the best quality of a combination of
laser ablated width, S.Q and resolution.
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Ablated width analysis
Figure 3.7 shows the experiment results that for 0.5 mm thick hydrogel, the maximum ablated
width processed under the linear heat source from 14 to 30 W s m-1 occurred at the 1 hour drying
except for that at 10 W s m-1 (2 hour drying); and for the rest three thickness (1, 1.5, 2 mm), the
maximum ablated width happened at 2 hour drying (only two exceptions including the 4 hour
drying at 75 W s m-1 and the 3 hour drying at 113 W s m-1 for 1.5 and 2 mm thick hydrogel
respectively). The maximum ablated widths that the four different thickness hydrogel can reach at
the current optical setting of the laser beam are 0.27, 0.42, 0.43 and 0.43 mm respectively. The
drying hour at which each type of hydrogel can achieve the maximum ablated width should be the
timing that the largest heat diffusivity they can obtain, which are 1 hour for 0.5 mm thick hydrogel
and 2 hour for the rest three thick hydrogels respectively. This difference can be understood that
for a large aspect ratio of hydrogel (lateral dimension >> thickness) used in this work, its drying
is mainly dominated by the evaporation of water through the upper surface; therefore, as the
hydrogel becomes thinner, the distance for the water diffusing from the lower layer to the upper
surface is decreased, thus increasing the evaporation rate and consequently accelerating the
hydrogel drying. Finally, 0.5 mm thick hydrogel will lose almost the same amount of water as
other three type of hydrogels and the detailed analysis of hydrogel drying kinetics is performed
and explained later in the same section.
The relationship between the heat diffusivity and the ablated width is quantitatively
demonstrated, and the effect of the laser optical configurations on the ablated width also can be
gained by analyzing the experimental data, Figure 3.7. For example, for each type of hydrogel, in
order to attain the maximum ablated width, more linear heat source is required. This observation
is already discussed in the section 3.1 and confirmed by this experiment as the larger laser energy,
the longer heat propagation. On the other hand, when the hydrogel thickness increased from 0.5 to
2 mm, the linear heat source required for achieving the maximum also increase (30 W s m-1 for
0.5 mm, 75 W s m-1 for 1 mm, 150 W s m-1 for 1.5 mm and 300 W s m-1 for 2 mm), which
presented the proof of concept that the thicker hydrogel requires larger laser energy to conduct the
heat to surrounding area for the complete thermal removal of hydrogels.
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Figure 3.7 Experiment results of laser micro-machined hydrogels within one single laser beam
scan for different thcikness of hydrogel (a) 0.5 mm thick hydrogel has the maximum ablated width
of 0.27 mm after 1 hour drying at the linear heat source of 30 W s m-1; (b) 1 mm thick hydrogel
has the maximum ablated width of 0.42 mm after 2 hour drying at the linear heat source of 75
W s m-1; (c) 1.5 mm thick hydrogel has the maximum ablated width of 0.43 mm after 2 hour drying
at the linear heat source of 150 W s m-1; (d) 2 mm thick hydrogel has the maximum ablated width
of 0.43 mm after 2 hour drying at the linear heat source of 300 W s m-1.
The above experiment presents the characterization of laser-micromachining under different
hydrogel drying state and linear heat source, while one parameter that is missed over there and
also is capable of tuning the ablated width is the laser beam radius. Therefore, this experiment is
conducted by comparing the ablated width using two different laser beam diameter (0.13 vs 0.3
mm) immediately after the hydrogel curing (0 hour drying). Figure 3.8 shows the comparison that
by increasing the laser beam diameter from 0.13 to 0.3 mm (2.3 times larger), the ablated width
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has a maximum expansion of 1.75 times on 1.5 mm thick hydrogel (0.42 versus 0.24 mm) and a
minimum one of 1.14 times on 2 mm thick hydrogel (0.25 versus 0.22 mm); the other two thick
hydrogels (0.5 and 1 mm) has the ablated widths of 0.18 and 0.3 mm increased from 0.1 and 0.25
mm respectively. It should be noticed that compared to the 2.3 times increase of the laser radius,
the increase of the ablated width can only reach 1.75 times, which is due to the decreased laser
irradiation intensity by the increased beam radius demonstrated in the equation 3.1.

Figure 3.8 Experiment result of the ablated width by laser micro-machining with different laser
beam radius that by using the 0.3 mm diameter laser beam, the ablated width has the ablated width
of 0.18, 0.3, 0.42 and 0.25 mm increased from 0.1, 0.25, 0.24 and 0.22 mm on the hydrogel
thickness of 0.5-2 mm respectively. One asterisk (*) indicates p value smaller than 0.05.
A simplified summary of Figure 3.7 is replotted in Figure 3.9 (a) showing the maximum
ablated widths can be accomplished by different thick hydrogel under different linear heat sources
and drying hours. Moreover, the experiment for the hydrogel drying kinetics is also conducted,
whose result is shown in Figure 3.9 (b) that the decreased weight of hydrogels is an exponential
function of the reciprocal of the time; and as the hydrogel gets thinner, the weight loss rate (by
water evaporation) during the hydrogel drying increases, whose mechanism is already discussed
and demonstrated in the section 3.1 as the water diffusion distance inside the hydrogel will be
reduced following the shrunken thickness. Therefore, by coupling the drying kinetics to the laser
ablation characterization, it is found that the optimal timing for laser-engineering the hydrogel is

48
at 1~2 hours drying where the hydrogel loses 35%~65% of water dependent on the initial thickness
of the hydrogel.

Figure 3.9 (a) The summary of the maximum ablated widths which can be achieved by different
thick hydrogel under different linear heat sources and drying hours; (b) The drying kinetics of
hydrogel at room temperature shows that the decreased weight is an exponential function of the
reciprocal of the time, a complementary experiment for the laser-micromaching.

Sidewall quality analysis
Figure 3.10 shows the measured results of the sidewall quality (S.Q) that for 0.5 mm thick
hydrogel, the maximum S.Q at the linear heat source from 14 to 26 W s m-1 can reach ~0.45
mm/mm at 1~3 hours room temperature drying, which is around 1.5 times bigger than that of ~0.3
mm/mm at 24 hours drying (fully dried hydrogel); for other three thick hydrogels (1, 1.5 and 2
mm), the largest S.Q follow the same tend as that of 0.5 mm thick hydrogel, where the 1~3 hours
drying are the best processing timing to achieve the largest laser-machined S.Q, which are between
0.45 to 0.5 mm/mm and hence 1.5~1.67 times bigger than that of ~0.3 mm/mm at 24 hours drying.
Note that at several specific combination of linear heat source and the processing timing, a ~0.65
mm/mm high S.Q can be reached at both 1.5 and 2 mm thick hydrogels; otherwise, the general
S.Q for all the other scenarios at 1~3 hours are mostly around 0.45 mm/mm no matter the thickness
of the hydrogel and laser beam profile. This situation can be understood from the comparison of
the CO2 laser lens size to the hydrogel thickness that the CO2 laser lens used in this work has the
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spot size of 10.6 µm, much smaller than the thickness of 0.5 mm hydrogel, so by reducing the
hydrogel thickness to a comparable value compared to 10.6 µm, a sharp edge (S.Q close to 1) is
expected to be achieved.

Figure 3.10 Analysis of the S.Q of laser micro-machined hydrogels for different thcikness of
hydrogels that all the hydrogels have the largest S.Q occurring at 1~3 hours drying as 0.5~0.6
mm/mm, no statistics significant different among them and all bigger than that at 24 hours drying.
This S.Q identified an implied relationship between the ablated width and the fabricated pattern
diameter. In this research, the maximum pH the two drug delivery devices deal with is around
neutral value (pH 7) since that pH range is both the identification of the infected region on the
chronic wound bed and the triggering signal of drug release from the smart capsule in the small
intestine (especially in the jejunum); therefore, the swelling ratio of the hydrogel that actually
matters is the one at pH 7, which is typically around 2 mm/mm (from to the swelling
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characterization at Chapter 4). Moreover, for creating the enough internal space for the
micro-fabricated gels to swell without collision, the ablated width should equal to the desired
micro-machined pattern width assuming a straight edge (S.Q = 1). However, since the actual S.Q
is less than 1, the top layer has a larger ablated width than that of the bottom layer, thus creating
more swelling space on the top layer than the bottom layer of hydrogels, so the actual ablated width
is allowed to be smaller than the micro-fabricated pattern width.

Resolution analysis
The resolution characterization is concentrated on the analysis of relationship between the
ablated width and the linear heat source and the detection of the laser-processing timing to reach
the maximum value (also involving its comparison to that at 24 hours), thus serving as the
investigation and confirmation of why applying the laser-machining on the moisturized hydrogel
instead of fully dried one. In this regard, two resolution curvatures are selected and compared in
each thick hydrogel that one has the largest resolution and the other has that at 24 hours drying,
which is expected to have the smallest resolution. Figure 3.11 presents the experiment results that
for the 0.5, 1 and 2 mm thick hydrogels, all of their maximum resolutions appear at 1 hour drying,
which are 0.0074, 0.0058 and 0.0012 mm/(W s m-1) and are 2.22, 1.59 and 4 times of 0.0033,
0.0036 and 0.0003 mm/(W s m-1) at 24 hours drying respectively; while for 1.5 mm thick
hydrogel, the maximum resolutions are 0.0027 mm/(W s m-1) at 2 hours drying, which are 1.2
times of 0.0023 mm/(W s m-1) at 24 hours drying.
As known from the characterization of the ablated width, the evaporated water volume from
hydrogel network during the hydrogel drying will first increase and then decrease the heat
diffusivity of the hydrogel. It would reach the maximum after 1~2 hours drying dependent on the
thickness of the hydrogel due to different drying kinetics, where the maximum ablated widths are
reached. The same principle/mechanism also can be applied to explain the maximum resolution
also occurring at 1~2 hours drying and the compromised one at 24 hours drying.
Compared to other three types of hydrogels (1, 1.5 and 2 mm thick), the 0.5 mm hydrogel has
the largest resolution of 0.0074 mm/(W s m-1), which is contributed to the absolute water amount
(thus the thickness as they all share the same surface area) that as the hydrogel becomes thinner
(less water contained), the same thermal energy induced by the laser should propagate farther
distance radially, thus forming larger width or wider Gaussian distribution. Therefore, thinner
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hydrogel requires less laser power to produce the same ablated pattern and the concomitant bigger
resolution. Note that the same explanation can also go for interpreting the comparison of sidewall
quality among the four types of hydrogels, where the S.Q of 0.5 mm hydrogel is slightly smaller
than those of other hydrogels, which is because of the thinner hydrogel, the larger propagation of
laser induced heat.

Figure 3.12 Resolution analysis of laser micro-machined hydrogels within one single laser beam
scan (a) 0.5 mm thick hydrogel has the maximum resolution of 0.0074 mm/(W s m-1) at 1 hour
drying, 2.24 times of 0.0033 mm/(W s m-1) at 24 hours drying; (b) 1 mm thick hydrogel has the
maximum resolution of 0.0058 mm/(W s m-1) at 1 hour drying, 1.6 times of 0.0036 mm/(W s m-1)
at 24 hours drying; (c) 1.5 mm thick hydrogel has the maximum resolution of 0.0027 mm/(W s
m-1) at 2 hour drying, 1.2 times of 0.0023 mm/(W s m-1) at 24 hours drying; (d) 2 mm thick
hydrogel has the maximum resolution of 0.0012 mm at 1 hour drying, 4 times of 0.0003 mm/(W s
m-1) at 24 hours drying.

52
Laser-machining of composite gels
As mentioned at the beginning of this research, one of the key advantages and also one of the
motivations of the laser-machining on hydrogels are the processability to etch and pattern the
composite gel by using the same fabrication procedure applied on the bare hydrogel (0% embedded
micro or nano particles), since the composite gels play a significant role of equipping the bare
hydrogel with additional or enhanced functionalities by incorporating various micro/nano
functional particles into the polymer network. Aiming at demonstrating this capability, two types
of 1 mm thick composite gels are fabricated that one is the 2 w/v% ~0.3 mm diameter MNP-PS
(magnetic nano particle polystyrene sphere) mixed hydrogel (“ferrogel”) and the other is the 0.1
w/v% 9~13 µm diameter silica beads loaded hydrogel (“silicagel”). The same laser-machining
protocol is applied to the laser-machining of the two composite gels and all the features including
ablated width, S.Q and resolution are analyzed.
The experiment results of the ferrogel were shown in Figure 3.12 that the ferrogel had the
optimal combination of all the investigated features occurring at 2 hours drying, where both the
maximum ablated width and S.Q reached 0.42 mm and 0.51 mm/mm at the linear heat source of
75 W s m-1 respectively with the linear resolution of 0.006 mm/(W s m-1).

Figure 3.13 (a) Photograph of laser micro-machined 1 mm thick ferrogel after 2 hours drying at a
range of linear heat source from 46.8 to 75 W s m-1; (b) The experiment results showed a resolution
of 0.006 mm/(W s m-1) and both the maximum of ablated width of 0.42 mm and S.Q of 0.51
mm/mm.
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The experiment results of the silicagel were shown in Figure 3.13 that the silicagel had the
optimal combination of all the investigated features occurring at 1 hours drying, where both the
maximum ablated width and S.Q reached 0.285 mm and 0.495 mm/mm at the linear heat source
of 150 W s m-1 respectively with the linear resolution of 0.002 mm/(W s m-1).

Figure 3.14 (a) Photograph of laser micro-machined 1 mm thick silicagel after 1 hours drying at a
range of linear heat source from 94 to 150 W s m-1; (b) The experiment results showed a resolution
of 0.002 mm/(W s m-1) and both the maximum of ablated width of 0.285 mm and S.Q of 0.495
mm/mm.
Compared to the ferrogel, the silicagel has its maximum laser-machining features smaller than
those of ferrogel, which also appear at different processing timing and require more laser power.
One of the reasons would be the different size of embedded particles (~9 µm silica beads and 0.3
µm MNP-PS) in the two hydrogels that although the silicagel has a smaller volume fraction (0.1
w/v% silica beads) of embedded particles compared to the ferrogel (2 w/v% MNP-PS), the total
space the silica beads occupied is larger than that of the MNP-PS with the detailed calculation as
follows:
•

The volume ratio of silica beads to MNP-PS is about (9/0.3)3 = 27000;

•

The volume fraction ratio of silica beads to the MNP-PS is 0.1/2 = 0.05;

•

So, the total occupied space ratio of silica beads to the MNP-PS is 27000 * 0.05 =1350
assuming the silicagel and ferrogel share the same dimension.

Therefore, as the silicagels contain less water than the ferrogels, the processing timing to achieve
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the optimal feature on the silicagels is thus 1 hours ahead of that of the ferrogels (2 hours drying),
where both gels have the similar water volume fraction and thus approximate thermal & optical
properties, which then require a longer time for ferrogels to lose more contained water. Besides,
since the silicagels incorporate more particles in their network, more thermal energy could be
reflected or scattered by the embedded silica beads, which then compromise the heat propagation,
thus reducing both the ablated width (32% smaller than that of ferrogel) and resolution (67%
smaller than that of ferrogel) while requiring more laser power (100% additional power required
to achieve the 67% ablated width of the ferrogel) at the same time. Notice that both the laser
micro-machined features of the two gels are comparable or close to that of the bare hydrogel (0
w/v% silica beads or MNP-PS), which verified and confirmed one of the claims in this research
that the laser micro-machining methodology can be transferred to the composite gels smoothly,
thus capable of integrating a wide range hydrogels into variant environmental responsive systems.

Conclusion
At this chapter, the principle and mechanism of the laser-machining on hydrogels are first
presented. It points out that two set of parameters regulate the quality of laser micro-machining on
hydrogels. One is the laser beam profile, including the laser beam radius and the linear heat source
defined as the product of laser power and the reciprocal of the laser beam scan rate; and either the
increase of laser beam radius or the increase of linear heat source can expand the thermal ablation.
The other are the dynamic thermal and optical properties of the hydrogel when drying the hydrogel
at room temperature till a fully dried state. Therefore, by tuning the laser beam configuration and
selecting an appropriate processing window, it is able to fabricate the hydrogel to the desired
micro-patterns and concomitant satisfy the sensing or actuating requirements of the incorporated
system for variable biomedical applications. Next, the experiment protocol is introduced that four
different thick hydrogels (0.5, 1, 1.5 and 2 mm) are laser-machined at different drying state (0-24
hours drying at room temperature) under a wide range of linear heat source (10-300 W s m-1) and
within a single laser beam scan (5 mm ablation length); and the detailed characterizations include
the comprehensive analysis of ablated width, sidewall quality and resolution, Figure 3.14.
Later, the ablated width, sidewall quality and resolution of laser-machining on the hydrogel
are measured and analyzed in series that the optimal processing timing to get the best qualities
(referring to the maximum features) of laser-machining on the hydrogels is detected to be mainly
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focused on 1~2 hours drying (the hydrogel loses 35%~65% weight), Table 3.2. The overall
maximum values of the characterized features include 0.43 mm ablated width on 2 mm hydrogel
at 2 hours drying, 0.65 mm/mm sidewall quality on 1.5 mm hydrogel at 1 hour drying, and 0.0074
mm/(W s m-1) resolution on 0.5 mm hydrogel at 1 hour drying. Besides, two composite gels,
ferrogel and silicagel, are also fabricated and laser-machined under the same procedures and
conditions that the results show the similar qualities as those of the bare hydrogels, thus verifying
the capability of laser micro-machining on the micro/nano particles embedded hydrogels.

Figure 3.15 The summary of the quality of laser-machining of the hydrogel as the function of laser
beam profile and the thermal & optical properties of hydrogel.

Table 3.2. The summary of the processing windows of all the optimal features (ablated width,
S.Q and resolution) for the four different thick hydrogels.
Drying hours versus laser-machining features
0.5mm

1mm

1.5mm

2mm

hydrogel

hydrogel

hydrogel

hydrogel

Ablated width

1 hour

2 hours

2 hours

2 hours

Sidewall quality

1~3 hour

1~3 hour

2 hours

2~3 hours

Resolution

1 hour

1 hour

2 hours

1 hour

Optimal features

Finally, the proof of the concept is demonstrated that the laser micro-machining technique can
be applied to the hydrogel to create a scalable pattern under a rapid and cost-effective fabrication
manner. The photographs of a set of laser micro-machined hydrogels with a variety of patterns are
illustrated in Figure 3.15.
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Figure 3.16 The photographs of micro-patterned hydrogels.
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4. SWELLING KINETICS OF LASER-MACHINED HYDROGELS

Principle and mechanism of pH-sensitive hydrogel swelling
The swelling principle of the pH-sensitive hydrogel is simply described in chapter 2 that as a
type of anionic hydrogels, poly (mAA-co-AAm) hydrogel swells due to the enhanced electrostatic
repulsion force within the gel network induced by the increasing density of ionized carboxyl
groups (-COOH to -COO-) when the pH value of the medium increases over the pKa of –COOH.
A more comprehensive discussion of the swelling kinetic model and the correlated experimental
demonstration of the pH-sensitive hydrogels are presented in the chapter.
pH sensitive hydrogel is a type of ionic gel or polyelectrolyte gel as its pedant group in the
polymer chains can be protonated or deprotonated when the surround pH lower or higher than its
pKa, which then creates an increased/decreased ion concentration in the network. The ionization
inside gel then gives rise to an osmotic pressure resulting from the Donnan equilibrium inside and
outside the gel, which can be described in terms of the ion osmotic swelling pressure 𝜋𝜋𝑖𝑖𝑖𝑖𝑖𝑖 and

finally causes the gel to swell [70]. Besides, the pH-sensitive hydrogel swelling/shrinking in a
solution is also regulated by two other contributions, 𝜋𝜋𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜋𝜋𝑒𝑒𝑒𝑒 . The former is the mixing

swelling pressure attributed to the thermodynamic force when mixing the gel with the solution,

favoring swelling of hydrogel by promoting the movement of the hydrophilic polymer chains; the
latter is the elastic pressure induced by the crosslinked hydrogel network which provides a
retractive/repulsive force which inhibits the deformation of polymer chains from their most
probable configuration. Therefore, the osmatic swelling pressure 𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 can be wrote as the sum

of the three independent contributions as follows [22], [23], [71]–[75]:
𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜋𝜋𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜋𝜋𝑚𝑚𝑚𝑚𝑚𝑚 + 𝜋𝜋𝑒𝑒𝑒𝑒

(4.1)

At the other hand, for ionic hydrogel or polyelectrolyte gel, the mixing swelling contribution,
described on the Flory-Huggins model [76], is usually much smaller than the ionic swelling
pressure and thus is negligible in the swelling kinetics of the pH-sensitive hydrogel. Therefore, the
kinetic swelling behavior of the pH-sensitive hydrogel is a dynamic counteraction between the ion
swelling pressure and the elastic pressure as when the hydrogel is swelling, the ion osmotic
pressure acts as an expansion force while the elastic term works as the opposite force; and finally
the swelling equilibrium of the hydrogel occurs when the inward elastic restoring force of the gel
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network balances the outward ionic osmotic force (thus the total osmotic swelling pressure equals
to zero) as follows:
𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜋𝜋𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜋𝜋𝑒𝑒𝑒𝑒 = 0

(4.2)

The ionic osmotic pressure 𝜋𝜋𝑖𝑖𝑖𝑖𝑖𝑖 , attributed to the difference of the mobile ion between the gel

network and the external solution can be calculated based on the following equation [77]:
𝜋𝜋𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑅𝑅𝑅𝑅[𝛷𝛷 ∑𝑖𝑖 𝐶𝐶�𝚤𝚤 − 𝜑𝜑 ∑𝑖𝑖 𝐶𝐶𝑖𝑖 ]

(4.3)

where 𝐶𝐶�𝚤𝚤 and 𝐶𝐶𝑖𝑖 are the concentrations of mobile ions in the gel and in the external solution, 𝛷𝛷 and

𝜑𝜑 are the corresponding osmotic coefficients respectively, R is the gas constant and T is the

absolute temperature. This equation shows that the ionic contribution to the osmotic swelling

pressure of the ionic hydrogel is linearly proportional to the total concentration of the charged
groups attached to the gel network, which is then independent to the crosslink degree of the gel.
Note that the temperature also plays an essential role in swelling phenomena of the ionic hydrogel
as its increase/decrease would add a positive/negative effect on the osmotic pressure. In most case,
the ion concentration in the gel is much larger than that in the external solution, thus the
equation 4.2 can be rewritten to as follows [71], [75], [77]:
𝜋𝜋𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑅𝑅𝑅𝑅[𝛷𝛷 ∑𝑖𝑖 𝐼𝐼𝐶𝐶�𝚤𝚤 ]
𝑘𝑘

𝐼𝐼 = 10−𝑝𝑝𝑝𝑝𝑎𝑎+𝑘𝑘

𝑎𝑎

(4.4)
(4.5)

where I is the ionization and 𝑘𝑘𝑎𝑎 is the acid dissociation constant. From the above equations, it is

evidence that as the pH value of the external solution increases, the ionization in the gel will
increase, concomitantly increasing the ionic swelling pressure.
The elastic contribution to the osmotic swelling pressure 𝜋𝜋𝑒𝑒𝑒𝑒 , resulting from the configurational

entropy changing of polymer chains caused by the gel deformation, can be expressed [71], [75],
[76]:
𝜋𝜋𝑒𝑒𝑒𝑒 =

1

1 3
𝑛𝑛𝑛𝑛𝑛𝑛[�𝑤𝑤�

1

− 2𝑤𝑤]

(4.6)

where n is the crosslink density of the gel network and w is the swelling ratio. This equation
proposes that the elastic restoring force is linearly proportional to the crosslink density of the
network and inversely proportional to the swelling ratio; therefore, assuming the ionic swelling
pressure does not change, when the crosslink density of the gel increases, the swelling ratio would
be decreased to maintain the 𝜋𝜋𝑒𝑒𝑒𝑒 unchanged; and so is the converse (the decrease of crosslink
density of the gel would increase the swelling ratio).
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Actually, based on the above mentioned equations, especially from the equation 4.4 and 4.6,
we are able to know that the swelling ratio is a counterbalance between the crosslink density and
the mobile ion concentration; therefore there would be a threshold upon/below which either the
crosslink density or the mobile ion concentration in the gel network will dominate the swelling of
the hydrogel. This deduction is very important to understand the swelling kinetics of the hydrogel
(especially the composite gel) in a complicated situation where several chemical or physical
parameters co-exist, and this multiple parameter co-regulated swelling kinetics of the pH-sensitive
hydrogel will be demonstrated in the next section.

Characterization of the hydrogel swelling kinetics
When a hydrogel is brought into contact with solution, the solvent (mainly water in this context)
move into the gel network based on the increased osmotic swelling pressure inside the gel as
explained in the section 4.1. Meanwhile, the water uptake during hydrogel swelling is also a
diffusion-limited process regulated by the diffusion equation [78]. The diffusion regulated
swelling process can be understood from the mechanism of the semipermeable membrane that the
hydrogel network serves as the semipermeable membrane to immobilize the ionized carboxylic
group inside the network, and then the solvent (water) becomes to the solute that diffuse into or
out from the gel network due to the unbalanced osmotic pressure. The one-dimensional solution
of the diffusion equation proposes that the characteristic time 𝜏𝜏 of the swelling transition is directly
proportional to the square of the linear size 𝑡𝑡 of the gel and inversely proportional to the diffusion
coefficient of the network (D) as follows:

𝜏𝜏 = 𝑡𝑡 2 /𝐷𝐷

(4.7)

From this equation, it is evidence that as the gel size increases, the time required for the gel
reaching an equilibrium swelling will be doubled; therefore, in order to achieve a fast
environmental responsive sensing, hydrogels need to be micro-machined to a designed small size.
This size-dependent swelling behavior of the hydrogel is especially important to the two
applications in this research (the smart capsule and the chronic wound dressing, both pH-regulated),
where the swelling of the micro-machined hydrogel is accomplished by imbibing the water only
through a porous gel promoting adhesion substrate and the one dimensional size t of the gel is
interpreted to the gel thickness in the three dimensional scenario.
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The pH-responsive poly (mAA-co-AAm) hydrogel is prepared by mixing two pregel solutions
[21]. Solution A is made by mixing 100 µL of methacrylic acid (mAA), 335 mg of acrylamide
(AAm), 100 µL of tetra-methyl-ethylene-diamine (TEMED), and 3.27 mg of methylene-bisacrylamide in 1.2 ml of DI water. Solution B is prepared by dissolving ammonium persulfate (APS)
in DI water (80 mg/ml) added to the sonicated solution A in a volume ratio of 5.9:1 to form the
hydrogel [79], [80]. Two type of composite gels are also fabricated and characterized in this work
to demonstrate the processability of the laser-machining on hydrogels. One is the so called
“ferrogel”, which is made by mixing 10% and 2% w/v MNP–PS (magnetic nanoparticles in
polystyrene beads, ~0.3 mm diameter) into the pregel solution A; the other is named as “silicagel”,
which is created by mixing 0.5% and 0.1% w/v silica micro-beads (9-13 µm diameter) into the
pregel solution A. Before blending with the solution B for the polymerization, the mixtures (the
pregel solution A and the magnetic or silica beads) were sonicated and vortex-mixed around one
hour to reach a uniform dispersion. Finally, the mixed solution A and B are allowed for the
complete polymerization around one hour.

Figure 4.1 (a) Definition of the swelling ratio of the laser micro-machined hydrogels in a pH buffer;
(b) The visual measurement for the hydrogel swelling ratio (mm/mm).
After the fabrication, the hydrogel is laser micro-machined to the designed patterns for later
swelling or actuation characterization. According to different application scenarios, the swelling
ratio is defined and measured by two methods that one is the value of the expanded diameter of
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the gel at certain time during swelling over the initial diameter upon one hour curing (synthesis)
through the microscopic images of the top view of the micro-gels, which is mainly used in the
characterization involving both the swelling rate and swelling ratio; the other is the ratio between
the weight of the gel at swelling and the initial weight, which is only utilized in the applications
where the swelling ratio at equilibrium is the solo focus, Figure 4.1. All the experiment are
conducted in triplicates and in room temperature (21oC) except for the characterization of the
temperature-regulated hydrogel swelling, which is exerted in three different temperatures.
4.2.1

Size dependent swelling behavior of hydrogel

As discussed previously, the swelling kinetics of hydrogels, thus their integrated environmental
responsive sensors, are strongly dominated by the dimension, so the micro-machining is applied
on hydrogels to reach a fast response time. On the other hand, within the two drug delivery
applications of this research, the hydrogel is first bonded to a porous substrate and then utilized to
provide the mechanical force/actuation so as to accomplish the drug release process. Therefore,
the hydrogel is only exposed to the surround medium through the attached micro-pores, at which
its thickness dominates the swelling kinetic behavior. To test this hypothesis, two different thick
hydrogel films are cured to 0.4 and 2 mm and laser-ablated to different diameters, 0.36, 0.5 and 4
mm. Then the fabricated micro-gels are allowed to swell through the porous substrate on top of a
constant pH solution, Figure 4.1 (b).

Figure 4.2 Comparison of swelling behavior between 2 mm thick and 400 um thick hydrogels in
pH 7 buffer. n =3.
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Figure 4.3 Comparison of hydrogels swelling on porous membrane for three different diameters,
4mm, 0.5mm and 0.36 mm; all have the same thickness of 0.4 mm. n = 3.
Figure 4.2 shows a comparison of swelling behavior between 2 mm thick and 0.4 mm thick
hydrogels (both 4 mm diameters) in pH 7 buffer, where 0.4 mm thick hydrogels show a faster
swelling rate. The 2 mm thick hydrogels need 700 minutes to reach almost the same swollen ratio
(x2.1) instead of 120 minutes by the 0.4 mm thick hydrogels. Since the two types of hydrogels
share the same diameter but different thickness, the different swelling kinetics (especially the
swelling rate) can be attributed to the different thickness. Figure 4.3 illustrates the comparison of
hydrogel swelling with different diameters (4mm, 0.5mm and 0.36mm) but same thicknesses (0.4
mm thick) that both 0.5 mm and 0.36 mm diameter hydrogels have a similar swelling ratio as
x0.85/min in first 20 minutes faster than 4 mm diameter hydrogels (x0.74/min). While the final
swollen ratios for three patterns are close and all arrive at their maximum within one hour, it then
confirms the assumption that when hydrogels are confined in a chamber and allowed to contact
the ambient environment only through a porous substrate, the thickness of the hydrogel dominates
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the swelling behavior of hydrogels with high aspect ratio (thickness/lateral dimension >> 1), as
both the ion exchange and water diffusion channels between hydrogels and surrounding are
confined in the vertical direction instead of the lateral directions. These data provide the
experimental profile of the transient performance of different micro-patterned hydrogel, whose
swelling rate can be tuned by the laser micro-machining and thus can be applied to the
time-sensitive bio-applications.
4.2.2

Other physical/chemical parameter regulated Swelling behavior of hydrogel

In this research, the pH-sensitive hydrogel is chose to be the poly (mAA-co-AAm) hydrogel,
which swell/deswells as the pH value increase/decreases; the mechanism is already well explained
in section 4.1 that the increased pH value of the solution will promote the ionization of the
carboxylic group in the gel network and consequently raise the ionic swelling pressure, thus
causing the hydrogel swell, equation 4.5. The demonstration of the pH-regulated swelling behavior
is performed by using a similar setup as the size-dependent swelling kinetic characterization and
the only difference is that the pH dependent swelling experiment would monitor the hydrogel
swelling in three different pH buffer (2.2, 4 and 7) instead a single one for 120 minutes. The
experimental results are presented in the Figure 4.4. In pH 4 buffer, the hydrogel had a faster
swelling rate as x0.048/min during the first 30 minutes than in the remaining 90 minutes, reaching
a maximum of x1.56 after 30 min. In pH 7 buffer (small intestine), the hydrogel had a slightly
larger initial swelling rate of x0.053/min reaching a maximal swelling ratio of x2.0 after 90 min.
In the highly acidic (stomach) solution (pH of 2.2), as expected, both the initial swelling rate and
final swelling ratio were smaller (x0.043/min and x1.33, respectively). Into the two drug delivery
applications, the significant swelling capabilities of pH-sensitive hydrogel in the neutral/alkaline
environment is thus able to deflect the elastomeric PDMS membrane and initiate the triggering of
drug release based on the actuation of the flexible membrane. Portions of this text are taken from
publications by the author [80].
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Figure 4.4 Comparison of hydrogels swelling through porous membrane in three different pH
buffer, 2.2, 4 and 7.

Figure 4.5 The temperature characterization on the hydrogel swelling in pH 4 and 6 shows that
higher temperature is significantly pronounced at higher pH value. One asterisk represents p <
0.05.
Except the pH level, the temperature also affects the swelling behavior of the hydrogel in a
positive way as the higher temperature will produce the larger ionic swelling pressure,
equation 4.4; besides, the temperature is a common parameter the hydrogel would encounter in
many bio-applications, whose influence should be carefully considered. Therefore, it is necessary
to analyze the quantitative effect of the temperature to the hydrogel swelling at different pH level,
thus revealing a co-regulation by both the pH and temperature. The experiment is conducted by
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measuring the swelling ratio of the hydrogel (expanded weight by initial weight defined
previously) in different pH solution (4 and 6) and at different temperatures (21oC, 27oC and 34oC)
respectively. Figure 4.5 shows the experiment results that at pH 4, the pH-sensitive hydrogel has
a similar swelling ratio of x2.8 at all the three temperatures; while at pH 6, the swelling ratio at
34oC is x11.9, 1.1 times larger than x10.8 at 21oC (p < 0.05). This comparison exhibits that the
temperature response is significantly pronounced on the hydrogel swelling at higher pH 6; in other
words, at a lower pH level, the temperature effects on the hydrogel swelling is counteracted by the
decreased ionization level in the gel (the protonation of ionized carboxylic group as –COO- + H+
= -COOH). This feature is essentially important to the chronic wound dressing as it can be used
to autonomously tune the drug delivery rate based on a combination of wound pH and temperature,
especially at high pH level when the wound is not in a healing status.
As described previously, composite gels have been the research focus for several decades and
their fabrications are developed by incorporating various micro/nano scale materials into the
polymer network, which offer the hydrogel with extra or enhanced functionalities. There are two
types of composite gels involving this work to demonstrate the processability of laser
micro-machining on hydrogels. One is the ferrogel which is produced by mixing the ~0.3 mm
diameter MNP-PS into the gel network and can be utilized to couple its volumetric deformation
into any magnetic change induced wireless sensing system [53]. The other is the silicagel, which
is fabricated by mixing the 9~13 µm diameter silica beads into the gel network and can be applied
to respond its swelling/shrinking to the scattered ultrasonic wave intensity thus for achieving a
longer distance wireless sensing, compared to the magnetic wireless sensor system, [13]. The
experiments are set to compare the equilibrium swelling ratio of the hydrogel (0 w/v% of magnetic
beads or silica beads) to that of the ferrogel (10 w/v% and 2 w/v%) or the silicagel (0.5 w/v% and
0.1 w/v%) in different pH (4, 5, and 6) respectively.
The results show an inverse relationship between the swelling ratio of the ferrogel and the
concentration of the embedded magnetic particles at all selected pH level that as the concentration
of magnetic particles is reduced from 10 w/v% to 0 w/v%, the swelling ratio increases from 2.5 to
3.6 at pH 4, from 7.9 to 8.6 at pH 5, and from 10.5 to 13.1 at pH 6, Figure 4.6 (a). This diminished
swelling ratio of the ferrogel can be explained by the enhanced crosslink density as the added
magnetic beads bring extra crosslinking into the gel network through hydrogen bonding or physical
absorption [81]. Although the compromised swelling capabilities, the ferrogel has its swelling

66
kinetics well maintained. Firstly, the response of the ferrogel to the pH variation is similar to that
of a bare hydrogel; expanding at the elevated pH levels and shrinking at low pH levels. On the
other hand, the sensitivities (the slope of the swelling ratio versus pH value) are approximately the
same for the three types of ferrogels; x4/pH for 10 w/v%, x4.1/pH for 2 w/v%, and x4.7/pH for 0
w/v%, Figure 4.6 (b). Therefore, the ferrogel, whose swelling/shrinking is maintained, can work
as a magnetic core to regulate the inductance and thus the resonance frequency of its incorporated
wireless sensing system once in the chemical stimuli (pH in this context) present medium.

Figure 4.6 Swelling behavior of ferrogel in different pH buffer showing that the swelling behavior
of the ferrogel is decreased by the increased crosslinking density.
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Figure 4.7 Swelling behavior of silicagel in different pH buffer shows that the swelling properties
of the silicagel is the counteracted result between the crosslinking density and negative charges
(from the beads); above a threshold of between 0.1% and 0.5% w/v mixed silica beads, the gel
swelling become proportional to the beads concentration inside the gel. One asterisk represents
p < 0.05.
The ferrogel shows a one-direction relationship between the particle concentration and the
swelling ratio; the more embedded particles, the less swelling ratio, which however is not the case
of the silicagel. Figure 4.7 shows the experimental result of the silicagels swelling in different pH
solution that the silicagel first exhibits a compromised swelling ratio reduced from x3.4, x8.5 and
x13 to x3, x7.9 and x11.7 at pH 4, 5 and 6 respectively when the concentration of the beads
increases from 0 w/v% to 0.1 w/v%; and later the silicagel presents an enhanced swelling ratio of
x3.8, x9.8 and x14.3 by increasing the concentration of the beads up to 0.5 w/v%, Figure 4.7 (a).
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This bidirectional relationship between the concentration of the beads and the gel swelling can be
well explained by the examining the relationship between crosslink density and the ionization of
the gel that the swelling properties of the silicagel depends on a balance between crosslinking
density and negative charges as the adding of the silica beads involve both mechanisms. The
former is elevated by increased hydrogen bond, ionic bond, or physical absorption inside the gel
network from the silica beads (same mechanism as the magnetic beads) [82], thus reducing the
swelling ratio; the latter is raised by the increased negative charges on the surface of the beads
(silica beads exhibit negative charges when in aqueous medium [83], [84]), thus increasing the
swelling ratio. Finally, the experiment indicates that the positive effect of the silica beads
dominates the gel swelling at higher concentration while the negative effect of the beads prevails
at lower concentration as the monomers which can be crosslinked is limited but the increased ion
concentration would be continuously increased by adding more and more silica beads.
Besides, like the ferrogel, the silicagel also has its swelling kinetics (the slope of the swelling
ratio versus pH value) undisrupted by addition of the silica beads as x5.2/pH for 0.5 w/v%, x4.3/pH
for 0.1 w/v%, and x4.8/pH for 0 w/v%. Therefore, the silicagel can be applied to tune the hydrogel
deformation-based drug delivery performance and increase the hydrogel mechanical strength thus
the device robustness at the same time. Note that the excellent swelling capabilities of the silicagel
hence guarantee its functionality in an integrated wireless sensing system to interrogate the
external chemical stimuli to the silicagel volumetric response through the ultrasonic imaging [13].
The hydrogel would only swell in the aqueous medium, once it leaves the solvent, it will go
through a dehydration process till reaching a complete dry (losing all the contained water
molecule). Then when the hydrogel is put back to the solvent, the swelling kinetics of the hydrogel
is required to be preserved as a well-maintained hydrogel swelling performance is crucial for
retaining the repeatability/reusability of its integrated system. For this reason, it is essential for
conducting the characterization of the hydrogel swelling reversibility. The experiment is set to the
following protocols. At first, the hydrogel (2 mm diameter and 2 mm thick cylinder) is immersed
in different pH buffer (4, 5 and 6) for one day swelling to reach the equilibrium; then the hydrogel
is allowed to dry completely at room temperature; finally, the dried hydrogel is re-immersed in the
same pH buffer to achieve the equilibrium swelling again. At each equilibrium swollen state, the
swelling ratio is measured and calculated by the swollen weight over the initial weight, Figure 4.8
(a)-(b). All the experiments are done in triplicates.
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Figure 4.8 (c) shows the results that the hydrogel can reach the first maximum swelling of x2.5,
x7.9 and x10.5 and the second one of x2.5, x7.6 and x10.2 in the pH 4, 5, and 6 respectively. No
significant statistical difference is detected between the two swelling cases, which identifies the
reversibility of the pH-sensitive hydrogel swelling, thus validating the reusability of the devices.

Figure 4.8 pH sensitive hydrogel reversibility in pH 4, 5 and 6 buffer. (a)-(b) Illustration of the
experiment setup that hydrogel first swells in pH buffer for one day to reach the equilibrium
swollen state, then is allowed to dry completely, and is finally re-immersed in the same pH buffer
for swelling; (c) the results show that the swelling properties of the pH sensitive hydrogel are
reversible, and thus the reusability of the device is validated. ns represents nonsignificant
difference (p > 0.05).

Hydrogel swelling based actuation of a deflectable polymeric membrane
As discussed previously, one significant application of the pH-sensitive hydrogel is to work as
a chemo-mechanical engine to lift a weight or deflect a flexible polymeric membrane, which then
is utilized as the trigger to start a drug release process. To identify this mechanism, the hydrogel
swelling kinetics is first testified in the section 4.2, and then its actuation capability will be
evaluated in this section. Moreover, from the aforementioned mechanism of the hydrogel swelling,
the outward force to cause the gel swelling is mainly from the increased osmotic pressure; when
the hydrogel swelling is adopted for any mechanical job, the size of the hydrogel would matter the
finally delivered force assuming the osmotic pressure is homogeneous (size-independent).
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Therefore, it is essential to assess the size-dependent actuation capability of the hydrogel before
the characterization of the corresponsive applications.

Figure 4.9 Illustration of the experiment setup for investigating the acutation capability of the
micro-gel integrated actuator.
The experiment setup is to laser-machine two different thick (0.8 mm and 0.4 mm) of 5 × 5
mm2 hydrogel films into two different micro-gel arrays on the porous substrate. The 0.8 mm thick
hydrogel array has the micro-gel lateral dimension of 0.36 mm and the 0.4 mm thick one has the
lateral dimension of 0.3 mm; both have the ablated space among the micro-gels created to be
around 0.4 mm. Later, a PDMS gel chamber is glued to the porous membrane and then sealed by
a PDMS thin membrane (0.12 mm), encapsulating the micro-hydrogels inside gel chamber and
working as the chemo-mechanical actuator. Finally this actuator is put on pH 7 buffer to test its
actuation ability. The quantitative analysis of the actuation ability is defined to be the vertical
displacement of the PDMS membrane, measured by a digital camera at the side view, Figure 4.9.
All the experiments are done by a set of three samples.
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Figure 4.10 (a) Illustration of two different micro-gel matrix, 0.3mm diameter × 0.4mm thick
(micro_1, black) versus 0.36mm diameter × 0.8mm thick (Micro_2, red); (b) The actuation results
present the maximum PDMS membrane deflection due to swelling of pH-sensitive hydrogel at
pH 7.
Figure 4.10 shows the comparison of the maximum vertical displacement of PDMS thin
membrane actuated by hydrogels swelling with different laser-engineered micro-patterns. As
shown, the PDMS membrane deflection can reach an averaged maximum of 0.7 mm by using
0.36 mm × 0.8 mm micro-gels (Micro_2), a value 2.9 times larger than that of 0.24 mm by using
0.3 mm × 0.4 mm micro-gels (Micro_1). These measurements provide experimental data for the
design of the drug volume.
Not only the maximum deflection (thus the largest dispensed drug volume) but also the
actuation performance under different pH level is one of the imperative features to autonomously
initiate the pH-regulated drug release profiles; therefore the pH-regulated actuation behavior of
the fabricated actuators is investigated by using 4 mm × 0.4 mm hydrogels in different pH buffers
(7, 4 and 2.2) at an interval of 10 minutes in the first 60 minutes and an interval of 30 minutes in
the rest 180 minutes, total 240 minutes. Figure 4.11 demonstrates the results that upon the
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equilibrium swelling of the hydrogel, the deflection in pH 7 buffer reached an averaged maximum
of 0.7 mm with the averaged deflection rate of 2.92 µm/min, whereas both the averaged maximum
deflection in pH 4 and 2.2 were only 0.29 mm and 0.06 mm with the averaged deflection rate of
1.2 µm/min and 0.25 µm/min, respectively. Compared to the maximum deflection measurements
in Figure 4.9, the pH-dependent transient performance are more essential for the design of the
correlated bio-applications, where the transient since they provide more dynamic and steady-state
information to design the correlated bio-applications. For example, they (the temporal performance
of the fabricated hydrogel actuators) can be used to design the isolation gap of the smart capsule
in order to achieve a controllable on-and-off transition in the GI tract; they also are able to control
the drug delivery rate (faster or slower) for the pH-regulated drug delivery device upon the healing
state of the chronic wound. Portions of this text are taken from publications by the author [80].

Figure 4.11 Comparison of PDMS membrane deflection due to swelling of pH-sensitive hydrogel
in pH 7, 4 and 2.2 buffer solutions over 4 hours.

Conclusion
At this chapter, we first discussed the principle and mechanism of the hydrogel swelling, which
is mainly dependent on the counterbalance between the elastic retractive force (inward) from the
hydrogel network and the ionic osmotic pressure induced outward swelling force in the hydrogel.
The former is strongly dominated by the crosslink density of the hydrogel; the latter is primarily
regulated by the difference mobile ion concentration between the gel and the external solution.
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The poly (mAA-co-AAm) gel used in this work is pH-sensitive as the increase pH will increase
the ionization degree in the gel by converting more –COOH to –COO-, thus finally enhancing the
swelling ratio.
Then, we conducted and accomplished the characterization of the swelling kinetics of the laser
micro-machined hydrogel. Two different micro-gel patterns are created on a porous substrate and
tested at pH 7; the transient gel deformations are continuously monitored through the microscopic
imaging. The experimental result shows that at the situation of gel only absorbing the water from
the bottom, the swelling rate of the gel is dominated by its thickness instead of its lateral dimension.
This phenomenon confirms the diffusion-limited hydrogel swelling process and is essential for the
design of any hydrogel based response-time sensitive sensing system, whose large-scale
manufactory can be achieved by the laser-machining.
Next, several other important parameters which also play an important role in the regulation
of the hydrogel swelling are testified, including the temperature, the crosslink density, and the
ionization. The result shows that the temperature and ionization have a positive effect on the
hydrogel swelling while the crosslink density has a negative effect; these measurement confirm
the theoretical description, which thus can be utilized to tune the performance of the incorporated
actuation/sensing system. The composite gel, which is fabricated by mixing micro/nano particles
into the gel network before gelation, is also investigated. Although its swelling ratio is changed,
the swelling kinetics does not get severe compromised, thus the composite gel is proved to be
capable of applying its volumetric response not only to detect the change of the external chemical
stimuli but also to accomplish multiple jobs at one time, like more mechanical force (silicagel) or
wireless inductive sensing (ferrogel). Moreover, the reversibility of the hydrogel, thus the
repeatability of its integrated biomedical system, is identified.
Finally, as the two drug delivery devices (chronic wound dressing and smart capsule) have
their drug release initiation strongly dependent on the deflection of the hydrogel actuator, the
hydrogel swelling induced actuation capabilities are measured. The experiment result presents a
size-dependent performance of the fabricated hydrogel actuator that the larger size (especially the
thickness), the bigger deflection of the flexible PDMS membrane. The reason is not hard to
understand that as the osmotic swelling pressure is size-independent, the lifting force become a
one-by-one function of the gel size. Therefore, through the laser micro-machining process,
different micro-gel patterns can be rapid fabricated to fulfill different mechanical works. The
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actuation performance at different pH level also are measured, which certainly follow the
pH-dependent hydrogel swelling kinetics as the higher pH value, the larger deflection of the PDMS
thin membrane.
In summary, this chapter is the fundamental research and characterization of laser-machined
hydrogel swelling/actuation behavior, which then would define the functionality and feasibility of
the incorporated micro device/systems.
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5. A SMART CAPSULE WITH A HYDROGEL-BASED PH-TRIGGERED
RELEASE SWITCH FOR GI-TRACT SITE-SPECIFIC DRUG
DELIVERY

Introduction
In this work, we present a smart capsule that can release its payload after a
predetermined/adjustable delay subsequent to passing from stomach into the small intestine. The
described capsule (9 mm × 22 mm) comprises of a pH-sensitive hydrogel-based switch, an
electronic compartment containing a capacitor charged to 2.7 V, and a drug reservoir capped by a
taut fusible thread intertwined with a nichrome wire. The nichrome wire, capacitor, and
pH-responsive electrical switch are connected in series. The pH transition the capsule encounters
when it enters small intestine, triggers controlled swelling of the pH-responsive hydrogel, which
pushes a conductive elastic membrane to close an electrical switch. This initiates a sequence of
events, i.e., the discharge of the capacitor, heating the nichrome wire, breakage of the fusible
thread, and release of the payload stored in the capsule reservoir through the un-latched cap. The
time lag between initiation of hydrogel swelling (by the near-neutral pH of the small intestine) and
payload release is controlled by the deflection of the conductive elastic membrane and the gap
separating the contacts. The release time can be set to within ±5 min after one hour in the small
intestine (start of the swelling) increasing to ±40 min after 4 hours. Portions of this text are taken
from publications by the author [80].

Motivation
Site-specific drug release within the GI tract, for increased therapeutic efficacy in preferential
absorption positions or protection of the drug from detrimental chemical conditions (extreme pH
values or enzymatic degradation) has been the focus of research in academia and industry for
several decades [85]. Being a pharma-compatible method, polymer carriers that can dissolve in a
predictable manner and deliver entrapped drugs have been the main target of such efforts [86]. For
instance, enteric [87] or time-delayed coatings [88] which can shield the drug in the stomach and
release it later in the small intestine have been in the market since the introduction of shellac in the
1930s. Stimuli-sensitive hydrogels are another class of polymeric delivery systems that can entrap
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the drug and release it, upon swelling, at low or high pH levels [5]. Although convenient and low
cost, polymer carriers suffer from various limitations such as low mechanical strength, poor
absorption, difficulty with drug loading, and local toxic reactions. Moreover, their drug release
profile depends on passive/diffusion mechanism, compromising their targeting capability.
Recent advances in miniaturization of sensors and actuators has allowed the development of
multi-functional delivery systems that can protect the drug in hard-shell capsules and release the
payload at certain locations. Most such systems have been used for drug abruption studies where
the location of the capsule is tracked by various imaging techniques (e.g., fluoroscopy [89] or
radioactive methods [90]). This limits the application of such systems to controlled clinical
settings. Furthermore, the release mechanisms are typically complicated and require sophisticated
assembly and integration, such as the use of an external oscillating magnetic field to induce an
electric current in a receiving coil, heating and straightening a bent shape memory alloy wire to
rotate and align holes in an outer sleeve and drug reservoir, releasing the drug through the holes
(InteliSite®) [91]. Another similar approach uses a heat-actuated mechanism to release a
compressed spring, pushing a piston and hence the drug formulation through a small vent
(Enterion™) [89]. In order to simplify the targeting and release mechanism, our group recently
demonstrated a smart capsule that is capable of releasing the payload in the GI tract at a specific
location, pre-determined by a magnetic fiducial marker [92]. This, we believe is still not
patient-friendly since it requires the implantation of a miniature magnet or an externally worn
larger one.
A way to circumvent the tracking problem is to use anatomic-specific physio-chemical
variations within the digestive system (e.g., pH variations, microbial presence, etc.) to actuate the
release mechanism. For example, a recent work by van der Schaar et al., uses a pH sensor to locate
the capsule in the gut and a stepper motor that is remotely actuated to expel the contents of the
drug reservoir (InteliCap®) [93]. This capsule, which is marketed by Philips, is not autonomous
and requires user intervention. In addition, it needs an on-board power supply, interface
electronics, microcontroller, and RF transmitter.
In this work, we describe a simple alternative solution to the aforementioned shortcomings by
using a pH-sensitive hydrogel to trigger the release mechanism by closing an electrical switch and
discharging an on-board supercapacitor. Since the pH profile within the GI tract is variable and
changes from highly acidic (1.0-2.5) in stomach to near neutral/alkaline (mean of 6.6) in the small
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intestine [24], [25], the swelling of the hydrogel (anionic ones that swell at high pH values [22],
[94]) in conjunction with the mechanical design of the switch can be used to set the release time
once the capsule is within the small intestine. This described device is totally autonomous,
converting the pH variations within the GI-tract into mechanical work to initiate the release
process. Portions of the text in this section are taken from publications by the author [80].

Figure 5.1 Conceptual illustration of the smart capsule: (a) in stomach with low pH, the deflection
of the elastic conductive membrane is not sufficient to close the switch, (b) in small intestine, the
higher pH values cause the gel to swell and deflect the membrane. After a certain time delay the
switch is closed and drug release mechanism is activated.

Design and operation
Figure 5.1 shows a schematic illustration of the smart capsule at different locations within the
GI tract. Once swallowed, the capsule passes through the stomach where the low pH values keep
the hydrogel in a shrunken state, Figure 5.1 (a). Upon arrival in the small intestine, hydrogel starts
swelling, deflecting the switch membrane. After a certain time delay, determined by the
mechanical design of the switch (i.e., the membrane thickness and the gap) the switch is closed
and drug release mechanism is activated, Figure 5.1 (b). A more detailed working principle of the
capsule is shown in Figure 5.2. Initially, in the un-actuated state, the switch is open, the super
capacitor is charged (this is done through an inductive link, see Section III.C), and the taut rubber
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band holds the reservoir cap closed, preventing drug leakage while ensuring good contact between
the fusible thread and the nichrome wire, Figure 5.2 (a). Once the capsule passes the stomach and
enters the small intestine, the hydrogel encounters a sharp increase in pH and begins to swell over
a certain period, pushing the deflectable conductive membrane against a fixed electrical terminal
to close the switch, Figure 5.2 (b). As the switch is shorted, the capacitor discharges a current
across the nichrome wire, heating it to a temperature higher than the melting point of nylon thread
(60~85 ºC). Subsequently, the reservoir cap opens, releasing the drug, Figure 5.2 (c). An additional
elastic (PDMS) rod, under compression in its initial state, is also used to ensure the opening of the
cap after actuation (push-pull mechanism). Portions of the text in this section are taken from
publications by the author [80].

Figure 5.2 (a) Before actuation, the rubber band is in tension, the elastic rod is in compression, the
electrical switch is open, and the nylon thread hooks up to the cold nichrome wire; (b) once in the
small intestine, the gel swells and deflects the conductive membrane; as the switch closes after a
certain time, the capacitor discharges, heating the nichrome wire; (c) after a short time, the nylon
thread melts and both the rubber band and the elastic rod return to their original states, releasing
the cap.
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Fabrication and assembly
5.4.1

Capsule enclosure/casing

The detailed 3D structure of the capsule is shown in Figure 5.3 (a). The capsule consists of
three main compartments/reservoirs, from bottom to top: 1) the pH-triggered switch compartment,
2) electrical compartment, and 3) drug reservoir. All the enclosures/casings are 3D printed from a
photo-reactive resin (mixture of methacrylic acid esters and a photoinitiator) and stacked/bonded
together during the assembly process. The switch compartment is 1.7 mm in height, while the
electrical compartment and drug reservoir are taller, 12.2 mm and 7.2 mm in height, respectively.
A porous plate with 60-70 µm holes laser-drilled onto a 9 mm diameter and 0.15 mm thick
GelBond® film (Lonza Group AG, Switzerland) covers/protects the hydrogel while
simultaneously allowing its exposure to the aqueous contents of the GI-tract. An electronics
mounting board (9 mm outer diameter and 2.1 mm height) is also 3D printed with two 1.45 mm ×
0.60 mm windows opened at the edge for extending electrical connection to the pH switch (this
also works as a dividing wall between the pH switch and the electrical compartment). At the other
end of the electrical compartment, another plate of similar size (1.45 mm × 0.60 mm) having two
windows opened for exposing the nichrome wire separates the electrical compartment from the
drug-reservoir. Figure 5.3 (b) shows the photograph of a completely assembled capsule having a
diameter of 9 mm and length of 22 mm, smaller than a standard 000 size gelatin capsule (9.97 mm
× 26.14 mm).

Figure 5.3 (a) Detailed 3D illustration of the smart capsule; (b) photograph of a 3D printed
prototype.
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5.4.2

pH-triggered switch

First, a 4 mm diameter and 0.5 mm height cylindrical hydrogel is cured on the porous plate
and covered by the conductive elastic membrane. This is made of bonding a copper tape to a thin
(0.12 mm thick) PDMS (polydimethylsiloxane) membrane and acts as the movable terminal of pH
switch. Next, two copper pads are attached to one side of the electronics mounting board. This acts
as the other (fixed) end of the pH switch. Finally, the two ends of pH switch are joined by a
3D-printed gasket serving as the isolation gap, which can be designed to different thicknesses for
the timing control of drug release, Figure 5.2.
5.4.3

Electrical compartment

First, a supercapacitor (Electric double layer supercapacitor, 1 F, 2.7 V, 10.5 mm × 6.3 mm,
Digi-Key Corp.) is connected to wireless charging components, including a copper coil (20 turns
and 7 mm inner diameter) and a Schottky diode (SD0603S040S0R2, Mouser Electronics), all
soldered on the electronics mounting board. Next, the two windows on electronics mounting board
bring the electrical connections of the fixed end of pH switch into the electrical compartment.
Finally, through the two windows on the other end of electrical compartment, electrical
connections are extended to the nichrome wire in the drug reservoir, connecting supercapacitor,
nichrome wire and the fixed end of pH switch in series. Figure 5.4 shows the wireless charging
circuit schematic and a picture of the setup used to charge the capacitor to 2.7 V in 5~6 minutes.

Figure 5.4 Wireless charging of the capacitor (a) schematic and (b) setup.
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5.4.4

Drug reservoir and capsule assembly

The capsule assembly starts with first soldering a 2~3 mm segment of nichrome wire
(Nichrome 60, 70.2 ohms/foot, Dia. 0.0031 inches, Jacobs Online LLC) to two copper wires that
connect the supercapacitor and pH switch in series through the two windows of electrical
compartment (sealed later to prevent any leakage form of the drug reservoir into the electrical
compartment). Next, a length of fusible nylon thread (Grilon bonding yarn, EMS-GRIVORY,
Switzerland) is passed through the loop shaped by the nichrome wire and its two ends are joined
by heat melting to form a ring. Then, a strip of rubber band (1 mm × 1 mm cross section) is trimmed
by a blade and intertwined through the thread ring. Before final closure, a flexible PDMS rod
slightly longer than the height of drug reservoir, acting as a pre-loaded spring, is placed inside to
ensure its opening following the switch-on.

Table 5.1. Specifications of the capsule
Capsule enclosure
Outer diameter Length
Length
Inner diameter
Separating wall and caps’ thickness
Drug reservoir volume
Capacitor
Diameter
Height

9 mm
26 mm
8.4 mm
~1 mm
0.288 mL

6.3 mm
Capacitance
10.5 mm
Rated voltage
Nichrome wire

Resistance/unit length

1F
2.7 V

2.3 Ω/cm
2~3 mm

Length
Fusible nylon thread
Melting point

60~85 ºC
PDMS rod

Height
Cross section

6 mm
1.2 mm ×1.2 mm
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The pH-triggered switch, electrical compartment and drug reservoir are stacked and glued
together to form the smart capsule. Table 5.1 summarizes different components used in the
construction of the capsule and their major specifications. Portions of the text in this section are
taken from publications by the author [80].

Experimental Results and Discussion
5.5.1

Characterization of the pH-sensitive hydrogel based electrical switch

Both static and dynamic electrical performance of the pH-triggered switch are critical
parameters in the design of the smart capsule. In the off-state, the switch should have high
resistance to prevent drainage of the charged supercapacitor. It must also have a small series
resistance in the on-state. On the other hand, the dynamic resistive change of the switch during the
off-to-on transition should be sufficiently abrupt such that large parasitic contact resistances are
not present for too long, posing potential problems such as dissipating power and leading to
malfunctioning. Figure 5.5 (a) illustrates the experiment setup used for the electrical
characterization of the switch. For static measurements, an isolation gap of 0.4 mm was used while
the device was immersed in a pH 7 buffer. The conductance was continuously monitored over 2
hours. The tests revealed a transition conductance of 0.41 S (on resistance of 2.5 Ω) after 62
minutes of exposure to pH of 7 and a stable resistance of 2 Ω thereafter. Fig. 6 (b) shows the results
of dynamic switching tests. Initially, the device was immersed in pH 2.2 followed and after a
certain time period it was moved to pH of 7. Since the gastric emptying pattern is different in
various individuals depending on the digested volume and type of the food [95], [96], two different
time durations (70 and 180 minutes) were chosen for these tests. As shown in Figure 5.5 (b), the
conductance stayed at 0 S in pH of 2.2 and increased to about 2 S (0.5 Ω) after being transferred
and immersed in pH 7. This transition happened after around 70 minutes in both cases with switch
showing a rise time of within one second.
For the purpose of controllable targeting at different locations inside the small intestine, the
switch time-delay tunability was characterized by varying the height of the isolation gap. For a 0.4
mm isolation gap the mean delay time was 66 minutes (SD=5.3 min), increasing to 105 minutes
(SD=8.3) and 230 minutes (SD=42.3) for 0.6 and 0.9 mm isolation gaps, Figure 5.6. The results
show an approximate 1 hour/0.2 mm tunability for switching action, thus covering the small
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intestine transit time of an average 3.5 hours. The switches with smaller gaps (0.4 and 0.6 mm)
can be set to have a more accurate time delay (smaller SD) than on the ones with larger gap (0.9
mm). This is anticipated since as the hydrogel keeps swelling, its behavior becomes non-linear and
the polymer network starts exhibiting creep behavior. This incidentally can be used to our
advantage since most drug absorptions occur in the jejunum which the capsule covers within the
first 1-2 hours.

Figure 5.5 (a) Experiment setup for static an ddynamic electrical evaluation of the pH-triggered
switch; (b) characterization of the conductance change, blue: first 70 minutes in pH 2.2 buffer and
the rest 110 minutes in pH 7 buffer; red: first 180 minutes in pH 2.2 buffer and the rest 70 minutes
in pH 7 buffer.
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Figure 5.6 Actuation delay time for devices with three different isolation gaps (0.4, 0.6, 0.9 mm).

5.5.2

Reliability tests and evaluation

The successful drug release from the capsule requires the triggering action to be only dependent
on the hydrogel swelling and the subsequent closure of the electrical switch. This implies that other
external mechanical forces such as gastric contraction does not interfere with the device operation.
In order to verify this, we first evaluated the reliability of pH-triggered electrical switch under axial
stresses. This experiment was done by pushing a 4 mm diameter metal stick against the porous
substrate of pH-triggered switch (controlled by a manipulator) and simultaneously monitoring the
resistance of switch. A set of 3 samples were tested and the result showed that a minimum 10140
mmHg applied pressure was required to punctuate the porous substrate and close the switch. The
experiment confirmed that the capsule can easily withstand the highest stomach contraction
pressures of 80 mmHg [97], [98] without accidently being triggered. The radial (in-pane) force
required to deform the gel chamber is expected to be larger than the axial one as the gel chamber
wall (>1.2 mm) is much thicker than the porous substrate (0.15 mm).
Since the gel chamber is the weakest link, we do not anticipate other capsule components to
be disturbed or compromised by any force during the gastric emptying or intestinal peristalsis. We
have performed similar evaluations in our previous work and did not notice/record any leakage or
disintegration [92].
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5.5.3

In-vitro evaluation of the release mechanism

For in-vitro evaluation of the release mechanism, smart capsule was loaded with Evans blue
powder (mimicking lyophilized drug and allowing easy visual recording). The capsule was then
immersed in a pH 7 buffer, representing the alkaline environment of the small intestine. Figure 5.7
shows photographs of multiple stages of release. The capsule starts to open in frame “b” after
immersing in buffer over 260 minutes. The powder was released continuously, diffusing from the
drug reservoir into the buffer over a period of 15 minutes, frame “b-f”, Figure 5.7.
The above experiment demonstrated a successful drug release in pH buffer solution, a more
sophisticated experiment was designed to evaluate the release capabilities of capsule
quantitatively. As the mechanical processing of food in the small intestine is dependent on food
formulation, four types of solutions were prepared to represent different digestion environments.
These included DI water, 0.5% (w/v) guar gum, 1% (w/v) guar gum, and 0.5% (w/v) guar gum
with 30% (w/v) added cooked rice. These concentrations (0, 0.5 and 1% w/v) were chosen to
model the variations in the chyme viscosity, where 0% (water) corresponds to 1 cP, 0.5% to 300
cP, and 1% to 2500 cP at the shear rate 0.1/s [99]. The quantifications were gravimetric and done
by retrieving the capsule and measuring its weight after 4 hours of dry-out at 70 oC. Considering
a possible weight change from dehydration of the 3D-printed parts, control experiments were
conducted with capsules having an empty load. The results revealed an average of 12.66 mg (SD
= 3.72) weight loss through these spurious routes.
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Figure 5.7 Snapshot photographs of the in-vitro experiment of the drug release from the capsule.
Frames (a-b) show the cap starting to open after capsule stays in pH 7 buffer for 260 minutes.
Frames (c-d) show the Evans blue powder being released from the drug reservoir into the buffer
over 5 minutes. Frame (e) shows a complete discharge of the drug after 11 minutes. Frame (f)
shows the released blue-dyed drug diffusing to the ambient buffer over a period of 5 minutes.
Figure 5.8 presents the characterization results of capsules releasing 100 mg of Vitamin C
(Emergen-C® drink mix) in different environments, clearly indicating an increased payload
release associated with a decrease of the surrounding environment viscosity. Note that the result
for 0.5% guar + 30% rice was somewhere between 0.5% and 1% guar concentrations, with starchy
food and undissolved pellets contributing to an increased viscosity. Portions of the text in this
section are taken from publications by the author [80].
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Figure 5.8 Payload release of smart capsule in different environments.
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6. A PH-REGULATED DRUG DELIVERY DEVICE FOR TARGETING
INFECTED REGIONS IN CHRONIC DERMAL WOUNDS

Introduction
This work presents a low-cost, passive, polymeric pump for topical/transdermal drug delivery
which uses wound pH as a trigger for localized drug release. Its operation relies on a pH-responsive
hydrogel actuator which swells when exposed to alkaline pH (an indicator of certain dermal
infections) to displace a drug volume. The pump enables slow release (< 0.1 µL/min) of aqueous
solutions for up to 3 hours and sustains against up to 8 kPa of backpressure, making it suitable for
automated drug release in chronic wounds and for transdermal delivery applications. Moreover,
this patch can be expanded to a 2 × 2 array or converged into one chamber. The former can release
4 times volume of a single cell; the latter is to use the poly (HEMA-co-DMAEMA) gel, which
swells/shrinks as the pH decrease/increases, to control the drug release on-to-off from the
shrinking-to-swelling of this type of hydrogel, instead of from the swelling-to-shrinking by using
poly (mAA-co-AAm) gel.

Motivation
Unlike acute wounds, chronic wounds do not heal in an orderly or timely manner and usually
remain for months or sometimes worsen rather than improving, resulting from complex biological
factors behind wound healing, such as local tissue ischemia, presence of tissue necrosis, impaired
cellular and systemic host response to stress, etc.; therefore, these combinations or overlaps of
bio-factors in the wound contribute to a sustained pro-inflammatory state, which inhibits normal
wound healing progression and tissue integrity [100]. The recent statistics reveals that the chronic
wounds affect an estimated 6 million people in the US and cost the health care system $20 billion
annually [101].
There are various types of wound dressing products available in current market, including
standard gauze pads or hydrogel/hydrocolloid products, which is designed to fulfill one or multiple
complicated requirements, like physically protection, exudates absorption, optimal moisture levels
restoring/maintaining, Figure 6.1 [100], [102], [103]. The former is the most common base
component in multi-layer dressings for a shallow wound; the latter is for increased exudate
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absorbing. All these materials can promote the tissue regeneration within a balanced moisture
environment, while a more efficient method is to target the chronic wounds based on different
physicochemical and physiological parameters, acting as “biomarkers” of chronic wound,
including temperature, moisture, nutrition factor, inflammatory mediator, uric acid, etc. [104].

Figure 6.1 Typical commercial wound dressing products.
Among those above mentioned biomarkers, the pH level in wound bed is a key indicative
parameter for assessing the healing progress of chronic wounds as it can indirectly and directly
influence all biochemical reactions taking place in this process of healing. Healthy skin or healing
acute wounds have a slightly acidic pH in a small range (4–6), chronic wounds have pH distributed
from 5.4 up to 9.0, which is attributed to the alkaline byproducts of proliferating bacterial colonies
[104]. Therefore, current dermal drug delivery systems can include physical/chemical pH sensors
or using pH sensitive polymeric materials to achieve a pH-regulated would dressing. pH sensitive
monomers, like Poly(acrylic acid), can be copolymerized into semi-interpenetrating polymer
network (IPN) films to diffuse therapeutic agents through a swollen polymer matrix to infected
wound beds [105], [106]. Nanoparticles, like nanodiamond, use high surface area-to-volume ratio
to bind protein-based therapeutics such as insulin to release increased amount of insulin in alkaline
environment [107]. However, such aforementioned methods have a common shortcoming as

90
acting in open-loop manner, unable of receiving physical or chemical feedback from wound
physio-chemical microenvironment to modify or adjust the treatment. Further, Chronic dermal
wounds often exhibit a spatial irregularity of infection development due to their non-uniform
healing rate, resulting in drastic pH variations throughout the affected area [108], thus further
compromising their point of care drug delivery capabilities.
In this work, we describe a simple alternative solution to the shortcoming of the current
treatment methods, which is the pH-sensitive hydrogel based flexible patch consisting of two
polymeric chambers molded and bonded together. The top chamber serves as the drug reservoir
and the bottom one works as the gel chamber, a little bit smaller than the drug reservoir; a thin
flexible membrane is applied to separate the two chambers and force the drug out of the reservoir
once deflected by the gel swelling; and the drug outlet is made by creating two micro vertical
channels in the gel chamber wall to connect the drug reservoir to the outside. As the two
micro-channels are made of hydrophobic polymer (PDMS), the drug wouldn’t be released unless
being actuated by the deflectable membrane. The working mechanism of this described device is
straightforward that when the device is contacted to the inflamed regions of the wound bed (high
pH), the hydrogel will start to swell and against the thin membrane, thus releasing the drug to the
wound; then at the non-inflamed regions (low pH), the hydrogel will shrink (as transferred from
high pH to low pH) or have a very limited swelling, thus stopping the drug releasing or releasing
no drug. Hence, the entire wound could benefit from selective delivery of drugs targeted to only
the infected regions using this closed loop drug delivery manner, Figure 6.2.

Figure 6.2 Conceptual illustration of pH-regulated drug delivery for the infected regions of chronic
wounds, (a) no drug is released at non-infected region where pH is low. (b) pH-sensitive hydrogel
swells against a deflectable membrane when pH is high, allowing drug to be pumped out from the
drug chamber into the wound.
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Fabrication and experiment
The fabrication process of the pump is shown in Figure 6.3 (a). First, laser-cut acrylic is used
as a mold for PDMS to create the deflectable membrane (150 µm thick), the liquid drug reservoir
(11.5 × 11.5 × 1.8 mm3), the hydrogel chamber (7 × 7 × 1.8 mm3), and drug outlets (0.6 mm
diameter). The layers are all bonded together via plasma. The drug chamber is loaded with the
drug solution (blue-dyed water for testing) using a syringe while the hydrogel chamber is filled
with a yellow-dyed poly mAA-co-AAm gel pre-solution, Figure 6.3 (b); this gel swells as pH
increases [21]. The final device is shown in Figure 6.3 (c). Moreover, a 2 × 2 array of such device
is created through the same protocol as the single cell, which contains 4 pairs of drug reservoirs
and gel chambers and is expected to deliver 4 times of volumes of a single cell, Figure 6.4 (a). The
top and side view of the fabricated pH drug delivery array are shown in Figure 6.4 (b) and (c)
respectively.

Figure 6.3 (a) 3D exploded view of the pump, from top to bottom: drug reservoir, deflectable
elastic membrane, pH hydrogel chamber with micro via hole (for releasing drug), and laser-cut
porous membrane. (b) Fabrication of pH sensitive hydrogel. (c) Photograph of the device.
For characterizing the in situ pumping performance of this fabricated device, we first created
a wound tissue phantom using a 0.5 %w/v agarose gel substrate made with phosphate buffered
saline (pH 7.4). Subsequently, two platinum wire electrodes were inserted into agarose gel (2 cm
apart) to simulate bacterial infections and a voltage of 3 V across them was applied to continuously
increase the pH near the cathode to mimic the alkaline pH at the infected regions of the wound,
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thus resulting in a reusable test platform, Figure 6.6 (a). The fabricated device is then fixed near
the cathode and all the correlated characterizations are conducted.
To measure the flow rate, the device was modified to seal the two hydrophobic PDMS micro
channels and create an extra drug outlet at the top center of the device. Then, a graduated capillary
tube (1.22 mm in diameter) was connected at the top drug outlet to allow for the measurement of
flow rate, Figure 6.5 (a). The drug delivery capability of the 2 × 2 array was also investigated by
using the same experiment protocol, which is designed to compare the maximum drug delivery
capacity of the array to the single cell.
Another important factor to assess the transdermal drug delivery performance of the
micro-devices is their pumping capability under certain high backpressure. The correlated
experiment uses the same procedure as the flow rate measurement above that the device is put on
top of the agarose gel near the inserted electrode at the cathode and connected to the graduated
capillary tube and a pressure-regulated nitrogen source in series with the flow rate measured at
different applied pressure, Figure 6.5 (b).
The reliability of this claimed wound dressing depends on the swelling kinetics of the hydrogel
and the elasticity of the thin PDMS membrane. The former was investigated in Chapter 4.2 that
the applied hydrogel is pH sensitive and its swelling is repeatable, thus guaranteeing the
pH-regulated pumping requirement and the reusability of the integrated device. The latter relies
on the mechanical properties of the flexible PDMS membrane. Therefore, the reliability
examination of the fabricated device in this chapter is concentrated on the robustness of the PDMS
thin membrane, as its deflection performance was also already characterized in Chapter 4.3. The
experiment is conducted by using a solid rod to push against the PDMS thin membrane and
monitoring the membrane deflection and applied load through the universal test machine
(ADMET) at the same time, Figure 6.5 (c). The maximum pressure that the PDMS thin membrane
can endure is defined as the recorded pressure immediate before the membrane is broken.
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Figure 6.4 (a) The conceptual 3D illustration of the autonomous pH sensing and drug delivery
dressings array, containing 4 pairs of drug reservoirs and gel chambers and able to deliver 4 times
of volumes of a single cell; (b) Top view of the fabricated pH drug delivery array; (c) Cross view
of the fabricated pH drug delivery array.

Figure 6.5 (a) The illustration of the flow rate measurement setup that the drug is released at the
top outlet and continueously monitored; (b) The illustration of the flow rate versus backpressure;
(c) The demonstration of the robustness characterization of the PDMS thin membrane using the
universal test mechaine.
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Results and discussion
The swelling kinetics of the poly (mAA-co-AAm) gel in this research has been already fully
characterized in Chapter 4.2. Additionally, the swelling behavior of the pH-sensitive hydrogel
placed adjacent to a negative electrode on top of an electrolyzed agarose gel (mimicking the wound
bed) was also investigated. Figure 6.7 (a) shows the results that over 165 minutes, the pH within
0.5 mm of the cathode increases from 7.4 to 10.6 and a sample (4 × 4 × 1 mm3) of the pH-sensitive
hydrogel is capable to reach an equilibrium swelling of 2.6 times of its original diameter.
Therefore, this created gel platform can create a gradient pH distribution and induce a dramatic
deformation (swelling) of the pH-sensitive hydrogel, thus qualifying to be a simulation of chronic
wound bed. Note that compared to the swelling kinetics characterized previously, the swelling
ratio of the hydrogel near the negative electrode is slightly larger (2.5 vs 2.1), which can be
attributed to the further escalated pH level (~10) over 7 (the pH value used to measure the hydrogel
swelling in Chapter 4.2.
The flow rate experiment results are shown in Figure 6.7 (b) that the output volume from the
pump reaches 11.31 µL at 180 min and provides up to 100 Pa of hydrostatic pressure; the flowrate
is stable between 0.05 µL/min and 0.1 µL/min with maximum of 0.13 µL/min. Moreover, a set of
photographs are also captured and presented to demonstrate the drug delivery of the fabricated
device visually, showing the blue dye being delivered into the agarose gel over 210 min, Figure
6.6 (b). Note that the difference in expelled volume between outlet ports results from a
non-uniform hydrogel swelling due to the created gradient pH distribution.
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Figure 6.6 (a) 3D exploded view of the pump, from top to bottom: drug reservoir, deflectable
elastic membrane, pH hydrogel chamber with micro via hole (for releasing drug), and laser-cut
porous membrane. (b) Fabrication of pH sensitive hydrogel. (c) Photograph of the device.
Figure 6.7 (c) presents the characterization of the robustness of the PDMS thin membrane (thus
the reliability of the device) that this PDMS membrane (150 µm thick) can take a maximum
pressure of 206.8 kPa and a longest deflection (vertical displacement) of 1.8 mm. As the inner
height of the drug reservoir is 1.8 mm, the measurement results actually render an implication that
the drug release required actuation work would not damage the deflectable PDMS membrane even
in case the hydrogel swelling produces a pressure equal or bigger than 200 kPa, thus securing the
reliability of the entire device.
Figure 6.7 (d) shows the flow rate response with an applied backpressure provided from a gas
source connecting to the outlet of the pump. The flowrate is inversely proportional to the
backpressure, with the average flowrate decreasing from 0.082 µL/min to 0.022 µL/min as the
backpressure increases from 0 kPa to 8kPa, thus able to fulfill the typical subcutaneous pressure
requirement of 3kPa, [109], [110].
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Figure 6.7 (a) pH within 0.5 mm of the cathode over time, and free swelling of pH-responsive
hydrogel; (b) Volume dispensed by pH-regulated pump at minimal backpressure (< 100 Pa) shows
a linear response over 180 minutes; (c) Backpressure (hydrostatic) as a function of membrane
deflection. Inset: hydrogel pressure required for membrane deflection (206.8 kPa at maximum
deflection); (d) Flow rate vs. backpressure.
Figure 6.8 shows the comparison of the drug delivery capacity between the 2 × 2 array and the
single cell that up to 180 minutes, the single cell release a 11.31 µL while the array reaches almost
4 times larger volume of 49.89 µL. This experiment confirms the linearly relationship between the
enhanced drug delivery capacity and the increased number of the single cell. Moreover, with the
help of the laser micro-machining, the n × n array can be scaled into much smaller sizes to provide
a higher resolution matching to the infected regions.
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Figure 6.8 Expereimental comparison of the drug delivery capacity between the 2 × 2 array and
the single cell for 180 minutes shows a 4 times increase of the released drug by using the array
(49.89 µL) instead of the single cell (11.31 µL).
So far the fabricated wound dressing patch successfully demonstrates the pH-regulated
autonomous drug delivery capabilities by using both a single cell and a 2 × 2 array, however, there
exists a simplified version of this device by using another type of pH-sensitive hydrogel. This
pH-sensitive hydrogel is the poly 2-hydroxyethyl methacrylate -co- N,N-dimethylaminoethyl
methacrylate (HEMA-co-DMAEMA), a type of cationic pH hydrogel; its swelling kinetics is
opposite to that of the poly (mAA-co-AAm) gel (mainly used in this work) as it will swell when
the pH decreases and shrink when the pH increases [111], [112]. Therefore, at the region without
infection (low pH level), this hydrogel can be designed to swell and cover the entire porous
membrane, thus no drug (or a very limited amount) is released; and at the region with infection
(high pH level), the gel will shrink and expose the drug to be released through the pores on the gel
bond substrate, Figure 6.9 (a)-(b). By using this manner, the deflectable thin membrane is
eliminated and the gel chamber and the drug reservoir are combined together, which thus facilitates
a more rapid fabrication and reduces the cost. Note that as the gel is not hydrophobic, it is possible
for the drug to diffuse through the gel to the outside, but this process assumes to be slow and
volume-limited. Therefore, the balance between the wasted drug and the improved fabrication
process is worth to be further fully investigated through more characterization (a future work).
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Figure 6.9 (c) shows the swelling behavior of the poly (HEMA-co-DMAEMA) gel in different
pH solution from 4 to 10 that the swelling ratio of the gel can reach 2.5 times the surface area
within 1 hour of curing at pH 4 and deceases to 0.75 times at pH 10. According to this experimental
result, the maximum window for the drug releasing is ~70% (calculated as 1-0.75/2.5 = 0.7) area
of the porous membrane, which can be further tuned by setting the pH where the hydrogel is
designed to fully cover the porous substrate from 4 to other values. For example, if the blocking
pH value is set to 6, where the swelling ratio is ~2, then the maximum window to deliver the drug
becomes to 1 – 0.75/2 = 62.5%. Therefore, using this pH sensitive hydrogel enables a
simplification of the fabrication process and concomitant offers a more economical pH-dependent
autonomous drug delivery protocol.

Figure 6.9 (a)-(b) The conceptial illustration of the pH-regulated drug delivery dressings using a
different type of pH-sensitive hydrogel. When the pH level is low, the swollen gel covers the entire
porous membrane, thus stopping the drug release; when the pH level is high, the shrinken gel
exposes ~70% area of the porous membrane, thus delivering the drug. (c) The swelling behavior
of the poly (HEMA-co-DMAEMA) gel in different pH buffer solutions shows that the gel
swell/deswells as pH decrease/increases.
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7. CONCLUSION

This described doctoral research aimed at utilizing the CO2 laser to fabricate a rapid and
scalable micromachining of pH-sensitive hydrogels for in vivo sensing and actuation
bio-applications. When this hydrogel encounters a change in external chemical stimuli, pH in this
work, it will swell or shrink; therefore this volumetric response can be used as a transducer for
coupling the chemical stimuli concentration to a detectable electrical signal or as a
chemo-mechanical engine to deflect a polymeric thin membrane to accomplish a mechanical work.
In order to better fulfill a variable requirements, like sensing rate or actuation force which are
based on the size-dependent swelling kinetics of the hydrogel, it is preferable to pattern/engineer
the hydrogel into the designed patterns. Among the typical micro-machining techniques, like
UV-lithography and micro-molding, CO2 laser system has its unique advantages for its
cost-effective and high-throughput, which is thus chose to micro-pattern the hydrogel for three
different bio-applications. In this chapter, the conclusions including the summary and the
prospective research direction of each scheme will be discussed.
In the chapter 2, the typical pH-sensitive hydrogels and their applications in drug delivery and
wireless sensing are introduced that the hydrogel is usually used as the drug carriers to release the
drug through their swelling/shrinking or degradation/decomposition induced by the external
physical/chemical stimuli; while in the wireless sensing, the composite gel (mixing the micro/nano
functional particles into the gel matrix) simplifies the conventional hydrogel volumetric regulated
wireless sensing, like ferrogel or silicagel. Aiming to improve the efficiency of the above described
drug delivery methods, this work promotes two pH-regulated autonomous drug delivery devices,
whose detailed demonstration are in the chapter 5 and 6.
Chapter 3 discussed the mechanism and theory of the laser thermal ablation that the ablated
pattern within a single laser beam scanning can be controlled by tuning the laser beam intensity
and radius, and both of their increase are able to create a larger feature, and vice versa. On the
other hand, the thermal and optical properties of the hydrogel will continuously change responsive
to the hydrogel deformation, which also would affect the quality of the laser-machining. Latter, a
series experiment and characterization identified an optimal timing for conducting the laser
micro-machining on the hydrogel to create a combination of maximum features, including ablated
width, sidewall quality and resolution; it is at 1~2 hours drying after the gelation where the
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hydrogel loses 35%~65% weight, which can be applied to a wide range of different thick hydrogel
from 0.5 to 2 mm. Finally, the proof of the concept is demonstrated that the laser micro-machining
technique can be applied to the hydrogel to create a scalable pattern under a rapid and cost-effective
fabrication manner.
Chapter 4 focuses on the characterization of the hydrogel swelling in pH solution. At first the
principle of the pH-sensitive hydrogel swelling is discussed as the counterbalance between the
elastic retractive force (inward) from the hydrogel chains and the ionic osmotic pressure (outward)
in the gel. Then, the swelling kinetics of the laser micro-machined hydrogel is characterized. The
experiment demonstrates both the size and pH regulated swelling pattern of the hydrogel that the
smaller dimension, the faster swelling rate; the higher pH, the larger swelling ratio. Next, several
other important parameters are also tested through the characterization of the composite gel
swelling performance. The result shows that the temperature and ionization have a positive effect
on the hydrogel swelling while the crosslink density has a negative effect, matching the theoretical
analysis. Finally, the hydrogel swelling induced actuation capabilities are measured. Similar to the
laser-machined hydrogel, the hydrogel integrated actuators also presents a size and pH dependent
performance that the bigger size or higher pH, the larger deflection of a flexible PDMS membrane.
Therefore, through the laser micro-machining process, different micro-gel patterns can be rapid
fabricated to fulfill different mechanical works.
The chapter 5 presented an autonomous smart capsule (9 mm in diameter and 22 mm in length)
that can release its payload in the GI-tract after a tunable time delay following its passage from
intestine into the small intestine. This was accomplished by using a hydrogel-based pH-triggered
switch to discharge a capacitor and melt a taut nylon fuse holding a release cap through a
pre-stressed rubber band. The swelling kinetics of the hydrogel and mechanical design of the
switch was used to adjust the delay-time from the initiation of the swelling (passing from an acidic
milieu to an alkaline one) to the closure of the switch and discharge of the capacitor. The delay
could be set to within ±5 min after one hour in the small intestine (start of the swelling) increasing
to ±40 min after 4 hours.
The chapter 6 developed a low-cost flexible passive patch for slow drug delivery in wound
healing applications by featuring a scalable layer-by-layer fabrication technique. The patch can
achieve flow rates as small as < 0.1 µl/min over an extended period of time (3 hours) at
backpressures of up to 8 kPa, thus making it suitable for incorporation into wound dressings
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requiring slow drug release. Using the same fabrication procedure, this patch can be expanded to
a 2 × 2 array, which can release 4 times volume of a single cell. Moreover, a simplified version of
the autonomous drug delivery dressings can be achieved by using poly (HEMA-co-DMAEMA)
gel, which swells/shrinks as the pH decrease/increases. The result shows that the drug delivery rate
can be controlled by tuning the size of the hydrogel at its equilibrium swollen state. Therefore, this
wound dressing patch is able to fulfill different drug delivery requirement by either creating an
n × n array or a simplified design, defined by the swelling kinetics of the selected pH-sensitive
hydrogels and both featuring a layer-by-layer rapid manufactory.
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8. FUTURE WORK

The future work can be divided into two parts that one focuses on the expanded
characterization of the laser micro-machining and the swelling kinetic behavior of the hydrogel;
the other is concentrated at the complemental work of the two applications.

Laser micro-machining on the pH-sensitive hydrogel
In this work, the laser-machining on the hydrogel has been analyzed on a 5 mm length laser
ablation under one single laser beam scan, and the future work can focus on quality
characterization of laser micro-machining on hydrogels within longer laser beam scan, at least
cm scale, in order to achieve large scale massive micro-gels films manufactory. That is because
compared to laser-engineering a single line, any complicated pattern involves the combination of
multiple single laser beam scanning, curved or straight lines; and then the laser induced thermal
energy is easy to be accumulated at the line-line intersections, thus causing an over etching at those
places and consequently affecting the morphology of fabricated patterns. Moreover, the degree of
heat accumulation is strongly dependent on the sequence of the laser ablation, which can be
understood by the physical overlap of the laser beam coverage. For example, a single hydrogel
square can be laser-fabricated by ablating four intersected straight lines, two vertical and two
horizontal, with the fabrication procedure set to different orders. One method is to laser ablate the
horizontal lines and then the vertical lines, Figure 8.1 (a); and the other can follow a clockwise
direction to accomplish the square, Figure 8.1 (b). It is reasonable to conclude that the former
method is expected to create more sharp corners as the heat at the four corners of the square is
allowed to have more time to be dissipated than that of the latter, which however has a
compromised (reduced) heat dissipation window and consequently dumps more heat (thus more
thermal damage) to the corners. In addition, it is evidence that it is also feasible to modify the
integrity of the designed patterns by controlling the length of the lines, as the longer line, the longer
window of heat dissipation, combined with the method in the Figure 8.1 (a).
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Figure 8.1 Conceptial illustion of laser-michaning a hydrogel square following the beam albation
sequances of (a) horizontal-to-vertical direction; (b) clockwise direction of intercalation of one
horizontol and one vertical.

Figure 8.2 Conceptial illustion of laser-michaning and fabricate different hydrogels based
micro-devices through a multifunictional roll-to-roll platform.
Actually, one major part of the future work can focus on the end-to-end micro-machining the
hydrogels and fabricating the integrated system through a multiple function roll-to-roll platform,
like Mirwec. As this platform can incorporate multiple rapid prototyping techniques, like laser
system or inkjet printing, several different type of hydrogels are capable of being fabricated or
micro-machined. Therefore, this manner offers a various methods to fabricate different types of
environmental sensitive hydrogel integrated micro-systems. For example, the platform can directly
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use the laser system to micro-machine the hydrogel or polymerize a photo-curable pregel solution
into a crosslinked hydrogel or synthesize the embedded nanoparticles in the hydrogel network;
then after laser micro-machining, the patterned micro-gels can be packaged using the inkjet
printing to accomplish the final construction of the device, Figure 8.2.

Swelling kinetic research of the laser micro-machined hydrogel
The future work of hydrogel swelling kinetics can be divided into two parts that one is the
continuous study of the swelling performance of the laser-machined hydrogels and the other is the
extended experiment of the actuation capabilities of the hydrogel integrated pumping system.
Regarding the swelling performance of the hydrogels, the pH range used in the current work is
from 4 to 7, while a wider range can be extend to higher alkaline value as different pH ranges are
required for certain distinct phases of wound healing, [113]–[115]. Up to a higher pH level, the
poly (MAA-co-AAM) gel, which is the pH-sensitive hydrogel mainly used throughout the whole
work, is expected to swell more or faster but within a limited degree as the largest volumetric
transition of the poly (MAA-co-AAM) gel is between pH 5 to 6 [116], [117]. On the other hand,
the detection limit or the sensitivity of the wireless sensing system integrating the hydrogel is one
of the key value to assess a chemical sensor, whose experiment can be conducted by investigating
the hydrogel deformation degree on a smaller pH step, like 0.2, instead of 1 (used in this work).
By accomplishing these two set of characterization, a more comprehensive profile of the hydrogel
swelling would be achieved.
Regarding the actuation performance of the hydrogel, the current experiments are concentrated
at the fixed thickness of the thin PDMS membrane (0.12 mm) and the variant micro-gel patterns.
Actually, different thick membranes would also affect the actuation capability of the hydrogel
integrated pumping system. There are two steps that can quickly complete this extensive work. At
first, a cantilever can be fixed on a universal test machine and slight put on top of a hydrogel.
When the hydrogel is swelling by absorbing the water from the pH solution underneath through a
porous substrate, the hydrogel would push the cantilever to deflect at the free end; therefore, by
measuring the maximum deflection of the cantilever at the equilibrium swelling of the hydrogel
from the following equation:
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑝𝑝𝑙𝑙3

3𝐸𝐸𝐸𝐸

(8.1)
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, where 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum cantilever deflection, p is the load, l is the cantilever length, E

is the cantilever stiffness and I is the moment of inertia of the cantilever, the load also the force of

the hydrogel exerting on the cantilever when it swelling can be calculated. At the same time,
different patterns of the hydrogel are fabricated and their swelling deformation are monitored, thus
the relationship of the mechanical force from the hydrogel swelling and the hydrogel patterns can
be established, Figure 8.3 (a). The second step is to measure the maximum deflection of different
thick PDMS membrane by using the universal test machine, thence the relationship between the
PDMS membrane deflection and the required force is built, Figure 8.3 (b). Finally, by combining
the two set of experiments, we are able to accomplish a quantitative temporal profile between the
laser-machined hydrogel pattern and the deflection of flexbile PDMS membrane.

Figure 8.3 (a) Illustion of the hydrogel swelling outward force pushing the free end of a one-end
fixed cantilever; (b) Demonstration of the measurement of the mechanical force used to deflect a
thin PDMS membrane.

Biomedical applications of the laser-machined pH-sensitive hydrogel
From the chapter 5 to 6, two biomedical applications based on the hydrogel are introduced,
including two autonomous drug delivery devices for chronic wound dressing and small intestine
targeted drug release respectively. Except for the validation of their functionalities in large animal
models, there are still some future work which can be rapidly finished after the complete of the
extended characterization of both the hydrogel swelling and actuation performance as these two
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features are the essential basis to accomplish all the three applications.
Regarding the smart capsule, one of its key feature is the tunability of the drug release, whose
accuracy can reach ±5 min after one hour in the small intestine increasing to ±40 min after 4 hours;
hence, the continuous work can focus on the improvement of the precision or higher resolution of
the release time. Currently, the isolation gap to close the original opened electrical switch is set to
the step of 0.2 mm, so the extended characterization can start by setting the gap down to 0.1 mm
per step. Actually, as the time delay controllability is mainly dependent on the actuation
capabilities of the hydrogel based pump; therefore, a preliminary conclusion of whether the
improvement of the tunability can be achieve or not is able to be provided after finishing the future
work of the actuation characterization. Moreover, since the deflection of flexbile PDMS membrane
is linearly proportional to the load induced by the hydrogel swelling, the 0.1 mm per step or higher
spatial resolution is achievable theoretically.
Regarding the pH-regulated chronic wound dressing, the future work would be concentrated
at the robustness test at first. Currently, all the characterization of the drug delivery performance
of this device is on a flat platform, and thus the further test can be set to put the device upon a
curvature place. Under this situation, the device would be folded into a certain degree, which could
against the drug out of the original opened outlets (the two hydrophobic microchannels).
Therefore, the test protocol wound consist of selecting several typical curvature to represent the
form of human arms or foot (the positions that the chronic would occurs frequently) at first and
then measuring the drug volume from folding the device and the hydrogel swelling respectively.
In addition, the current drug delivery capability is based on a 4 mm × 1 mm hydrogel film, and the
pattern of the hydrogel can be further laser-machined to smaller size; therefore, the improvement
of both the spatial resolution and coverage of the drug delivery can be achieved by increasing the
2 × 2 array to n × n (n > 2) at the same time.

Machining learning incorporated into the hydrogel micro-machining
Recently, machining learning become an advanced computational tool that is significantly
incorporated and will continuously involve into all aspects of the health care or medical regions,
like prediction, prevention or personalization, [118]–[121]. The same concept actually can be
applied into the laser-machining of hydrogels that as different sensing or actuating biomedical
applications have different requirement regarding to the hydrogel size-dependent swelling kinetics,
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which are also regulated by the external environmental stimuli, all the measurement results from
a variety of the combination of these factors can be collected as the input for the machine learning;
therefore, a profile/pattern between the micro-machined hydrogel and the integrated system
performance is expected to be achieve, whose establishment would in turn guide the initial design
and processing of laser micro-fabrications, Figure 8.4.

Figure 8.4 Illustion of the hydrogel swelling kinetics regulated and biomedical applications
targeted expeiment results as the input for the machining learning, which can be used in turn to
guide the laser micro-machining process.

Conclusion
The sections above outline various research directions to further develop this work with the
ultimate goal being the development of the rapid and scalable laser micro-patterned pH-sensitive
hydrogels, which can expand their applications into more micro biomedical systems requiring a
high tempo-spatial resolution/controllability.
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