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Abstract 
Oral drug delivery is considered as the most patient compliant delivery route. However, it faces many 

obstacles, especially due to the ever-increasing number of drugs that are poorly soluble and barely absorbed 

in the gastro-intestinal tract. Moreover, drugs can degrade in the harsh acidic environment of stomach before 

they reach the intestine. These issues lead to reduced bioavailability of active ingredients. To combat that 

novel oral drug delivery systems have been developed. Some of these systems that have gained significant 

interest in this field are reservoir based drug delivery microdevices. These microreservoir based-systems 

have dimension ranging from 10 μm to 500 μm. Additional functionalities are added to control the site and 

profile of drug release through mucoadhesive layers, asymmetric geometry and unidirectional drug release. 

Most of these devices have been fabricated using microfabrication methods with materials such as Si and 

photoresists. However, there is a need to shift from these materials towards biocompatible and biodegradable 

polymers such as poly-l-lactic acid (PLLA) or poly-e-caprolactone (PCL). Hot embossing is one of the most 

viable and matured methods to fabricate microstructures in such biopolymers. However, hot embossing is 

unable to produce discrete 3D microdevices due to the inherent problem of a residual layer that connects all 

the microdevices to each other. Therefore, hot punching which is combination of hot embossing and 

mechanical punching has been developed in this project. This process utilizes a stamp in connection with the 

ability to apply heat and pressure to transfer the stamp pattern to a film. Processes have been optimized for 

fabrication of nickel stamps with two layered, high aspect ratio microstructures. Bosch deep reactive ion 

etching of Silicon producing sloped sidewalls required for stamp production has been developed. The sloped 

sidewalls ensure a successful separation of stamp and film after patterning. High aspect ratio, 3D, discrete 

microcontainers in PLLA and PCL are fabricated using hot punching. High throughput and replication 

fidelity is achieved. Characterization of spin coating of drug-polymer films is thoroughly performed using 

microscopy, profilometry, differential scanning calorimetry, Raman spectroscopy, X-ray diffraction and 

microdissolution release tests. These films are applied for loading of microcontainers. Furosemide which is 

an important loop diuretic drug with low solubility and permeability is used as a model drug and embedded 

in a PCL matrix. The crystallinity of the drug is tailored by the process parameters of spin coating. Release 

profiles ranging from rapid burst release to sustained zero-order release are obtained by tuning spin coating. 

The hot punching technique is then applied for loading of microcontainers with the spin coated drug-polymer 

matrix. It has been demonstrated that hot punching is a fast, parallel, single step process that can load 

containers with high yield. Furthermore, the drug-polymer matrix loaded in the containers is characterized 

using the above mentioned techniques. Finally, zero-order sustained release of furosemide drug from 

microcontainers is successfully demonstrated.  



Danske Resumé 
Lægemidler til oral administration betragtes som den mest patientvenlige lægemiddelform. Orale lægemidler 

møder dog mange forhindringer, især det stadigt stigende antal lægemidler, som er dårligt opløselige og knap 

absorberes i mave-tarmkanalen. Desuden kan lægemidler nedbrydes i det barske sure miljø i maven, før de 

når tarmen. Disse problemer fører til nedsat biotilgængelighed af aktive lægemiddelstoffer. For at tackle 

dette er en ny kategori af orale lægemiddeladministrationssystemer blevet udviklet. Nogle af de systemer, 

der har fået stor interesse i dette område, er administrationssystemer baseret på mikrobeholdere. Disse 

mikrobeholdersystemer har dimension på 10 μm til 500 μm. Yderligere funktionalitet er tilføjet for at styre 

lokalitet og profil af medikamentfrigivelse ved slimhindeklæbende lag, asymmetrisk geometri og 

retningsbestemt medikamentfrigivelse. De fleste af denne type systemer er blevet fremstillet ved hjælp 

mikrofabrikationsmetoder med materialer som silicium og fotoresist, men der er behov for at skifte fra disse 

materialer mod biokompatible og bionedbrydelige polymerer såsom poly-L-mælkesyre (PLLA) eller poly-e-

caprolactone (PCL). Hot Embossing er en af de mest gængse metoder til fremstilling af mikrostrukturer i 

sådanne biopolymerer. Men Hot Embossing ikke er i stand til at producere adskilte 3D mikrostrukturer da et 

tilbageværende sammenhændende lag vil forbinde alle strukturer med hinanden. Derfor er en metode, Hot 

Punching, som kombinerer Hot Embossing med en mekanisk udskæring, blevet udviklet i dette projekt. 

Denne proces overfører et mønster fra et stempel til en film ved hjælp af varme og tryk. En proces er blevet 

optimeret til fremstilling af nikkel stempler med mikrostrukturer i to niveauer og højt dimensionsforhold. En 

Bosch proces (dyb reaktiv ionætsning) i silicium er blevet udviklet til at producerer skrå sidevægge, der er 

nødvendige til stempel fabrikation. De skrå sidevægge sikrer en vellykket adskillelse af stempel og film efter 

Hot Punching processen, som er blevet brugt til at fremstille mikrobeholdere i PLLA og PCL med højt 

dimensionsforhold. Massefabrikation og korrekt reproduktion af 3D mikrobeholdere er blevet demonstreret. 

Karakterisering af spin-coating af lægemiddel-polymerfilm er grundigt udført under anvendelse af 

mikroskopi, profilometri, differentialscanningskalometri, Raman spektroskopi, røntgendiffraktion og 

mikroopløsning lægemiddelfrisættelsestest. Disse film anvendes senere til at dosere lægemiddel i 

mikrobeholderne. Furosemid, der er et vigtigt slyngediuretikum lægemiddel med lav opløselighed og 

permeabilitet, indlejres i en PCL-matrix og anvendes som modelsystem. Krystalliniteten af lægemidlet er 

bestemt af procesparametrene for spin-coating. Medikamentfrigivelsesprofiler som spænder fra straks 

frigivelse til langvarig zero-order frigivelse opnås ved at justere spin-coating processen. Hot Punching 

teknikken bruges derefter igen, men nu til at fylde mikrobeholderne med den spin-coatede lægemiddel-

polymer-matrix. Det er blevet vist, at Hot Punching metoden er en hurtig og parallel 1-trins proces, der med 

høj reproducerbarhed kan fylde mikrobeholderne. Lægemiddel-polymer-matricen som er fyldt i 

mikrobeholderne er karakteriseret med de ovennævnte teknikker. Endeligt er zero-order langtidsfrigivelse af 

lægemiddel fra mikrobeholdere demonstreret. 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

1.1. Motivation 
Oral route is the most preferred drug delivery route as it has highest patient compliance and it does 
not require health care professionals for drug administration [1]. However, pharmaceutical industry 
is facing many challenges in administering drug orally due to the intrinsic physio-chemical 
properties of the drugs. Between the oral ingestion and the final effect of the active pharmaceutical 
ingredients (APIs), there are numerous barriers which the active compound must overcome before 
being absorbed by the cells. The first line of attack is from the biological metabolism [2]. Typically 
an API encounters enzymatic degradation, hydrolysis and chemical deactivation in the acidic gastric 
environment [3]. When the drug reaches the small intestine, many of the newly developed drug 
compounds exhibit a poor solubility in the intestinal fluid, and slow dissolution compared to a 
relatively rapid peristaltic flow in the upper intestine. Finally, drug molecules generally show low 
permeation through the intestinal mucosa. Thus, during its transit in the system, the API is 
potentially lost or degraded, thereby, reducing the bioavailability of the therapeutic agent 
significantly [2, 4]. Consequently, frequent drug administrations are needed in order to maintain an 
efficient therapeutic effect. This in turn leads to higher risk of side-effects. 

To combat these issues of oral drug delivery, various forms of drug delivery systems have been 
developed ranging from drug-polymer micro/nanospheres to implantable chips [5, 6]. Some of the 
systems that have gained significant interest recently are reservoir based microdevices. Different 
functionalities like mucoadhesion and pH-triggered release can be integrated in these micro-
reservoirs [7, 8]. Thus, the drug filled in the reservoirs can be protected from degradation in the 
stomach while at the same time its release can be controlled by the added features. A mucoadhesive 
layer can help the reservoirs to adhere to the intestinal mucosa and a pH sensitive layer can allow 
unidirectional release leading to less wastage, fewer side-effects and higher bioavailability of the 
drug [9-11]. Such reservoir based devices can be fabricated as micrometer sized containers. These 
devices have been fabricated using conventional Si microtechnology like photolithography and 
reactive ion etching [12, 13] in materials such as Si and various photoresists like SU-8 
and poly(methyl methacrylate) (PMMA) [9, 12, 13]. However, there is a need to move towards 
more biocompatible and biodegradable polymers such as poly-l-lactic acid (PLLA), poly-ɛ-
caprolactone (PCL) or poly lactic-co-glycolic acid (PLGA) [14]. In order to fabricate devices in 
such polymers, polymer technologies like micro/nanoimprinting, soft lithography, and 3D printing 
are required [15-17]. Hot embossing is one of the most viable solutions to fabricate 
micro/nanostructures in polymer in a replicable manner with high throughput [18, 19]. However, 
unlike injection molding and 3D printing, this processing technique is unable to fabricate discrete 
3D structures. This is due to the inherent residual layer left after the embossing process connecting 
the micro/nanostructures to each other [20]. Generally, to remove this residual layer, RIE or laser 
machining is used. Unfortunately, both of these techniques produce complex etch residues and are 
time consuming [21, 22]. For the application of oral drug delivery, such techniques can potentially 
render the polymer non-biodegradable and might also damage the drug if it has been already loaded 
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in the microdevice. In order to use biopolymers as the fabrication material for next-generation oral 
drug delivery devices, new fabrication methods need to be developed. Thus in this thesis, hot 
punching as a novel technique to not only fabricate microcontainers for reservoir based oral drug 
delivery but also to load these microcontainers in a high throughput, drug-benign manner has been 
developed. 

This chapter aims at providing the background and motivation for the work presented in this thesis. 
The report starts with a brief explanation of the microdevice that we planned to fabricate in this 
project in section 1.2. Then a discussion of the state of the art reservoir-based microdevices for oral 
drug delivery is given in section 1.3. The various techniques for the fabrication of drug delivery 
devices including microelectromechanical systems (MEMS) technology and soft lithography are 
described briefly. Focusing on hot embossing, various tools that have been developed to address the 
inherent challenge of removing residual layer are provided. After that a brief discussion on the 
fabrication of high aspect ratio multilayer Ni stamps for hot embossing polymer films is presented. 
Then spin coating as one of the processes for producing drug-polymer films is described. Finally the 
daunting task of loading of the microcontainers with the drug is examined. Section 1.4 provides the 
project funding and framework. The objective of this Ph.D. project is presented in section 1.5 and 
the thesis structure is outlined in section 1.6.  

1.2 Drug delivery device concept 
Currently, many drug delivery systems based on micro/nano particles are developed. These particles 
can be mass produced; however, precise control of the size, surface properties and shape of such 
particles has been a challenge. Thus in this project we set out to fabricate microcontainers with 
controlled size of reservoirs that can be loaded with drug in a precise manner. The ideal device 
(Fig.1.1) has the following features: 
1. The container is fabricated in biocompatible and biodegradable polymers like PLLA, PCL,
PLGA earlier approved by the US Food and Drug Administration (FDA) for applications in drug
delivery to prevent the accumulation of harmful residues in the human body.
2. The container is loaded efficiently with drug in different forms like powder, liquid or embedded
in a polymer matrix potentially allowing control of the release profile.
3. The size of a single container is a few hundred microns for it to be small enough to have adequate
contact with the intestinal wall but large enough to avoid endocytosis [23].
4. The geometry of the container is disc-like so that a higher surface area is in contact with the
intestinal lining. This provides a better adhesion of microcontainer to the intestinal wall so that the
container is more stable in the harsh flow conditions that can dislodge it and disrupt the drug release
[23].
5. The drug release is unidirectional, preferably controlled by a biodegradable or pH-sensitive
membrane. This membrane along with the container protects the drug during its transit through the
GI system. Thus, the site where drug is released is controlled passively using the layer.
6. Functional coatings like mucoadhesive layers are added to increase the adhesion of containers to
the intestinal wall, allowing better bioavailability of the drug.
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Fig.1.1 Basic concepts and features of the microcontainers for oral drug delivery. 

In the realization of this concept it is worth noting, that very likely a large number of 
microcontainers is required per dose. Therefore, the requirement for high throughput fabrication 
methods is an important aspect.  

1.3 Review of existing research 
1.3.1. Microfabricated reservoir based drug delivery devices 
In order to fabricate devices as the one mentioned above, the technology applied should give precise 
control over the size, shape and morphology of the microdevices. This helps in reducing 
polydispersity, improving drug encapsulation and achieving uniform drug dosage among the 
devices. MEMS technology is mature enough to provide such precise control on the fabrication 
parameters and dimensions. Based on this, the first single and multi- reservoirs based devices have 
been fabricated in Si and photoresist using MEMS technology. The first concept of such a device 
was mentioned by Martin and Grove et al. in 2001 [24]. After that, many active and passive devices 
have been fabricated based on this idea [5, 6, 25]. The Desai group has worked exhaustively in this 
area and has acquired significant expertise in fabrication and characterization of reservoir based 
drug delivery systems. Their first devices were microwells fabricated in Si using photolithography 
and reactive ion etching [12]. The structures had a height of 2 µm, a reservoir depth of 1 µm and a 
width of 50-150 µm (Fig.1.2.A). Further, bioadhesion features were added to these devices by 
modifying their surfaces and attaching lectin. It was proven through in vitro tests on CaCo-2 cells 
that the adhesion of these devices was improved. Later, various single and multiple reservoir based 
devices have been produced in photoresists like SU-8 and PMMA [26, 27]. Multiple reservoirs have 
been successfully filled with three different types of drugs. Using microtransfer molding, devices in 
PLGA and gelatin (Fig.1.2.B) have also been fabricated though these structures are connected to 
each other by a residual film [23]. Hansford et al. has developed a process that combines 
discontinuous dewetting of resin on a poly-di-methylsiloxane (PDMS) mold and microtransfer 
molding to avoid the formation of residual layers (Fig.1.2.C). They have successfully fabricated 
particulate microstructures such as a) single and b) multiple reservoirs, c) capsulelike 
microstructures, and d) foldable microstructures in poly(ethylene glycol) dimethacrylate 
(PEGDMA) and PLGA polymer [28].  They have also performed the loading of drug in such 
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Biopolymeric
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the drugDrug embedded in 
polymer matrix released

unidirectionally and 
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Fig.1.2.A. Fabrication and loading of SU-8 microcontainers using photolithography [26], B. Fabrication of SU-8 and 
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PMMA microcontainers using photolithography and etching, fabrication of PLGA microcontainers using molding [23], 
C. Discontinous dewetting and microtransfer printing applied to form various single and multiple reservoirs-based
microstructures, micrococapsules and foldable hydrogels [28], D. PRINT technique for the fabrication of
micro/nanostructures [26], and E. 3D microcontainers fabricated using self-folding of patterned SU-8 with PCL hinges
[35].

microstructures with high yield using the same techniques. The DeSimone group has developed a 
versatile fabrication process called particle replication in non-wetting template (PRINT) that can be 
used to fabricate a range of polymeric micro/ nanostructures of different shapes, sizes and materials 
(Fig.1.2.D).The backbone of the PRINT process is a non-wetting template fabricated in fluorinated 
perfluoropolyether (PFPE) elastomer [29, 30]. It is a photo-curable resin with extremely low surface 
energy (8–10 dyne/cm2), high gas permeability, high elastic recovery, good mechanical strength and 
high chemical and solvent resistance. The PRINT process is in principle microcontact molding 
except that the PDMS mold is replaced by a PFPE mold. This mold with low surface energy allows 
the capillary filling of the cavities without any residual layer in between. The pre-polymer is later 
solidified by UV light or thermal heating. Applying PRINT, particles for drug delivery with sizes 
ranging from 200 nm to 7 μm have been fabricated in different materials such as poly(ethylene 
glycol) (PEG), Poly(L-lactic acid) (PLLA) and PLGA and tested in vitro and in vivo [31-33]. The 
Gracias group has developed different self-folding 3D microcarriers for drug delivery [34]. The 
fabrication process is a combination of planar lithographic techniques and hinge-based self-folding 
driven by surface tension. These devices are generally prepared by deposition of one or more layers 
of polymer solution on a flat substrate, micropatterning with the desired geometry and release by 
dissolution of an underlying sacrificial layer. Azam and coworkers have successfully encapsulated 
beads, chemicals, mammalian cells and bacteria in 3D microcontainers fabricated by the heat-driven 
self-folding of SU-8 planar structures with PCL hinges (Fig.1.2.E) [35]. To summarize, these are 
some of the MEMS technology and soft lithography processes that have been used in fabricating 
oral drug delivery devices. Other soft lithography techniques like micromolding in capillaries 
(MIMIC), solvent-assisted micromolding (SAMIM), microcontact printing and capillary force 
lithography (CFL) have been used to produce tissue engineering scaffolds [36-38].  

1.3.2 Hot embossing of discrete 3D microstructures 
One of the most commonly used processes applied in the fabrication of polymer microstructure is 
hot embossing. Hot embossing is remarkably versatile in terms of the materials, shapes and sizes  

Fig.1.3.A. Basic principle and ejection setup for rubber-assisted ejection for fabrication of 3D discrete microparts [44], 
B. bilayer embossing to fabricate SU-8 nanorods on PMMA sacrificial layer [45].

A B
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that can be embossed in a fast, replicable manner with high yield. Unlike soft lithography, this 
technique can produce high aspect ratio microstructures, as high as 1:12 [39]. Compared to PDMS 
molds used in soft lithography, hot embossing uses hard stamps made in Ni, steel or Cu that can be 
applied for hundreds of runs without any significant damage [40-42]. However, fabricating discrete 
3D microdevices using hot embossing has been a challenge due to the presence of an inherent 
residual layer connecting the structures. Traditionally, the residual layer has been removed by RIE 
and laser machining. However, since these methods leave unwanted complex residues, their use is 
undesirable for devices applied in drug delivery. Other unhazardous methods of removing the 
residual layer have been developed. Kuduva-Raman-Thanumoorthy et al. describe a punching 
process after hot embossing to produce discrete three-dimensional (3D) structures using a special 
set up as shown in Fig.1.3.A [43]. Heckele et al. introduced bilayer embossing with a device layer 
on a sacrificial layer. However, this process requires precise control of the penetration depth of the 
stamp in the sacrificial layer and careful selection of the device and sacrificial layers in order to 
avoid delamination as shown in Fig.1.3.B [44, 45]. In this project hot punching technique has been 
developed for fabrication of high aspect ratio 3D microcontainers.  

1.3.3 Stamp fabrication 
In order to fabricate microcontainers in polymer films, a reliable stamp made in hard materials like 
Ni, Cu, steel etc. needs to be prepared. Among the most frequently used stamp materials, Ni is very 
robust and can easily be electroplated on a master template to create complex three dimensional 
structures at high resolution. Another advantage of a Ni stamp is that it can be used for mass 
production in roll-to-roll processing [46]. Ni stamps can be fabricated with two well-known 
processes: LIGA (Lithography, Electroplating, and Molding) [47] or DEEMO (Dry etching,  

 
Fig.1.4.A. Fabrication of Ni stamp with high aspect ratio structures: (upper) aspect ratio of 8.25 achieved using Ni 
stamp and (lower) aspect ratio of 16.5 achieved by using Ni-PTFE stamp [50], B. two-leveled Ni stamp for the 
fabrication of microfluidic polymer systems [51], and C. two-level cylindrical Ni stamp for the fabrication of blind via 
hole application on PWB [52].  
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electroplating and molding) [48]. In both processes, a master is first fabricated either in photoresist 
by lithography or in Si by lithography and dry etching. Subsequently, Ni is electroplated and the 
master is removed. This electroplated Ni structure is used for embossing in polymers. The 
availability of photoresists like SU-8 that allow definition of high aspect ratio structures with very 
smooth surfaces without use of expensive X-ray synchrotron lithography makes LIGA a viable 
option for the preparation of Ni stamps. However, it is very difficult to completely remove the SU-8 
master from the electroplated Ni stamp in particular in narrow trenches and the resulting increased 
surface roughness might affect the hot embossing process [49]. Guo et al. have been able to emboss 
single level structures with a minimal width of 40 µm and an aspect ratio of 8 using a Ni stamp 
prepared with the LIGA process as illustrated in Fig.1.4.A [50]. In this project, a Ni stamp with 
two-leveled cylindrical microstructures with vertical dimensions > 80 µm and an aspect ratio of 8 
has been fabricated using a modified and optimized DEEMO process. Tanzi et al. have fabricated 
two leveled microdevices with rectangular features using the DEEMO process as shown in 
Fig.1.4.B [51]. Park et al. presented the fabrication of a two-leveled Ni stamp with cylindrical 
features as shown in Fig.1.4.C [52]. In both cases, the aspect ratio of the microstructures is only 
around 2. 

1.3.4 Polymer film preparation 
Throughout the research, one process that is common to most of the fabrication techniques is spin 
coating. Spin coating has been used for depositing photoresists and for obtaining polymer films and 
drug-polymer matrices. In this project furosemide as a model drug has been loaded in both 
biopolymer microcontainers fabricated using hot punching and SU-8 microcontainers fabricated 
using photolithography. To fill the drug, it is first embedded in a polymer (PCL) matrix. This is 
achieved by first preparing a drug-polymer solution and spin coating it to obtain the required 
thickness [53]. In the past, drug-polymer films have been fabricated by compression molding 
(Fig.1.5.b), lamination, roll milling (Fig.1.5.c) and extrusion [54-56]. Most of these techniques 
either require complicated instrumentation or high temperatures that can damage the active 
ingredients in a drug.  More benign methods like drop casting (Fig.1.5.a) and spin coating 
(Fig.1.5.b) are available [53]. Between these two processes, spin coating gives more precise control 
on the thicknesses of the films. Spin coating leads to fast solvent evaporation during the film 
formation. This is beneficial for stabilizing the drug in amorphous form in the amorphous part of its 
polymer matrix [57]. Due to the aforementioned advantages, spin coating is applied for making 
patches for buccal, sublingual, transdermal and oral drug delivery systems [58-61]. However, there 
is a lack of literature on tuning the process parameters of spin coating to modify the crystallinity 
and morphology of drug-polymer film. In Konno et al and Kellner et al. the effect of sample 
preparation in terms of drug to polymer ratio and use of different polymer matrices on the 
crystallinity and morphology of drug in spin coated drug-polymer film has been described [57,62]. 
In this project, tailoring of the crystallinity and thereby the release of drug by modifying the spin 
coating parameters has been explored. 
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Fig.1.5 Various techniques like a) solution casting, b) compression molding, c) roll milling, and d) spin casting/coating, 

for producing thin PCL films [53]. 

1.3.5 Loading of drug into microreservoirs 
The important requirements for the loading of drug in microreservoirs are: a) the process should be 
a high throughput scalable process that preferably leads to low waste of expensive drugs and b) the 
active ingredients of drug should remain intact during the loading process. The Desai group has 
successfully filled microreservoirs using photolithography in a controlled manner [26]. This 
technique is high throughput but the drug is susceptible to irreversible damage during the UV 
radiation exposure (Fig.1.6.A). Another technique is a drop-on-demand process of inkjet printing 
[63]. This process does not affect the therapeutic ingredients but is slow and serial (Fig.1.6.B). 
There are also other issues afflicting inkjet printing like clogging of the ink jet nozzle and the 
inability to print with high molecular weight polymers.  In Nielsen et al screen printing has been 
developed as a technique to load furosemide in powder form in microcontainers (Fig.1.6.C). The 
process is simple and high throughput, but reproducibility and precise control of the drug dosage in 
containers are challenging [64]. In Marizza et al. the hydrophobic drug ketoprofen is loaded in 
hydrophilic PVP matrix by first ink jet printing the containers with polymer and then loading the 
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polymer with drug using supercritical CO2 (Fig.1.6.B). This process provides high reproducibility 
and good control on the dosage by tuning the impregnation parameters such as the impregnation 
pressure [65]. However, so far this process suffers from low throughput. It is also challenging for 
loading of drug into microdevices manufactured in biopolymers as these devices themselves might 
get dissolved in supercritical CO2 thereby losing their structural integrity. Other approaches 
involving capillary action in nanowire-coated oral microdevices (Fig.1.6.D)[ 66] and wet 
microcontact printing have also been developed (Fig.1.6.E) [67]. 

 

Fig.1.6. Different techniques for loading of drug in microreservoirs: A. crosslinking proteins using photolithography in 
microreservoirs, B. Inkjet printing to first fill the containers with polymer and then use of supercritical CO2 to fill the 
drug in the polymer matrix, C. screen printing of the drug powder on the microcontainers using a stencil, D. applying 
capillary forces to microscopically confine the drug on nano-wires, and E. microcontact printing of a drug laden PDMS 
stamp into the cavities of the microdevices [2].   
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The summary of the introduction section is given in Table 1. 

Table 1: Summary of the introduction section 
 

Process 
 

 
Fabrication techniques in 

literature 

 
Pros and Cons 

Fabrication of 
micro-reservoir 
based devices 

1. Standard MEMS 
techniques like RIE and 
Photolithography 

Good for MEMS materials like Si and photoresists, 
not for biopolymer based fabrication. 

2. µTransfer molding Good for biopolymer based device fabrication but 
the problem of residual layer persists.  

3. µTransfer molding 
using discontinuous 
dewetting 

Fabrication of biopolymer based devices without 
residual layer 

4. Self-folding based on 
surface tension 

So far stable structures have been fabricated in SU-8 
and not in biopolymers 

5. PRINT Fabrication of biopolymer based devices of various 
sizes, shapes and materials, really versatile, scalable 
process.  

Hot embossing 
for fabrication 
of 3D discrete 
microstructures 

1. ejection set up Good for producing simple structures but cannot 
produce complicated 3D structures plus a special 
ejection set up is required. 

2. bilayer embossing Good for producing 3D structures, scalable and fast 
process but not truly versatile. The polymer 
materials for the bilayer need to be selected based on 
certain requirements. 

Fabrication of 
Ni stamp 

LIGA Very versatile and widely used to fabricate different 
shapes and sizes of stamps using SU-8 as the master 
mold. However, after electroplating of Ni, removal 
of SU-8 especially for HAR structures is very 
difficult. 

DEEMO As versatile as LIGA, Si etching after Ni 
electroplating is relatively easy. However, 
optimization of Bosch process to achieve smooth 
sidewalls can be challenging.  

Preparation of 
polymer-drug 
films for 
patches 

Spin casting Simple process without any need for special tools, 
no waste of material but good control on film 
thickness is challenging, especially for thin films. 

Spin coating Simple process with minimal need on 
instrumentation, precise control on film thickness 
can be achieved but leads to waste of material. 

Other high-temperature 
procedures like 
compression molding, 
roll-milling and 
lamination. 

Good control on the film thickness can be achieved 
but complex instrumentation is required. High 
temperature can be detrimental to the API in the film 

Loading of 
drug in 

1. Spin coating and 
photolithography 

Precise control on the dosage but potentially 
detrimental to the drug. Also it is a costly and 
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microreservoirs laborious process with a lot of material waste 
2. Microinjection Precise control on the dosage, benign to the drug and 

less wastage of material. It is slow serial process. It 
can be scaled up using parallel printers. 

3. Inkjet printing and 
supercritical CO2 

Precise control on the dosage, benign to the drug and 
less waste of material. It is a slow serial process that 
is difficult to be scaled up. It is unsuitable for 
loading of reservoirs made in biopolymers that 
potentially dissolve in supercritical CO2 

4. Screen printing Simple and quick process, good for filling drug in 
powder form, which means higher dosage per 
microdevice, however precise control on dosage is 
difficult to achieve. Also leads to waste of drug. 

5. Capillary loading Simple and quick but applicable for certain 
dimensions. 

6. µContact printing Simple and quick, needs alignment of drug coated 
stamp into reservoirs. 

 
1.4 Project funding and framework 
The PhD study is carried out as part of a larger consortium, NAnoMEChanical sensors and 
actuators, fundamentals and new directions (NAMEC) - a VKR Centre of Excellence, working on 
micro systems for oral drug delivery among other technologies such as sensors. The work presented 
here is in continuation of the work performed earlier by Johan Nagstrup, PhD (2009-12) who was 
also funded by NAMEC. The last part of the PhD is funded by Danmarks Grundforskningsfonds og 
Villum Fondens Center for Intelligent Drug Delivery and Sensing Using Microcontainers and 
Nanomechanics (IDUN). The main collaborators for the oral drug delivery project consist of 
members from the Department of Micro and Nanotechnology (DTU Nanotech), at the Technical 
University of Denmark and pharmacists from the Department of Pharmaceutics and Analytical 
Chemistry at the University of Copenhagen (KU Farma). The fabrication and loading of the 
microcontainers, addition of different functionalities like mucoadhesion etc, characterization of the 
drug loaded in microcontainers is carried out in DTU Nanotech. The new drug formulations and 
some of the fundamental research on drug and animal testing are performed in KU Farma. The 
cleanroom fabrication is performed in the state-of-the-art facilities of Danchip. 
 
1.5. Aim of the PhD 
The overall aim of this project is to fabricate and load reservoir-based oral drug delivery 
microsystems in biopolymers. This section lists the goals set forth at the beginning of the PhD. The 
goals are based on the vision and the device described in section 1.2. 
• Develop fabrication methods for micro structuring of biodegradable polymers, preferably the ones 
that can be scaled up for mass production. 
• Fabrication of microcontainers in biodegradable polymers.  
• Loading of the microcontainers with drug. 
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1.6 Thesis outline 
This section presents an overview of the chapters in the thesis and a short summary of the content of 
each chapter. The thesis is divided into eight chapters plus appendices. The appendices include 
MATLAB codes, some additional SEM micrographs and other supporting documents. The first 
chapter of the thesis is on the introduction and motivation of the research and the past and current 
research done in the field in the form of literature review. It is followed by a materials and methods 
chapter. After that, five chapters covering five different topics of i) spin coating, ii) fabrication of 
stamp and hot embossing, iii) punching which includes both mechanical punching and hot 
punching, and iv) drug release from microcontainers are presented. These chapters are followed by 
conclusion and outlook and the last chapter comprises of the publications and manuscripts finished 
during the course of this PhD. Thus the chapters are as follows: 
 
Chapter 2.  This chapter focuses on the materials and methods used in the thesis:  
a) The thermal and crystallographic properties, surface modifications and general applications of 
SU-8, PLLA, PCL, poly acrylic acid (PAA), PDMS polymers and furosemide (F) drug are 
described.  
b) Characterization tools that are used throughout the research are presented. These include: optical 
and electron microscopy, profilometry, X-ray diffraction, differential scanning calorimetry (DSC), 
Raman microscopy and microdiss. Process parameters and a brief theory regarding these tools are 
given. 

Chapter 3. Here, relevant theories on spin coating that relies on, among others, centrifugal forces 
and solvent evaporation are presented. A small section on the spin coating technique including 
preparation of solutions and optimization of spin coating has been described. Finally based on the 
theory, the spin curves have been evaluated.  

Chapter 4.  In this chapter, first a brief description of the two deep reactive ion etching (DRIE) 
processes: continuous DRIE and Bosch, used in the project is given. After that theory on the hot 
embossing process including effect of parameters derived by solving parallel plate squeeze flow 
theory and discussion of demolding issues of stamp have been presented. This discussion forms the 
basis for the stamp design so that the demolding forces are minimized and good replication yield is 
achieved. Further, a small section on the process flow of fabrication of Ni stamp is provided. This is 
followed by the optimization results obtained for the fabrication of Ni stamp by applying the two 
DRIE processes described earlier. Finally, results obtained for embossing of PLLA film by Ni 
stamp are discussed.  

Chapter 5. This chapter is named as punching as it includes both the mechanical punching and hot 
punching of polymer films. The basic idea behind using mechanical punching for the fabrication of 
microcontainers is presented. This forms the initial inspiration for the development of hot punching 
process which is a combination of hot embossing and mechanical punching processes. The 
fundamental concepts of hot punching as applied for fabrication and loading of microcontainers are 
presented. After this, a small section on the process flows of mechanical punching and hot punching 
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are illustrated. The chapter ends with the results obtained by applying hot punching for the 
fabrication and loading of microcontainers.  

Chapter 6. In this chapter, the fundamental theories of Fick’s law and power law that are used to 
describe drug release from various systems have been provided. This is followed by a short 
derivation of release profile of drug embedded in polymer matrix loaded in microcontainers. 
Finally, the measured drug release from microcontainers is evaluated.  

Chapter 7. Conclusion and outlook  

Chapter 8. Published papers, proceeding, manuscripts and filed patent.  
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CHAPTER 2  
MATERIALS AND CHARACTERIZATION METHODS 
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CHAPTER 2 
MATERIALS AND CHARACTERIZATION METHODS 

2.1 Materials 
This section gives a brief overview of the key photoresists and polymers used in the project. For 
each material, there is a short introduction, a description of its applications with particular focus on 
drug delivery, a summary of some of the relevant properties and finally an outlook on its use in the 
presented research.  

2.1.1 SU-8 
SU-8 is an epoxy based (Fig.2.1.A), negative, near UV photoresist (SU-8 2075, Microchem, USA). 
It has been used for fabrication of remarkable microstructures with aspect ratio as high as 20 [68]. 
The photoresist can be spin coated to thicknesses >200 µm. Over the years, SU-8 processing has 
been established due to its vast application as lift off resist, for fabrication of stamps for molding, as 
master for LIGA process and for actual microdevices [69, 70]. As a microdevice, SU-8 
micro/nanostructures have been applied in tissue engineering, microfluidics, drug delivery systems, 
and mechanical systems such as microgrippers and microvalves. Apart from its ease of fabrication 
and ability to produce high aspect ratio structures, the main properties that have led to its 
widespread use, are its good chemical, thermal and mechanical stability. For the applications in bio-
related fields, it has been shown that SU-8 is biocompatible and that it potentially could be used in 
implantable devices [71]. However, SU-8 is not biodegradable and that limits its applicability in 
oral drug delivery systems. Nonetheless, for the oral drug delivery devices described in section 1.2, 
it is an ideal prototype material which can be easily structured using photolithography and utilized 
for moving forward in the research on loading and characterization of drug polymer matrices in 
microcontainers. On certain occasions, surface modification of SU-8 is required. This is achieved 
by exposing the containers in ultra-violet/ozone (UVO) for at least 20 minutes or oxygen plasma for 
5-10 minutes [72, 73]. This increases the surface energy of SU-8 from approx.26 mN/m to79 mN/m
just after the treatment [73].

2.1.2 Poly-di-methylsiloxane (PDMS) 
PDMS is a widely used silicon-based organic polymer. It is generally sold as a prepolymer along 
with a curing agent. The PDMS bought as Sylgard 184 (Dow Corning) is used by mixing 
prepolymer and curing agent in 10:1 ratio. The mixture is degassed and cured after spin coating or 
film casting with UV light or thermally [74]. PDMS can be dispensed on a master with complex 
high aspect ratio micro- and nano-sized features. If left for few hours the polymer can completely 
conform to the surface because of its good rheological properties in the uncured state, forming a 
perfect replicate of the master. Typically, the cured PDMS is then separated from the master and 
can itself be used as a mold for casting of other polymers. Easy processing and handling, flexibility 
and low cost have been the main factors for the success of PDMS as a mold for soft lithography 
processes like micromolding in capillaries (MIMIC), solvent-assisted micromolding (SAMIM), 
microcontact printing and capillary force lithography (CFL), pioneered by the Whitesides group 
[36-38]. The properties that promote PDMS as a good material for microfluidics and Bio-MEMS 
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are that it is inert, nontoxic, and biocompatible [71, 75]. However, PDMS is not biodegradable and 
this constrains its application in drug delivery system. Its gas permeability and transparency are an 
advantage for cell culturing to supply light and oxygen for their growth [76]. However, its high 
absorption of hydrophobic small molecules makes the use of PDMS devices for drug discovery 
problematic. Its high absorption of organic solvents only allows aqueous chemistry in microfluidic 
PDMS channels which is also limited because the water diffuses into it with time [76, 77]. 
Moreover, the application of PDMS as material for micromolding stamps is also limited due to its 
deformability. The high compressibility (2 N/mm2) of PDMS causes shallow relief features of a 
stamp to deform or collapse [77, 78]. Many of these stamps are damaged after few cycles of 
molding. These challenges have led to the development of modified PDMS materials like h-PDMS, 
fluorinated-PDMS or photo-patternable PDMS [79-81]. An alternative to PDMS is 
perfluoropolyether (PFPE) developed by Rolland and DeSimone. While PFPE is a more 
chemically, thermally and mechanically stable elastomer, it retains the high gas permeability, 
flexibility and easy processing properties of PDMS. This material is used in the polymer replication 
in non-wetting template (PRINT) process for the fabrication of discrete 3D micro and 
nanostructures [77, 29]. However, it is relatively expensive and it is still not stable enough for long 
runs of molding when compared to stamps made in Ni and steel. 

In this research PDMS has been used as an elastic deformable layer below PLLA and PCL polymer 
films during hot punching of the polymers [82]. For hot punching purposes, the hydrophobic PDMS 
surface properties have often been modified by oxygen plasma treatments. In the plasma, the 
surface becomes more hydrophilic due to the rapid substitution of -C bonds with -O bonds [83]. 
Another technique is exposure to ultraviolet/ozone UVO which increases the hydrophilicity of the 
PDMS surface by inducing the formation of –OH bonds (Fig.2.1.B) [84]. The PDMS surface 
energy changes from 19 mJ/m2 to72 mJ/m2 just after such UVO and plasma exposures [84]. 
However, the surface properties after plasma activation are not stable and PDMS recovers its 
hydrophobicity due to the migration of uncrosslinked PDMS to the surface [85]. This recovery is a 
limitation for a lot of applications like bonding of films or glass to PDMS in microfluidics. Here, it 
has been used to our advantage because the hydrophobic recovery facilitates the harvesting of 
PLLA microcontainers for drug delivery. 

2.1.3. Poly acrylic acid (PAA) 
PAA is a water soluble polymer of high molecular weight acrylic acid (CH2=CHCO2H, Fig.2.1.C) 
[86]. It has been widely used for disposable packaging and in the pharmaceutical industry as 
thickening, emulsifying and suspension agent [87]. Recently, it has gained popularity in drug 
delivery systems due to its application in hydrogel formation [88]. PAA can be mixed with a 
plethora of other polymers like PEG, chitosan or poly-vinyl pyrrolidone (PVP) to provide 
characteristics such as mucoadhesion or pH sensitivity to the drug delivery microdevices [89-91].   

In this project, PAA has been loaded in the microcontainers to demonstrate the loading of 
hydrophilic drug matrices. Furthermore, PAA films have been used as a sacrificial layer for release 
of both SU-8 and PLLA microcontainers [82]. The side chains of the PAA polymer contain (Na+)–
carboxylate groups. PAA is easily spin coated and its solubility properties can be altered by 
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reversible ion-exchange from water-soluble (Na+ counterion) to water-insoluble (Ca2+ counterion) 
forms [92]. The acidic nature of PAA leads to the crosslinking of SU-8 during its processing [93]. 
Addition of OH- ions by mixing sodium hydroxide (NaOH) in the PAA aqueous solution can 
increase the pH of PAA. This allows for the use of PAA as a sacrificial layer for SU-8 processing. 
PAA has a surface energy of around 72mJ/m2 when it is in aqueous solution [94]. This property is 
important when the polymer is loaded in microcontainers and also when it is used as bonding layer 
for PLLA microcontainers. PAA has a Tg of around 106 °C [95]. This is to be noted for the 
optimization of thermal bonding of PLLA microcontainers in this project as the best bonding is 
achieved around this Tg. PAA with Mw 90000 is bought from Sigma Aldrich as 35% wt. aqueous 
solution. 

 
Fig. 2.1 Structural formulas of A. SU-8: the 8 epoxy groups from where the name SU-8 is derived, B. PDMS: the 
silicone groups at the surface get converted to silanol groups (-OH) in place of methyl groups (-CH3) after oxygen 
plasma exposure, C. PAA with acrylic acid chain consisting of carboxylic group (-COOH) attached to vinyl functional 
group (−CH=CH2), D. PLLA with the chiral lactic acid that in different arrangements, gives PLGA, PDLA etc., E. PCL 
prepared by the ring opening polymerization of ɛ-caprolactone, F. Furosemide with fixed anthranilic acid moiety, 
flexible furan ring and sulfonamide group that give rise to its polymorphs.  
 
2.1.4 Poly-L-Lactic Acid (PLLA) 
There is significant interest in biopolymers such as Poly lactic acid (PLA) for biological and 
pharmaceutical applications. PLA is biocompatible and biodegradable aliphatic polyester and can 
be acquired from plant based sources such as corn starch and sugarcane [96]. It is a thermoplastic, 
high-strength, and high-modulus polymer. It has a wide range of applications including food 
packaging, tissue engineering, and even plastic surgery [96]. PLA can be processed by injection 
molding, blow molding, thermoforming, extrusion and more recently 3D printing [97-99].  

There are several different forms of PLA due to the chiral nature of lactic acid (CH3CH(OH)CO2H) 
[96, 97]. The polymer that has been applied in this research is Poly-l-lactic acid (PLLA) which is a 
result of the polymerization of L-lactide. The thermal properties of this polymer are Tg ≈ 55 °C and 
Tm ≈ 175 °C, depending on the molecular weight and synthesis parameters [96]. PLLA films can be 
obtained with various methods such as extrusion, drop casting and spin coating [100]. To prepare 

PDMSSU-8 PAA

PLLA PCL FURO

BA C

D E F

18



the solution for spin coating, PLLA can be dissolved in organic solvents like chlorinated solvents 
(dichloromethane, chloroform), benzene, acetonitrile, and others [96]. The crystallinity of a polymer 
like PLLA can increase during its thermal processing. This increases its glass transition temperature 
and lowers the degradation rate. For drug delivery applications this in turn might affect the drug 
release [96, 97]. The glass transition temperature and degradation rate of PLA polymers has been 
studied in the NAMEC consortium by Sanjukta Bose [101]. For example, enzymatic degradation of 
PDLLA has been studied by measuring the resonance frequencies of coated microcantilever sensors 
before and after the degradation. PLLA is hydrophobic in nature but with the exposure to oxygen 
plasma or UVO, its surface properties can be modified [102, 103]. The surface energy changes from 
30mJ /m2 to around 64 mJ/m2 just after the exposure [104, 103]. In this research the properties of 
PLLA have been explored to fabricate microcontainers and load these with drug. PLLA with Mw = 
120000 and density around 1.2-1.4 g/cm3 has been bought from Sigma Aldrich. 

2.1.5 Poly-ɛ-caprolactone (PCL) 
Just like PLA, PCL is a thermoplastic aliphatic ester that is biocompatible and biodegradable [105]. 
Hence, it is widely used in tissue engineering as stents and scaffolds and in drug delivery systems as 
drug-polymer micro/nano particles as well as buccal, transdermal and sublingual patches [53]. PCL 
can be dissolved in organic solvents and is hydrophobic. The main differences between PCL and 
PLA are: i) PCL is a synthetic polymer synthesized by the ring opening polymerisation of ɛ-
caprolactone group; ii) PCL has a very slow degradation rate; and iii) Tg = -60 °C and Tm= 60 °C, 
which implies that it is in a rubbery and semi-crystalline state at room temperature. The low Tg 
indicates good rheological and viscoelastic properties for easy manufacturing and moldability into 
complex shapes [105]. Low degradation rates make it apt for slow sustained drug release. PCL is a 
polymer that can be easily combined with other polymers such as PEG or polystyrene (PS) to tailor 
the drug release or increase its degradation rate [105]. In this research, PCL with Mw = 100000 is 
bought from Sigma Aldrich. The density of PCL is 1.145g/cm3. 

2.1.6 Furosemide (F) 
Furosemide is the model drug used in this research. It is an anthranilic acid derivative marketed as 
Lasix. As the name suggests this drug “lasts” for “six” hrs, that is, it remains effective for 6 hrs in 
the human system. It is a fast and strong loop diuretic that acts on the ascending loop of Henle in 
kidney [106]. Furosemide allows removal of unwanted water and salt from the body through urine. 
Thus it is used for the treatment of edema, hypertension and congestive heart failure. It has been on 
the WHO’s List of Essential Medicine [107]. 

Even though furosemide is such an important drug there are many challenges for its optimal 
bioavailability in the body. According to the Biopharmaceutics classification system (BCS), 
furosemide is a class IV drug with very poor water solubility and intestinal permeability [106,107]. 
The strong hydrogen bonds present in the drug render it poorly soluble but allow hydrolysis in 
aqueous solutions. Another challenge with furosemide is its high susceptibility to storage and 
manufacturing conditions. Besides hydrolysis, furosemide is prone to photochemical degradation 
and thermal degradation [108]. This drug suffers from side effects due to high diuresis peak and 
high drug absorption variability when it is administered as conventional burst-release tablets and 
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capsules. High diuresis peak can lead to weakness, fatigue and hyperglycemia in patients. Besides, 
furosemide needs frequent administration which leads to low patient compliance [109].  
 
Furosemide exists as various crystalline polymorphs, solvates and amorphous forms. This is due to 
the high conformational flexibility of the Furan ring and sulfonamide group around the fixed 
anthranilic acid moiety [110]. The most stable form of furosemide is its crystalline polymorph form 
I. When an amorphous form of furosemide stabilizes into crystalline form, it generally takes this 
polymorph form [110, 111]. It is well known that amorphous solid forms, due to the lack of the three-
dimensional long range order of molecular packing which exists in their crystalline counterparts, dissolve 
faster than crystalline forms. This leads to increase in the solubility, dissolution rate and therefore 
bioavailability of the drug [112]. However, since furosemide degrades at the melting point it is difficult 
to produce amorphous furosemide by heating and quench cooling as it is done for many other drugs 
[109]. Nielsen et al, produced amorphous furosemide salt and acid by spray drying of crystalline 
furosemide dissolved in methanol [113]. However, the amorphous form is highly unstable. In this 
research furosemide is embedded in PCL polymer. Furosemide dissolves in acetone which has been 
used to make its solution for spin coating. Thus a homogenous solution consisting of 2 g of 
furosemide, 8 g of PCL, 40 ml of acetone and 20 ml of DCM is prepared for spin coating PCL-F 
film. This drug-polymer film is either used as a patch or is loaded in SU-8 and PLLA 
microcontainers.  
 
The summary of the materials section is given in Table 2.1. 

Table. 2.1. Summary of the various materials that are used in the work 
Material Relevant properties Application in this research 
SU-8 1. negative photoresist with well-established 

fabrication process 
2. inherently hydrophobic behavior 
3. possibility of achieving higher surface energy by 
UVO or oxygen plasma exposure 
4. good thermal, chemical and mechanical stability. 

Prototype material for 
fabrication for microcontainers 
and addition of functionalities 

PDMS 1. thin conformal rubbery films possible 
2. inherently hydrophobic behavior that can be 
modified by UVO or oxygen plasma exposure 
3. hydrophobic recovery 
4. viscoelastic behavior. 

Elastic layer deposited on Si 
substrate for punching of PCL, 
PCL-F and PLLA films for the 
fabrication and loading of 
microcontainers  

PAA 1. water soluble polymer 
2. thin layers possible by spin coating of aqueous 
solution 
3. high surface energy and thus, high adhesion 
4. application as hydrogel carrier for drugs. 

Sacrificial layer on which 
microcontainers are bonded, 
hydrophilic polymer matrix 
loaded in containers 

PLLA 1. biocompatible and biodegradable 
2. thermoplastic with Tg  = 60 °C and Tm = 150 °C 
3. easy processing and ability to make thin films by 
spin coating 
4. hydrophobic behavior but surface properties can be 

Main material for the 
fabrication of biopolymer 
microcontainers 
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modified using UVO or oxygen plasma. 
 

PCL 1. biocompatible and biodegradable 
2. thermoplastic with Tg = -60 °C and Tm = 60 °C 
3. easy processing and ability to make thin films by 
spin coating 
4.  inherent hydrophobic behavior  

Material for polymer matrix in 
which furosemide is 
embedded, also used for 
fabrication of biopolymer 
microcontainers 

FUROS- 
EMIDE 

1.  poor solubility and permeability 
2. dissolves in acetone 

Model Class IV drug 

 
2.2. Characterization methods 
This section briefly introduces the various characterization methods used throughout the research. 
Three different types of characterization are described here: i) structural and topographical 
characterization which includes microscopy and profilometry techniques, ii) solid state 
characterization including XRD, Raman and DSC, and iii) drug release studies performed using 
microdissolution. 
 
2.2.1. Scanning electron microscopy (SEM) 
SEM is a versatile instrument used for structural and morphological characterization. Electron 
microscopy was developed to surpass the resolution limits of optical microscopy. The resolution 
limit dr due to the diffraction of radiation is given by: 
 

𝑑𝑑𝑟𝑟 =
λ

2𝑛𝑛 sin𝜃𝜃
 

(2.1) 

where, λ = wavelength of the radiation, n = refractive index of the medium between the lens and the 
object, θ = half angle formed by the lens at the object. The denominator of the equation (n sinθ) is  

 
Fig.2.2 Concept of SEM: The electron beam travels through electromagnetic fields and lenses, which focus the beam 
down toward the sample. Once the beam hits the sample, electrons and X-rays are ejected from the sample, and 
collected by detectors. 

also called numerical aperture [114]. Since the wavelength of an electron is thousand times lower 
than that of visible light, electron microscopes provide much higher resolution than optical 
microscopes. SEM works on the principle of recording the scattering of the secondary electrons 
produced by the incident primary electrons from the surface of the specimen. Thus when the 
primary electrons are raster scanned, the secondary electrons are generated in the same raster 
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scanned manner [115]. These electrons are collected by photodetectors to obtain a SEM micrograph 
(Fig.2.2). There are other types of signals that could be collected like back scattering electrons or 
characteristic X-rays. In this research, two kinds of imaging modes are used: high vacuum and 
variable pressure secondary electron modes [115, 116]. High vacuum mode was used for samples 
sputtered with Au before imaging, Si masters and Ni stamps while variable pressure mode was used 
for all the polymeric samples to avoid unwanted charging of these non-conducting materials. The 
samples are characterized either using SEM Zeiss Supra 40 VP in variable pressure mode at 8 kV 
operating voltage and 13 Pa pressure or using SEM JEOL JSM 5500LV in high vacuum mode at 15 
kV operating voltage. 

2.2.2. Profilometry 
Two types of profilometers are used in order to acquire topographical measurements: A stylus 
profiler and a confocal profiler. Both instruments can measure a wide range of step heights from 
few nanometers to several millimeters. In the stylus profilometer the stylus is in contact with the 
sample during the scan, and the height movement of the stylus is registered by 

  
Fig.2.3 Profilometry: A. stylus profiler used to measure thickness of polymer films, B. optical profiler used for 
dimensional measurements of microstructures; Optical profiler measurements of individual microcontainers with 20 µm 
(C) and 10 µm (D) wall thicknesses [82]. 

a sensor, giving the height profile measurement (Fig.2.3.A) [117]. This measurement technique is 
applied for measuring the thicknesses of various spin coated films. The films are scratched by a 
scalpel to expose the substrate and then height measurements are performed at low stylus force of 3 
mg using a Dektak XTA instrument. 
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For the measurement of microstructures such as the ones on Si masters, Ni stamps and the PLLA 
microcontainers, Sensofar PLU confocal profilometer is operated. This is a non-contact 
measurement and better suited for high aspect ratio features. In the confocal profiler, the sample is 
scanned vertically in steps so that every point on the surface passes through the focus of the 
objective lens. A very small aperture is placed in front of the detector to admit light from a single 
point as it passes through the focus (Fig.2.3.B) [118]. In-plane raster scanning is required in order to 
build up the confocal image at each vertical step. Since PLLA and PCL samples are almost 
transparent, it is difficult to get 100% signal. However, with some optimization the information 
obtained with the confocal profiler is sufficient to measure the height profiles. In Fig.2.3.C and D, 
the measurements of PLLA microcontainers with different wall thicknesses of 20µm and 10µm 
taken by optical profiler are demonstrated. 

2.2.3. X-ray diffraction (XRD) 
X-ray diffraction is based on Bragg’s law which is  
 𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sin 𝜃𝜃 (2.2) 
where λ = De Broglie wavelength of the incident wave, n = positive integer, θ = angle of the 
incident wave and d = spacing of the planes in a crystal lattice. Thus, Bragg’s law describes the  

 
Fig.2.4.A. Schematic of a typical XRD experiment, and B. An example of XRD of furosemide from Line et al. -XRD of 
amorphous acid form compacts after 1min and 30 min of dissolution at pH 6.5 in a µDiss profiler. The diffractograms 
for crystalline and amorphous furosemide acid starting material are shown as references [113]. 

relationship between the wavelength of the electromagnetic radiation, the diffraction angle and the 
lattice spacing in a crystalline sample. In a XRD, when the Bragg condition is satisfied, constructive 
interference is produced due to the interaction between the monochromatic X-ray beam and a 
crystalline sample. The diffracted X-rays are then detected and the recorded signals processed. By 
scanning the sample for a range of 2θ angles, all the possible diffraction directions of the lattice are 
attained (Fig. 2.4.A). Hence X-ray diffraction can be used to study 3D crystalline structure and 
crystal lattice properties but it is not possible to perform analysis of chemical structures. XRD is a 
non-destructive method that allows small sample size [119].  

In this research XRD is mainly used for the characterization of furosemide (F) drug and PCL 
polymer. For the crystalline furosemide distinct sharp XRD peaks are recorded. Compared to that 
amorphous polymers show no peaks but only a broad halo (Fig. 2.4.B) [113]. All XRD analysis are 
performed using an X'Pert PRO X-ray diffractometer (PANalytical, Almelo, The Netherlands; MPD 
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PW3040/60 XRD; Cu KR anode; λ = 1.541 Å; 45 kV; 40 mA). A starting angle of 5° 2θ and an end 
angle of 35° 2θ are employed for the scans. A scan speed of 0.6565° 2θ/min and a step size of 
0.01313° 2θ are selected. Data are collected using the X'Pert Data Collector software (PANalytical 
B.V.).  

2.2.4. Raman spectroscopy 
Raman spectroscopy provides information about molecular vibrations for sample identification and 
quantification. It can be used to study solid, liquid and gaseous samples. This spectroscopic 
technique is based on inelastic scattering of monochromatic laser light, when it interacts with a 
sample. The frequency of incident photons changes when they are absorbed by the sample and then 
reemitted. The frequency of this reemitted photons is shifted up or down in comparison to the 
original monochromatic frequency, which leads to the Raman Effect. This shift provides 
information about vibrational, rotational and other low frequency transitions in molecules (Fig. 
2.5.A) [120]. Similar to XRD, Raman spectroscopy is also a non-destructive characterization 
method that allows working with small sample size. Raman spectroscopy is applied in 
pharmaceutical research to identify the APIs and the polymorphic forms of a drug (Fig. 2.5.B and 
C). The different polymorphic forms of the same molecule have different properties that influence 
the bioavailability of the drug [121]. In this paper, PCL-F processed with different parameters and 
loaded in microcontainers is characterized using Raman spectroscopy. Raman spectra are collected 
with a DXR Raman microscope (Thermo Scientific, Germany) equipped with a frequency-stabilized single 
mode diode laser (780 nm). The laser power is set to 24 mW at the sample position (center of the container) 
and the estimated resolution is 2.4 – 4.4 cm−1. An exposure time of 30 sec and averaging of three scans are 
used.  

 
Fig. 2.5.A. Schematic of Raman spectroscopy, B. Illustration of wavenumbers characteristic of important functional 
groups [121], and C. An example of measurement of APIs using Raman spectroscopy from Line et al. showing Raman 
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spectra of amorphous and crystalline furosemide acid compacts during dissolution at pH 6.5. Boxes highlight spectral 
regions where differences can be observed during dissolution of the amorphous acid form [113]. 

2.2.5. Digital Scanning Calorimetry (DSC) 
DSC is an important thermoanalytical technique that analyses the heat flow related to material 
transitions as a function of time and temperature. It basically measures the energy necessary to keep 
the sample and the reference at the same temperature when both of them are subjected to an 
identical temperature gradient (Fig. 2.6.A.). For an exothermic transition (such as crystallization) 
heat is released from the sample while for an endothermic transition (such as melting) more heat is 
to be supplied to the sample with respect to the reference. Glass transition is observed as an 
endothermic shift in the baseline (heat flow signal) due to an increase in the specific heat capacity 
of the polymer. Generally glass transition temperature (Tg) is determined from the center point of 
the heat flow change (Fig. 2.6.B.) [122].In this project DSC has been used to study the thermal 
behavior of PCL-F matrix. DSC is performed in a Perkin-Elmer DSC 4 fitted with a 3600 Thermal 
Analysis Data Station. Sample sizes are 10mg where the pure PCL and PCL-F solutions of same 
concentration are pipetted in aluminium pan. The solvent is allowed to evaporate overnight. The 
samples are hermetically sealed in the pans (Perkin-Elmer kit No. 219-0062) and scanned at 2 
°C/min over the range -80 °C to 225°C. 

 
Fig.2.6.A. Schematic of differential scanning calorimetry system (DSC), B. Typical DSC plot including Tg transition 

and crystallization and melting peaks. 

2.2.6. Microdissolution and drug release studies 
Dissolution testing is an essential tool for evaluating the performance of a drug in vitro. In this 
method, the drug release from delivery systems is characterized by recording the evolution of the 
drug concentration in a liquid with optical probes [123]. It is an important determinant of the in vivo 
performance and also essential for quality control purposes. However, it can be difficult to predict 
oral bioavailability based on in vitro dissolution as the processes occurring in the GI-tract are very 
complex and, therefore, difficult to mimic precisely. Nevertheless, dissolution tests remain 
important and can provide at least indications towards the in vivo performance [124].  
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The traditional methods of dissolution measurements involve manual or automatic sampling from 
the dissolution vessel and measuring the concentration using UV spectrophotometer or high-
performance liquid chromatography (HPLC) [125]. This process is laborious and expensive. The 
use of fiber optic technology for dissolution measurements allows continuous in situ analysis of the 
drug concentration with more data points and without any need for sample withdrawal and 
preparation for analysis. The dissolution experiments described in this thesis are performed with a 
µDiss profiler (pION Inc, Woburn, MA). A µDiss profiler is a miniaturized dissolution apparatus 
with thermostated channels using in situ fiber optic UV probes immersed in 2-20 mL of dissolution 
media. The probe is rod shaped with a mirror at one end, two optical fibers connected to the other 
end, and a window with well-defined spacing between the mirror and the fibers. UV light emitted 
from the optical fiber travels through the dissolution media through the window between probe and 
mirror, where it is reflected back to a second optical fiber. On the path through the media the light is 
scattered by the analyte molecules. This signal is then detected by photodetectors or CCDs resulting 
in real time measurements of UV absorption [125, 126]. This technique eliminates potential errors 
in sample preparation and also wastage of sample. The tool is low-maintenance and running the 
tests is straightforward [127]. However, care must be taken to avoid passage or trapping of bubbles, 
excipients, or undissolved particles at the probe detection window that can interfere with the signals 
[128]. Fig.2.7.A shows the set-up of a µDiss profiler containing 6 channels and the schematic of 
one probe. Fig.2.7.B provides an example of typical microdissolution measurement from Lu et al. 
In the µDiss profiler dissolution studies in this project, 10 mL of phosphate buffer (pH = 7.4) are 
utilized. A rotation speed of 100 rpm and a temperature of 37 °C are applied during the 
experiments. 

 
 Fig.2.7.A Photograph of the set-up of a µDiss profiler containing 6 channels and the schematic of one probe alongwith 
the closeup, B. An example of dissolution measurement from Lu et al. showing dissolution profiles of an immediate-
release capsule formulation comparing use of shaft probes and rod probes with use of manual sampling and HPLC 
finish [125]. 
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CHAPTER 3 
SPIN COATING 

As mentioned in the introduction section, spin coating has developed as a viable method of 
fabricating polymer films with controlled thicknesses. In this project, spin coating has been used at 
numerous occasions: from spin coating of photoresists in cleanroom to spin coating of polymer 
solutions in fumehood. One of the most important applications of spin coating presented in this 
thesis is the fabrication of drug-polymer matrices as drug delivery patches and as films for loading 
into microcontainers using hot punching. Hence, in this section, a brief overview of spin coating 
process is provided. This is followed by the method of spin coating of polymer solutions applied in 
the research. Finally, some results on spin coating are presented. Detailed information on drug-
polymer patches and drug-polymer loading is provided in chapter 5 on punching and in papers IV-
VII of chapter 8. 

3.1 Theory of spin coating 
In spin coating, a solution (polymer or photoresist dissolved in a solvent) is applied to a horizontal 
disc which is either static or rotating at low angular velocity. To get the desired thickness of the 
film, after dispensing the solution, the disc is then rotated at high angular velocity. The adhesive 
force at the liquid-solid interface and the centrifugal force lead to shearing of the liquid. There is 
radial flow of the liquid where the polymer liquid solution is ejected from the disc. This results in 
the formation of highly controlled and reproducible thin polymer film. Fig.3.1 shows the spin 
coating process. 

 
Fig.3.1 Schematic of spin coating process. 

In order to model spin coating process, Emslie, Bonner, and Peck [128] made the following 
assumptions: 
1. The fluid that is spin coated is a Newtonian fluid with a linear relationship between viscous stress 
and strain rate. 
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2. Non slip condition is present at the fluid-solid interface. This implies that the adhesive force of 
the fluid to the solid substrate is higher than the cohesive force present in the fluid. Therefore, the 
fluid velocity (v) is zero (v = 0) at the surface of the disc. 
3. The rotating disc is assumed to be an infinite plane. This is reasonable considering that the 
thicknesses of the spin coated films that are in nanometers to micrometers range while the 
substrates generally are Si wafers with diameters of 2-12 inches. 
4. Other forces such as gravitational forces or Coriolis forces are neglected. 

Using cylindrical polar co-ordinates (r, Ɵ, z) with origin at the center of rotation, z perpendicular to 
the plane, and the axes r and Ɵ rotating with the plane with angular velocity ɷ, the viscous and 
centrifugal forces per unit volume are described by the following equation: 
 

−𝜂𝜂 �
𝜕𝜕2 𝑣𝑣
𝜕𝜕2𝑧𝑧

� =  𝜌𝜌𝜌𝜌2𝑟𝑟 
(3.1) 

where, ɳ = absolute viscosity, ρ = fluid density, and ν = velocity in the direction of r  
The following flow and velocity boundary conditions are assumed: i) v = 0 at the surface of the disc 
(z = 0) and ii) dv/dz = 0 at the free surface of the liquid (z = h) since at the free surface, there is no 
shearing force. Applying the boundary conditions, continuity equation and using few integrations, 
the film thickness h(t) at any time t is given by [128]: 
 

ℎ =  
ℎ0

�1 + 4𝐾𝐾ℎ02𝑡𝑡
 

(3.2) 

where, h0 is the thickness at t = 0 and  
 

𝐾𝐾 =  
𝜌𝜌𝜌𝜌2

3𝜂𝜂
 

(3.3) 

From equations 3.2 and 3.3, it can be derived that  
 

ℎ α �
𝜂𝜂
𝜌𝜌2𝑡𝑡

 
(3.4) 

From equation 3.4, it can be inferred that when the fluid is more viscous, or is rotated at slower 
speed or for short duration, a thick film is produced. However, equation 3.2 is only valid for the 
early stage of fluid thinning. In the later stage, after the ejection of the fluid at high speeds, thinning 
of the polymer film due to evaporation of the solvents becomes significant and influences the 
outcome of the spin coating process. Meyerhofer introduced evaporation during spin coating 
process [129]. He approximated that the height of the fluid h could be written as sum of the solid 
content (S) and the solvent (L) present in spin coated fluid, that is,  
  ℎ = 𝑆𝑆 + 𝐿𝐿 (3.5) 
This implies that the concentration of solids C(t) can be written as 
 

𝐶𝐶(𝑡𝑡) =
𝑆𝑆

(𝑆𝑆 + 𝐿𝐿)
 

(3.6) 

By applying continuity equation, it can be obtained that the change in the solid height as the 
function of time is: 
 𝑑𝑑𝑆𝑆

𝑑𝑑𝑡𝑡
= −𝐶𝐶(𝑡𝑡)

2𝜌𝜌2ℎ3

3𝜗𝜗
 

(3.7) 

where ϑ is the kinetic viscosity ( = η/ρ). Since it is the solvent that evaporates, the change in liquid 
height should include the evaporation term as: 
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  𝑑𝑑𝐿𝐿
𝑑𝑑𝑡𝑡

=  −[1 − 𝐶𝐶(𝑡𝑡)]
2𝜌𝜌2ℎ3

3𝜗𝜗
− 𝑒𝑒 

(3.8) 

where, e = evaporation rate of solvent. With various additional assumptions and describing the 
viscosities of the solutions as the power law function of the solute concentration, the final height 
achieved is calculated as [130]: 
 

ℎ𝑓𝑓 = �
3C03η0𝑒𝑒

2(1 − C0)𝜌𝜌2�
1
3�

  
(3.9) 

where C0 and ɳ0 are the initial concentration and kinetic viscosity of the fluid, respectively. Thus 
from Equation (3.9), it can be inferred that: 
  ℎ α  𝜌𝜌−2

3�  (3.10) 
This dependence is accurate for the spin coating of high viscosity fluid films or at low rotational 
speeds for short spin times.  

To summarize, in this section, some fundamental analytical calculations for the spin coating process 
are described. It can be observed that a basic analysis as presented here can provide an 
understanding of such a complex process. For simple cases, these equations can allow predicting the 
final film thickness exclusively based on process parameters and material properties.  
 
3.2 Method of spin coating of polymer solutions 
For spin coating, first a homogenous polymer solution is prepared. 10 %wt. 15 %wt. and 20 %wt. 
PLLA solutions are dissolved in DCM. 14.7 %wt. solution consisting of 2 g of FURO, 8 g of PCL, 
40 ml of acetone and 20 ml of DCM is also prepared. All the solutions are heated to a temperature 
of 50 ºC on a hot plate for about 24 hrs to ensure complete dissolution of the polymer and the 
formation of a homogeneous, transparent solution. During heating the solutions are constantly 
stirred with a magnetic stirrer. In order to avoid evaporation of DCM and acetone, paraffin films are 
used to seal the lids of the bottles. The solutions are cooled to room temperature before spin-
coating. All the polymer film samples studied in this project are spin coated using a WS-650 spin 
coater (Laurell Technologies Corporation, Pennsylvania, United States). Clean Si wafers without 
any pretreatment or coated with PDMS are used as carrier substrates for the experiments. The 
wafers are clamped to the chuck of the spin coater using vacuum. During spin coating, the chuck is 
accelerated in 1 sec to the final spin speed. The spin coating process is started immediately after 
dispensing of the solution because the solvents used in the experiments such as acetone and DCM 
are very fast evaporating. 

3.3 Results and discussion on spin coating of polymer solutions 
For the fabrication of the microcontainers a PLLA thickness of several 10s of µm is required. 
Similar requirements exist for the thickness of the PCL-F films for container loading. To predict the 
thickness using spin coating, spin curves showing the film thickness as a function of the spin speed 
are prepared experimentally. For this purpose, solutions of different concentrations are spin coated 
either on Si substrates or on PDMS coated Si substrates. The thickness of the film (hf) is measured 
using a stylus profilometer and the values are fitted with a least square fit using  
 ℎ𝑓𝑓 = 𝐴𝐴𝜌𝜌−2

3� + 𝐵𝐵 (3.11) 
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where, A and B are the fitting coefficients. The value of coefficient B represents the deviation of the 
final thickness from the -2/3 dependence on the angular velocity ɷ, as per the equation 3.9 of theory 
section. Thus, higher the value of B, greater is the deviation. The matlab script for the fitting is 
included in Appendix 1.  

 
Fig.3.2 Measured and fitted thicknesses of PLLA films when PLLA solutions of 15%wt. concentration (left) and 
20%wt. concentration (right) are spin coated on Si wafers. 

As can be seen in the Fig.3.2 and Table.3.1, when the PLLA solution (15% wt. and 20% wt. PLLA 
dissolved in DCM) is directly spin coated on Si wafers, the dependence of the final film thickness 
hf on the angular velocity ɷ is very close to -2/3 similar to equation 3.9, where the rate of 
evaporation plays a significant role. Since DCM evaporates really fast due to its low boiling point, it 
can be inferred that evaporation has to be considered in spin coating of PLLA solution even at low 
velocity of 500 rpm. However, when the same PLLA solution is spun on PDMS, this dependence 
gets changed (Fig.3.2). It could be due to the absorption of solvent DCM by PDMS layer that leads 
to faster removal of solvent from the solution, thereby leading to a thicker layer. When a PLLA 
solution with lower initial concentration (10% wt.) and hence lower initial viscosity is spin coated, 
higher deviation from -2/3 dependence on ɷ is observed (Appendix 2). Nevertheless, keeping these 
parameters and dependencies in mind, reproducible film thicknesses have been achieved throughout 
the research.  

Table. 3.1 represents the values of coefficients A and B derived after fitting of measured and calculated values. 
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Fig.3.3 Measured and fitted thicknesses of PLLA films when PLLA solutions of 15%wt. concentration is spin coated on 
PDMS deposited Si wafers. 

In this research, spin coating is also applied for the fabrication of drug delivery patches. The spin 
coating parameters such as spin speed, the annealing temperature and time, and the rate of cooling 
of annealed films have been investigated to achieve control on the crystallinity of drug in these 
patches. It has been demonstrated that the drug crystallinity and hence drug release can be 
controlled by tailoring the spin coating parameters. 
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CHAPTER 4 

FABRICATION OF STAMP AND HOT EMBOSSING 

In this chapter, first, the key process steps of hot embossing are explained. The influence of initial 
thickness of the polymer film, the temperature applied and the stamp design on the embossing 
process are discussed. The section on demolding describes the necessity of fabricating a robust 
stamp with required features of smooth surfaces and sidewalls and positive profiles of the 
protrusions, in order to decrease the demolding forces. After that, DRIE is introduced as a method 
of fabrication of Si master for electroplating of Ni. Two types of deep reactive etching processes are 
used in the project: i) continuous DRIE process and ii) multiplexed Bosch DRIE process. Later, a 
short summary of the process flow for the fabrication of Ni stamp is provided. Then in the results 
section, DRIE optimization for the preparation of the Si master is discussed. Finally, the hot 
embossing of the Ni stamp in PLLA is briefly described. The complete process flow for the 
fabrication of Ni stamp followed by hot embossing is described in paper II of chapter 8. 

4.1. Theory 
4.1.1 Introduction to hot embossing 

Fig.4.1 Hot embossing of a polymer film by a mold for fabricating  micro/nano patterns. 

Hot embossing is a viable solution for fabricating micro/nanopatterns in polymer films. The 
relatively expensive step of the process is fabrication of stamp/mold which is done only once. 
Applying this stamp, identical structures can be mass produced reproducibly. In hot embossing 
process, first a polymer is heated, then a mold is pressed in it and after the polymer is cooled down, 
the mold is seperated from the polymer producing micro/nano patterns in the polymer as shown in 
Fig.4.1 [131]. 

In detail [132], hot embossing process is divided into four major steps as depicted in Fig.4.2: 
1. Heating of the embossing plates to the desired temperature above Tg of the thermoplastic
polymer. This temperature should be high enough to allow the complete filling of the cavities but
low enough to not alter the sample properties or lead to excess thermal stress caused by different
thermal expansion of the mold and the polymer.
2. Embossing of the mold in the polymer sample while applying pressure. This pressure should be
high enough to allow complete filling of the cavities in a reasonable time but low enough to not
alter the sample properties or to lead to mold damages.

I. Heating II. Hot embossing III. Demolding

Substrate Polymer film Stamp
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Fig.4.2 Typical behavior of the process parameters, force and molding temperature, in a hot embossing cycle 

3. Cooling down of the embossing plates below the Tg of the polymer sample, while maintaining 
the pressure. 
4. Demolding of the mold from the sample performed below the Tg of the polymer sample but 
preferably above the room temperature. The optimal demolding temperature resulting in the lowest 
demolding forces is found experimentally. 

 
Fig.4.3 Squeeze flow in geometry similar to that encountered in hot embossing. 

Hot embossing can be represented by the simple model of squeeze flow of Newtonian fluids [131, 
132]. In this model, the sample substrate is stationary while the mold with protrusions of radius R 
and height hf, moves vertically with the speed of dh/dt. This small vertical displacement leads to 
large lateral flow (v) of the polymer. The polymer is spin coated to have an initial thickness, h0. 
Applying continuity, conversation of momentum for an incompressible liquid and Stefan equation, 
which gives the steady state solution of an incompressible, viscous fluid of viscosity h0 between 
two parallel discs separated by a distance h(t) (Fig.4.3), the force F can be expressed as [131-133]: 
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This model is rather simple and does not consider the more complex aspects of the process such as 
i) non-newtonian flow with a non-uniform shear velocity distribution, and ii) shear thinning, 
characterized by a decrease in the viscosity with increasing shear rate at high temperatures. 
However, this simple model can give many qualitative insights in the hot embossing process 
especially the effect of mold design, rough estimates of required temperature and pressure. etc. 
[131, 132]. Some of the rules for optimization of the hot embossing process that can be inferred 
from equations 4.1 and 4.2 are: 
i) Effect of initial film thickness: From equation 4.2, it can be inferred that if the initial thickness of 

the film is high, then the embossing process time is lowered. This is because when the film is 
thick, the polymer can flow in the central plane of the film with less resistance from boundary 
friction. However, for a thick film, a thick residual layer is obtained after the demolding process.  

ii) Effect of embossing temperature: From equation 4.2, it can be inferred that the low viscosity of 
the polymer can potentially lead to short embossing times. When the polymer is subjected to 
heat, the viscosity decreases. Therefore, the higher the molding temperature is, the lower is the 
viscosity and the shorter is the time required to fill the cavities. However, in some cases high 
molding temperature might not reduce the total processing time since it might require more time 
to heat the embossing plates and cool them down below the Tg of the polymer. 

iii) Effect of mold geometry: From equation 4.1, F ∝ R4, which implies that if the protrusions on the 
stamp are very large, large forces would be needed to fill the cavities.  

iv) Residual layer: In equation 4.1, F ∝ h-3, this means that as h(t) → 0, the force required becomes 
extremely large. This in turn means that it is practically impossible to remove the residual layer 
completely. 

4.1.2 Demolding and stamp design considerations 
The first step in the hot embossing process is the fabrication of stamp. A robust, well-designed 
stamp with smooth sidewalls and surfaces is of utmost importance in embossing. As mentioned in 
section 4.1.1, the stamp protrusions should not be too wide to avoid large lateral polymer flow and 
unacceptable long processing times. Moreover, the stamp cavities and protrusions should be 
distributed homogeneously over the entire stamp to reduce variations in the filling of cavities and 
the thickness of the remaining residual layer [131]. The stamp should have smooth surfaces and 
sidewalls to minimize frictional forces between stamp and polymer. There should not be any 
undercuts or overhanging structures that can result in the interlocking of polymer and stamp. The 
stamp should preferably have positive sidewalls, again to reduce interlocking. Typically, an anti-
adhesion layer is deposited on the stamp to reduce the adhesion between the stamp and the molded 
polymer. The above mentioned features of a stamp help in minimizing the demolding forces to 
produce a defect-free molded structure with good replication fidelity and high yield. Another aspect 
that can be considered during stamp fabrication is the stamp material itself. If possible, the stamp 
material can be chosen such that the difference between the thermal coefficient of expansion for 
stamp and polymer materials can be reduced. This in turn reduces the formation of large 
compressive stresses during cooling [134]. Therefore, stamps fabricated in polymers such as PDMS 
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or perfluoropolyether (PFPE) can be beneficial in avoiding the fracture or deformation of molded 
parts [134, 135]. However, these stamps are not very durable and in long term, can be very costly. 
Hence, in next few sections, DRIE which is one of the most important processes in the fabrication 
of stamps in hard materials like Si and Ni is presented. 

4.1.3 Deep reactive ion etching technology (DRIE) 
DRIE is a standard anisotropic Si etching technology [136, 137]. A DRIE system consists of low 
frequency inductively coupled plasma (ICP) electronics, load lock, carousel wafer loading unit and 
a process chamber. The plasma is generated by an inductive coil assembly coupled at 13.56 MHz 
via the matching unit, in an aluminum chamber. A high density plasma is produced that can provide 
high etch rates with negligible substrate damage. The bottom platen electrode, on which the sample 
wafer is placed, is independently biased at 13.56 MHz. Process gas is introduced in the chamber 
through a small inlet near the upper electrode assembly. The wafer platen is maintained at a desired 
temperature using a chiller. Plasma is produced by the oscillating electric field of the upper coil by 
ionizing the gas molecules in the chamber. The electrons are accelerated in this field. Some of these 
electrons are lost to the chamber walls while some of them accumulate on the lower platen. Since 
the plasma is mainly positive consisting of positive ions stripped of their electrons, a high potential 
difference is achieved between the positive plasma and the negative platen. Hence, the ions start 
accelerating and bombarding the sample placed on the lower platen. The ions collide with the 
sample and some of them remove material from the sample by physical sputtering due to their high 
kinetic energy. Other ions react with the sample producing volatile by-products, thereby etching it 
chemically. The schematic of the physical and vertically directed chemical etching in a DRIE 
chamber is illustrated in Fig.4.4.   

 
Fig.4.4 Schematic of the physical and vertically directed chemical etching in a DRIE chamber. 
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DRIE is a complex process that can be tailored by many process parameters such as the type of 
gases, gas flow ratios, platen power, coil power or chamber pressure. DRIE is able to produce high-
aspect-ratio (HAR) features in Si for fabrication of vias for interconnects, for MEMS applications 
and for DEEMO (dry etching, electroplating and molding ) to produce Si masters for electroplating 
Ni molds. DRIE is based on two processes either happening simultaneously or sequentially: i) ionic 
bombardment to etch the exposed surface, and ii) sidewall passivation by an inhibitor preventing 
lateral sidewall etching. With the control of the etching and passivation processes, deep vertical 
trenches can be fabricated. There are different types of DRIE processes. The three most commonly 
used approaches are: i) cryogenic continuous process [138], ii) continuous process at room 
temperature [139], and the most commonly used of all iii) Bosch time multiplexed process [138]. In 
this project, continuous process at near room temperatures (10 °C) and Bosch process are explored.  

4.1.3.1 Continuous DRIE process 
In the continuous DRIE process, SF6 and O2 are injected into the chamber. Fluorine, SFx and O 
radicals are produces in the plasma and diffuse towards the substrate. Fluorine reacts with Si 
spontaneously to produce volatile SiFx molecules. SiF4 is the main by-product of such exothermal 
chemical reaction that desorbs from the Si surface. At the same time, O radicals can interact with 
the SiFx to deposit a protective layer of siliconoxyhalide (SixOyFz) passivation layer  on the 
sidewalls to avoid lateral etching. At the trench bottom, Si is etched by the incident ion 
bombardment. The addition of O2 (<5%) to the SF6 gas flow initially significantly increases the F-
radical concentration in the plasma. However, after a certain O2 partial pressure is reached, the F-
radical concentration starts decreasing due to dilution. Consequently, the Si etch rate increases 
initially due to a higher F-radical density and then in the later stages decreases because of the 
growing SixOyFz film and F-radical dilution [139]. If a cavity is etched with a process where the 
etching is reduced and passivation is increased controllably, one can expect to obtain a positive 
profile of the sidewalls. Related to the above discussion, it can be inferred that the ratio of O2 gas 
flow to the total gas flow SF6+O2 can be used to control the sidewall angle in the trenches [140]. 
However, it is a challenge to control the passivation in this continuous process and maintain the 
balance between lateral and vertical etch rates. Table 4.1 shows the effect of increase in certain 
etching parameters on the continuous DRIE process features such as undercut, etch rate, slope and 
roughness. 

Table 4.1 Effect of increase in etching parameters on the continuous DRIE process [139] 

 

4.1.3.2 Multiplexed Bosch DRIE process 
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The second process that is explored is the multiplexed Bosch process. In this process generally SF6 
and C4H8 gases are used for short durations in a sequential manner of etch and passivation cycles. 
In the etch cycle, SF6 reacts with Si to form volatile SiFx gas, thereby, chemically etching Si. In the 
passivation cycle C4F8 is introduced in the chamber to deposit a thin polymeric passivation layer 
(CxFy) obtained through the adsorption of C and CFx radicals during ion bombardment. This 
passivation layer is removed from the horizontal surfaces in the subsequent etch cycle through ion 
bombardment with fluorine radicals. However, the sidewall passivation remains intact, leading to 
overall anisotropic etch of Si [141]. These alternating cycles create periodic structures on the 
sidewalls called scallops (Fig. 4.5). Optimal etching can be achieved by the control of etch and 
passivation cycles times and other process variables that control gas species fluxes in the chamber, 
summarized in Table 4.2. 

Table 4.2 List of important process parameters that affect etching of Si during DRIE [142]

Fig. 4.5 Graph showing the gas flow cycles during plasma etching. Note the overlaps caused by the finite time response 
of the mass flow controllers [ref]. 

In order to control the sidewall profile during the fabrication of the Si master for electroplating of 
the Ni stamp, there are some parameters that can be varied as shown in Table 4.3. In this project 
sidewalls with a positive slope are achieved by controlling etch and passivation cycles time ratios. 

Table 4.3 Summary of process trends [143] 

4.2 Methods 
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In this section the basic stamp design with the description of the unit feature is provided. After that, 
a short summary of the process flow for the fabrication of the Si master, electroplating of the Ni 
stamp and hot embossing in the PLLA film using the Ni stamp is presented. 

4.2.1. Stamp design 
The stamp contains 16 square arrays with 20 x 20 individual stamp units. Each stamp unit 
corresponds to one microcontainer and thus the stamp design enables fabrication of 6400 devices in 
a single embossing run. Fig.4.6 shows an individual stamp unit. It consists of two parts, an inner 
disc and an outer ring structure and there are three important parameters: 1) The diameter of the 
inner disk, which translates into the microcontainer reservoir, 2) the space between the inner disc 
and the outer ring that corresponds to the wall of the container and 3) the width of the outer ring 
structure, which transforms into the separation trench between the microcontainer and the 
surrounding polymer film.  

 
 Fig.4.6 Various features of the stamp and microcontainers and subsequent translation of the Si master (A) into a Ni stamp (B) and 
then further into biopolymer microcontainers (C) with the inner reservoir, walls around it and the separation trench between the 
container and the surrounding polymer film 
 
4.2.2. Fabrication of Si master, Ni stamp and hot embossing of PLLA films 

 
Fig.4.7 Process flow for the fabrication of Si master, Ni stamp and polymer replica A. Exposure of AZ5214E photoresist spin coated 
on a thermally oxidized Si wafer, using base mask and development, B. Exposure of second layer of AZ5214E spin coated after 
oxide etch with AOE, using separation mask and development, C. First DRIE etch, D. Second DRIE etch after AZ5214E stripping, 
E. Au deposition on amorphous-Si coated Si master and Ni electroplating, F. Wet KOH Si etch to release the Ni stamp and 

MICROCONTAINER Si MASTER 

A

Separation trench Container reservoir
Container wall

B C

Inner discOuter ring

Space between outer ring and inner disc

Ni STAMP 

A B C

E
F

G H

Si SiO2 AZ512E

Mask Amorph-Si

Au Ni PLLA

D

40



deposition of fluorocarbon using MVD, G. Embossing of Ni stamp in spin coated PLLA film, H. Demolding to finish replication of 
microcontainers in PLLA. 

The complete process flow for the fabrication of the Si master and the electroplating of the Ni 
stamp is described in paper II. The process can be summarized as two steps of lithography 
performed using two different masks followed by two steps of deep reactive ion etching. The first 
mask is called base mask as it defines the base of the containers after the first RIE and the second 
mask is called separation mask as it defines the separation distance. The process starts with the spin 
coating of photoresist on a thermally oxidized Si wafer followed by the exposure of AZ5214E 
photoresist using the first base mask and development (Fig.4.7.A).After that the pattern is 
transferred to silicon dioxide using advanced oxide etching (AOE). Then the first AZ5214E resist 
layer is stripped. Subsequently, spin coating of second AZ5214E photoresist layer, exposure of 
AZ5214E using separation mask and development are carried out (Fig.4.7.B). Later, the first Bosch 
DRIE etch is performed (Fig.4.7.C). The resist is stripped and the patterned oxide layer is exposed. 
This oxide layer becomes the etch mask for the second DRIE etch. After the second etch, the Si 
master is fabricated (Fig.4.7.D). A new sacrificial oxide layer is grown and subsequently etched to 
obtain smoother sidewalls. Once the sidewalls are smooth enough, a sacrificial layer of amorphous 
Si is deposited. A Au seed layer is sputtered on the Si master and Ni is electroplated (Fig.4.7.E). Si 
is wet etched in KOH to release the Ni stamp (Fig.4.7.F). Fluorocarbon (FC) is then coated on this 
stamp using molecular vapor deposition (MVD). The stamp is then embossed in spin coated PLLA 
film (Fig.4.7.G) and demolding is performed resulting in the replication of the microcontainers in 
PLLA (Fig.4.7.H). 
 
4.3. Results and discussion 
This section illustrates some of the results obtained during the optimization of DRIE process for the 
fabrication of Ni stamp. The first part of this section describes the details of the unsuccessful 
attempts of application of the continuous DRIE process for fabricating the Si master. The second 
part briefly summarizes the successful attempt of the application of the Bosch process for the 
fabrication of the Si master and the Ni stamp. Finally, a short discussion on the hot embossing of 
PLLA films is presented. 

4.3.1 Fabrication of Si master with continuous DRIE process  
A continuous DRIE etch at 10 °C was initially chosen to fabricate HAR structures in Si. The 
process parameters used are summarized in Table 4.4. 

Table 4.4 Continuous DRIE process parameters used in the SPTS Pegasus DRIE tool. The process is run at 10°C 

 

Gas Flow Pressure Coil Power Platen Power

SF6/O2/Ar = 180/160/100 sccm 246 → 91 mT 2800 W 170 → 215 W
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Fig.4.8. Summary of application of continuous DRIE for the fabrication of Si master for Ni electroplating. 

Based on the information in Table 4.4, the process is run with variable pressure in an attempt to 
achieve sidewalls with a positive slope. At the start of the process, the pressure is as high as 
machine tolerances allow at 230 mTorr and is then linearly decreased to 90 mTorr for the duration 
of the process. The coil power is kept constant at 2800 W while the platen power is increased 
linearly from 170-215 W. The three gases that are allowed in the chamber are SF6, O2 and Ar. As 
discussed above in section 4.1.3.1, SF6 is the main etch gas. O2 gas initially promotes the etching 
by increasing the concentration of F radicals. At a later stage O2 contributes to the formation of a 
passivation layer while Ar ions are basically used for physical bombardment. When gas flows are 
used as described in Table 4.3.1, 10 µm wide walls on the wafer lose their structural integrity due to 
high lateral etch (Fig.4.8.A). Besides, high surface roughness and undercuts are observed (Fig. 
4.8.B and C). Therefore, the ratio of O2 to SF6 is modified to achieve the desired sidewall profile. 
In the next few experiments, the SF6 gas flow is lowered to 100 sccm while maintaining the oxygen 
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flow at 160 sccm. With this process, structural integrity is preserved, however, very high surface 
roughness is observed at sidewalls and the bottom of the trenches (Fig. 4.8.D). Thus to avoid 
excessive lateral etching and excessive surface roughness, the SF6 flow is increased to 120 sccm 
and the O2 flow is lowered to 90 sccm. With this process the roughness is reduced and the structural 
integrity is improved, but some lateral etch can still be observed (Fig. 4.8.E and F). To remove the 
remaining roughness, an isotropic Si wet etch is performed. This produces smoother surfaces (Fig. 
4.8.G), however the already thinned down 10 µm walls are completely lost (Fig. 4.8.H). Moreover 
the cross section micrograph shows that the profile is not as desired after the two DRIE cycles for 2-
leveled microcontainer structures (Fig. 4.8.I). Hence, the continuous DRIE etch is disregarded and a 
more standardized process with improved control of the outcome is desired. 

4.3.2 Fabrication of Si master with Bosch DRIE process 
Finally, a standard Bosch process is chosen and optimized. Some of the standard processes 
developed by the manufacturers of the equipment at DTU Danchip are available to the users. The 
most suitable method called Process D is chosen for the initial experiments (Table.4.5). Without  

Table 4.5 Standard Process D parameters developed by the manufacturers of STS Pegasus DRIE tool 

I 
further optimization the process results in formation of tall grass-like structures (Fig.4.9.A). To 
reduce the grass formation, the duration of the etch cycle is increased to 4 sec. Nagarajan et al. 
suggested that if the Bosch process is combined with an isotropic etch, positive sidewall profiles 
can be produced [144]. Thus, after the Bosch process run, an isotropic etch is performed. This not 
only fails to give completely smooth sidewalls but also results in the loss of structural integrity of 
10 µm wide walls (Fig.4.9.B and C). Due to the unpredictable nature of Si isotropic etch and hence 
less control on the process, it is completely avoided in future experiments. After many experiments 
on Si test structures, the optimized parameters for process D are obtained. The detailed description 
of the process optimization is available in paper II of chapter 8. Structurally intact HAR 
microstructures with minimal undercut and low surface roughness can be obtained by the 
combination of the optimized Bosch process and multiple oxide layer growth and etching steps 
(Fig.4.9.D). After the optimization of Bosch process several other Si masters with HAR structures 
have successfully been fabricated (Fig. 4.9.I and J). 
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Fig. 4.9 SEM micrograph of: A. Fabrication of Si master using standard process D, B. Fabrication of Si master using 
standard process D plus isotropic etch, C. Laterally etched walls of Si master after isotropic etch, D. Successful 
fabrication of Si master, E. <111> etch stop during KOH etching of Si master, F. Unit feature on the successfully 
fabricated Ni stamp with smooth walls and surfaces and positive profile, G. Peeling of NiV seed layer after cleaning of 
stamp in DCM; H. Photograph of successfully fabricated Ni stamp; SEM micrograph of: I. Pillars and J. Hexagonal 
structures etched in Si using the optimized process. 

4.3.3 Ni stamp fabrication 
Here, the Ni stamp fabrication is briefly described. Details on the fabrication process are included in 
paper II of chapter 8. First, the Si master is coated with Au and applied as mold for Ni 
electroplating. After electroplating, is the Si is etched using KOH. However, during this process the 
etching stops at the <111> Si plane producing distinct features on the four sides of the Ni stamp 
features (Fig.4.9.E).To avoid this, amorphous Si is deposited on the Si master before coating with 
Au for electroplating. With this sacrificial amorphous Si layer, all the Si is removed in the KOH. 
Hence, a robust two-leveled HAR Ni stamp is produced with all the required properties for 
embossing such as smooth surfaces and sidewalls, slightly positive sidewall profile and negligible 
undercuts (Fig.4.9.F and H). All these features reduce the frictional forces during demolding of the 
stamp. A fluorocarbon anti-stiction coating is deposited on the Ni stamps to lower the adhesion 
forces. It is worth mentioning here that for some stamps NiV has been used as the seed layer for Ni 
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electroplating. For this material there is a high risk of oxidation, leading to defects in the stamp. 
Moreover, if strong organic solvents like DCM are used for cleaning the stamp after embossing, it is 
observed that the NiV layer peels off (Fig.4.9.G). Hence, a Cr/Au layer is recommended as seed 
layer for Ni electroplating. The transition to NiV was initially made due to the assumption that the 
FC antistiction layer deposited in MVD is not able to attach to Au. It was realized that this 
assumption was irrelevant as the topmost layer exposed in the Ni stamp is not Au but Cr.  

4.3.4. Hot embossing of PLLA films  
The Ni stamp fabricated as described above is used to emboss the PLLA film at 90 °C for 15 min at 
a pressure of 1.9 MPa. The demolding is performed at 50 °C. A long process time of 15 minutes is 
chosen because the embossing temperature is only 30 °C above the Tg of PLLA. This implies that 
the viscosity of PLLA is relatively high, the polymer fluid flow is slow and hence longer time is 
needed to completely fill the cavities of the mold. However, the relatively low embossing 
temperature of 90 °C and a demolding temperature of 50 °C are well suited for reducing the thermal 
stress developed due to the difference in contraction of Ni and polymer during cooling. Thus the 
combination of the robust Ni stamp with a smooth surface, the anti-stiction layer and the small 
difference between embossing/demolding temperatures leads to low frictional forces, low adhesion 
forces and low thermal stress, overall resulting in low demolding forces. This enables fabrication of 
HAR (>9) structures with good replication fidelity and yield. Details on the embossing process are 
included in paper II of chapter 8. 
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CHAPTER 5 
PUNCHING 

In this chapter, the concepts of punching as a method for the fabrication and loading of 
microcontainers are introduced. The chapter includes a short description of mechanical punching 
which has been the first attempt of obtaining 3D discrete microcontainers. The idea behind this 
process is to fabricate reservoirs in a polymer film using hot embossing. Then the reservoirs can be 
filled with drug powder. After that different polymer layers such as pH-sensitive Eudragit layers 
can be deposited using spray coating like pH-sensitive Eudragit layer. Finally, the filled polymer 
reservoirs with the functional coatings are punched out using a single step mechanical punching 
process. This process served as inspiration for the development of the hot punching process which 
is a combination of hot embossing and mechanical punching. The basic concepts of hot punching 
that are applied for the fabrication and loading of microcontainers are explained in this chapter, both 
from a theoretical perspective and with an overview of the experimental results. Mechanical 
punching is described in detail in paper I, the hot punching in paper III, and the loading in paper IV, 
V and VII of chapter 8. 

5.1. Theory 
In this section, some theoretical aspects of mechanical punching and hot punching for the 
fabrication and loading of microcontainers are presented. The total force that is to be applied during 
the mechanical punching of polymer film is described. The expression for the required polymer film 
thickness for disruption of the residual layer during hot punching is derived. Furthermore, the 
combined effect of work of adhesion and total contact area between the punched polymer and the 
mold, on the likelihood of punched polymer to get attached to the mold or remain on its substrate is 
explained.  

5.1.1 Mechanical Punching 
Mechanical punching is generally used to produce holes in metallic sheets. In punching, the sheet is 
positioned between the punch and the die.  The punch moves downward and plunges into the die. 
The edges of the punch and the die move past each other in parallel, thereby cutting the sheet 
(Fig.5.1). Thus, the punching process has three phases: i) when the punch touches the sheet, the 
sheet is deformed, ii) then the punch penetrates the sheet and the sample is cut, and finally iii) the 
shear stress within the material is high enough to fracture the sheet along the contour of the cut. The 
cut-out piece of the sheet is ejected downwards using a plunger [145]  

 

 
Fig.5.1 Schematic of mechanical punching of polymer as applied in this project. 

Sample Punching tool Plunger
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The total punching force F is given by [146]: 
 𝐹𝐹 = 𝐿𝐿 ∗  𝑡𝑡𝑠𝑠 ∗ 𝑈𝑈𝑈𝑈𝑈𝑈 ∗ 𝑀𝑀𝑀𝑀 (5.1) 
L = Punch perimeter = 2πR, R being the radius of the punching tool, ts = thickness of the sheet, UTS 
= ultimate tensile strength of the sheet to be punched, MM = material multiplier for the sheet 
material which generally ranges from 0.5 for soft Al to 1.4 for hard steel [146]. 

5.1.2 Hot Punching 
Hot punching is a combination of hot embossing and mechanical punching. Hot punching proceeds 
in three phases: i) the stamp achieves conformal contact with the substrate spatially confining the 
polymer to be punched, ii) the polymer is cut by the highest protrusion on the stamp, and finally iii) 
the tensile stress within the polymer becomes high enough to rupture the film along the contour of 
the cut. Similar to hot embossing, the polymer to be punched is heated above Tg to facilitate flow of 
the material.  

The most important difference between hot embossing and hot punching is that hot punching leads 
to penetration/disruption of the residual layer which is almost impossible to achieve in hot 
embossing. This is obtained by allowing the stamp to form complete conformal contact with the 
substrate on which the polymer film is spin coated. This conformal contact is obtained in two ways: 
i) with a deformable stamp such as a stamp fabricated in PDMS or other soft polymer (Fig.5.2.A) 
[36-38] or ii) with a deformable substrate (Fig.5.2.B) [147]. One way to obtain a deformable 
substrate is deposition of an elastic layer such as PDMS on a Si wafer before spin coating of the 
polymer to be punched. 

 
Fig.5.2 Conformal contact obtained by: A. a deformable stamp or B. a deformable substrate. C. Calculation of required 
polymer thickness to completely fill effective volume (Vfill) during the hot embossing process. Hf is the distance 
between the most elevated structure of the mold, and the mold baseline. The rectangles are positive structures while the 
semicircles are negative structure. Hres is the residual layer remaining after embossing. 
 
5.1.3 Calculation of required polymer film thickness 
In hot embossing, the total amount of polymer volume (Vfill) that is required to fill the cavities in the 
stamp can be calculated assuming that the volume of the polymer is constant [131]. Fig.5.2.C is the 
pictorial representation of a typical stamp. If the highest elevated feature on the stamp has a height, 
Hf, the total surface area to be filled on the stamp is A, the volume of a negative feature is Vneg and 
the volume of a positive feature is Vpos.  
 𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐴𝐴𝐻𝐻𝑓𝑓 +  �𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛 −�𝑉𝑉𝑝𝑝𝑝𝑝𝑠𝑠 

(5.2) 

If the volume of the residual layer with thickness Hres is taken into account, then the volume V0 of 
the initial polymer layer is: 
 𝑉𝑉0 = 𝐴𝐴𝐻𝐻𝑟𝑟𝑛𝑛𝑠𝑠 +  𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (5.3) 

Substrate Deformable layer Polymer Stamp

Deformable substrate

Deformable Stamp

Hf
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Negative featuresA B C
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This implies that the initial thickness, Ho of the polymer that has to be spin coated to achieve 
complete filling of the mold is: 

𝐻𝐻0 = 𝐻𝐻𝑟𝑟𝑛𝑛𝑠𝑠 + 
𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐴𝐴

(5.4) 

In hot punching, the thickness of the residual layer is assumed to be Hres = 0. This means that H0 
can be derived by the total volume of the cavities. To be able to successfully disrupt the residual 
layer, the thickness of the spin coated film should be slightly lower than H0. In that case polymer 
fluid can be completely confined in cavities of the mold and the highest protrusions of the stamp 
can achieve conformal contact with the substrate below the polymer.  

5.1.4. Adhesion during demolding 
Once the hot punching is performed and the polymer microstructures are punched out of the 
surrounding polymer film, two situations can occur during demolding: i) the punched polymer 
remains inside the mold, or ii) the polymer stays on the underlying substrate. This behavior of the 
punched polymer is dictated by the work of adhesion of polymer and mold compared to the work of 
adhesion of polymer and substrate [148]. The work of adhesion is described as the increase of 
Gibbs free energy per unit area when an interface is formed between two individual surfaces. This 
work of adhesion is the reversible of the work per unit area required to separate two surfaces that 
adhere to each other [149]. The work of adhesion is basically due to the attractive Van der Waals 
forces [149]. If the total contact surface area between polymer and mold is Apm and the work of 
adhesion at the polymer-mold interface is Wpm, then the total adhesion energy between the polymer 
and mold is ApmWpm. Wpm can be calculated by the Young-Dupré equation [150]: 

𝑊𝑊𝑝𝑝𝑝𝑝 = 𝛾𝛾𝑝𝑝 + 𝛾𝛾𝑝𝑝 − 𝛾𝛾𝑝𝑝𝑝𝑝 (5.5) 
where γp and γm are the surface energies of polymer and mold, respectively, and γpm is the 
interfacial energy between the polymer and mold generally described with the unit mJ/m2. The 
interfacial energy γpm is approximately 

𝛾𝛾𝑝𝑝𝑝𝑝 = �𝛾𝛾𝑝𝑝
1
2� − 𝛾𝛾𝑝𝑝

1
2� �

2 (5.6) 

Similarly, the total adhesion energy between the polymer and the substrate is the product of total 
contact surface area of polymer to substrate, Ap s and the work of adhesion between the polymer-
substrate interface, Wps where  

𝑊𝑊𝑝𝑝𝑠𝑠 = 𝛾𝛾𝑝𝑝 +  𝛾𝛾𝑠𝑠 − 𝛾𝛾𝑝𝑝𝑠𝑠 (5.7) 
Where γp and γs are the surface energies of polymer and substrate, respectively, and γp s is the 
interfacial energy between the polymer and substrate which can be calculated from γp and γs as in 
equation 5.6. When 

𝐴𝐴𝑝𝑝𝑠𝑠𝑊𝑊𝑝𝑝𝑠𝑠  > 𝐴𝐴𝑝𝑝𝑝𝑝𝑊𝑊𝑝𝑝𝑝𝑝 (5.8) 

The punched out microstructures are obtained as 3D discrete structures on the substrate. Otherwise, 
the punched out structures remain in the mold. This criterion has been used for the fabrication and 
loading of microcontainers in this research. From equation 5.8, it could be inferred that the process 
outcome can be modified by changing either the work of adhesion (Wpm and Wps) or the contact 
surface areas (Apm and Aps). The work of adhesion for various surfaces is lowered by depositing 
antistiction coatings with low surface energy such as a fluorocarbon layer [151]. The adhesion can 
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also be increased through an increase in the surface energy by surface treatment in UVO/oxygen 
plasma [72-74].The contact surface area can be modified by controlling the filling of the mold 
cavity volume e.g. by reducing the initial thickness of the polymer. For example, during the 
fabrication of microcontainers, the thickness of polymer is chosen so that the cavities defining the 
walls of the container are completely filled. However the deeper cavities defining the distance 
between two microcontainers are not completely filled. This reduces the total contact area between 
the polymer and the mold, thereby helping the polymer to remain on its substrate (process A of 
paper III in chapter 8).Though it is more difficult and costly, and the contact surface area can also 
be modified by changing the aspect ratios of the protrusions of the mold. The higher is the aspect 
ratio of the protrusions on the mold, the higher is the tendency of the punched polymer to remain in 
the mold cavities [152]. 
 
5.2 Methods 
In this section, the process flows for mechanical punching and hot punching are briefly described. 
In this project, hot punching has been applied in two ways: i) for the fabrication of arrays of discrete 
3D microstructures such as microcontainers in various materials, and ii) for the loading of reservoir-
based microstructures for oral drug delivery with various kinds of polymer matrices. The detailed 
process descriptions can be found in paper I of chapter 8 for mechanical punching, paper III and IV 
for hot punching and paper V and VII for drug loading. 

5.2.1 Mechanical Punching 

 
Fig.5.3 Mechanical punching process flow and corresponding optical images: A. Array of 3x3 punches, B. Alignment 
of PLLA trenches with punches array, C. Punching of PLLA film, D. Released microcontainers. (Scale bar: 1mm) 

In this process a Si stamp is used for the fabrication of reservoirs in PLLA films. Afterwards a 
microreservoir on these films is aligned to a mechanical punch and the area around the reservoir is 
punched to give 3D discrete microcontainer. The process of producing reservoirs in the film starts 
with the fabrication of Si stamp. The stamp is obtained by using DRIE and photolithography. A thin 
fluorocarbon (FC) film is deposited on top of the Si stamp by plasma polymerization. The Si stamp 

PLLA trench PMMA backplatePVA underfilm WC punchA B C D
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is embossed in a spin coated PLLA film at 90 ºC with a pressure of 1.9MPa for 15mins. The hot 
plates of the embossing equipment are then cooled down to 50 ºC, the PLLA sample and Si stamp 
are demolded, and a PLLA film with reservoirs is obtained. To punch this film, it is first peeled 
from the Si carrier wafer and mounted on a PMMA backplate with a soft polyvinyl alcohol (PVA) 
underlayer (Fig.5.3.A). Then, an array of 3X3 punches is aligned using the optical microscope 
(Fig.5.3.B). A fixed weight is placed on the stack to punch out the containers. After the weight is 
removed the punched parts are retained in the punching tool leaving behind through-holes in the 
PLLA film (Fig.5.3.C). The stuck polymer microparts are pushed out using a thin wire with a 
diameter of 200 µm (Fig.5.3.D). Finally, 3D discrete microcontainers are obtained. 

5.2.2 Hot Punching for the fabrication of microcontainers 

 
Fig.5.4 Process A - Hot punching process to fabricate microcontainers on PDMS layer: A. Spin coated PLLA 
film on ozone treated hydrophilic PDMS layer; B. Hot embossing leading to punching of PLLA containers 
from the surrounding film; C. Demolding of the stamp leaving the punched microcontainers on the PDMS 
layer along with the surrounding polymer film; D. Hydrophobic recovery of PDMS layer, PLLA containers 
ready to be collected after peeling of interconnecting film. 
 
The process starts with the spin coating of a PLLA device layer on an elastic PDMS layer 
(Fig.5.4.A). After that, the device layer is embossed by a robust Ni stamp and at the same time 
punched due to the presence of the underlying elastic layer (Fig.5.4.B). Once the punching process 
is finished the microcontainers are separated from the rest of the PLLA film. Depending on the 
surface pretreatment of PDMS before deposition of the PLLA layer, these microstructures either 
remain on the underlying PDMS layer (Fig.5.4.C) or get attached to the Ni stamp. When the PLLA 
microcontainers remain on PDMS layer after demolding, the process is named as Process A. In this 
process once the PDMS layer recovers its hydrophobicity, it is possible to mechanically peel the 
interconnecting PLLA film from the PDMS, while the PLLA containers remain attached 
(Fig.5.4.D). When the microcontainers get attached to the stamp, they are then transferred to a 
sacrificial layer such as water soluble PAA layer by thermal bonding and this process is named as 
Process B. Process A and B are described in detail in paper III of chapter 8. Process B is mainly 
used for the fabrication of microcontainers for drug loading in the next section. 
 
5.2.3 Hot Punching for the loading of microcontainers 
In this project, two types of polymer matrices: i) hydrophobic (PCL) and ii) hydrophilic (PAA) are 
loaded in SU-8 and PLLA microcontainers. PCL and PAA are chosen in order to demonstrate that 
different drugs can be mixed in solution with either hydrophobic or hydrophilic polymers and can 

A B C D

SiPDMS

PLLA Ni
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be loaded in containers as drug-polymer matrices. PCL represents the hydrophobic polymers 
applied for sustained release of drug. PAA represents the hydrophilic polymers used as either 
hydrogels or to increase the solubility of drug. 

SU-8 and PLLA microcontainers are fabricated using photolithography (Appendix 5) and hot 
punching (process B, paper III), respectively. Based on the thermal stability and relative 
deformability of the microcontainer materials, two different approaches are chosen to fill them. For 
microcontainers fabricated in non-deformable thermosetting materials such as SU-8 photoresist, the 
polymer matrix layer is spin coated on an elastic PDMS layer. On the other hand, for the 
microcontainers fabricated in deformable thermoplastic materials such as PLLA or PCL, the 
polymer matrix is spin coated directly on Si.  

In order to fill the SU-8 microcontainers with PCL, PCL solution is spin coated on PDMS layer 
deposited on Si (Fig.5.5.A). Then, the spin coated PCL film is punched using the SU-8 
microcontainers as a mold. This is achieved at a temperature of 65 ºC and a pressure of 1 bar 
applied for 30 min to both the upper and lower plates of the embossing tool. This temperature is 
above the melting temperature of PCL, which fills the SU-8 container at this stage (Fig.5.5.B). The 
hot plates are cooled down to 35 ºC and the SU-8 containers are demolded. The punched PCL is 
detached from the remaining PCL film and remains confined in the SU-8 container, thus filling 
them (Fig.5.5.C). To load PAA in SU-8 microcontainers, SU-8 containers and PDMS surfaces are 
modified in ozone for 20 min to increase their surface energies. Rest of the process is kept the same 
as loading of PCL. 

 
Fig.5.5 Loading of SU-8 microcontainers: A. Spin coating PCL solution on PDMS deposited Si substrate, B. Hot 
punching of the PCL film by SU-8 microcontainer mold, C. Demolding and loading of microocntainers 

Similar processes are conducted for loading of PCL and PAA polymer matrices in PLLA 
microcontainers, except that in this case the elastic PDMS layer below the polymer matrix film is 
not applied. The loading of PCL and PAA in PLLA containers is performed at 75 ºC and 60 ºC, 
respectively, applied only on the plate of the embossing tool with which PCL and PAA substrates 
are in contact, with a lower pressure of < 0.5 bar.  

5.3 Results and discussion 
This section provides analytical values derived using the theory in section 5.1.1-5.1.4 and the 
fabrication results for the different processes involving punching. In section 5.3.1, the force 
required for mechanical punching is calculated. As discussed in the theory section 5.1.2-5.1.4, hot 
punching is possible when either the stamp or the substrate is elastically deformable to allow 
conformal contact. Furthermore, the initial thickness of the polymer has to be below the thickness 
required to fill the cavities in the stamp assuming that no residual layer is left. Finally, based on the 

A. Sample preparation B. Hot punching C. Demolding

Si substrate Drug-Polymer matrix Fluorocarbon coating PDMS elastic layerNon-deformable SU-8 containers
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surface contact areas and the interfacial adhesions of the polymer to the mold and to the substrate, 
the structures punched out either remain on the underlying layer or adhere to the stamp. In the 
following sections, these different aspects of hot punching are discussed and successful fabrication 
of microcontainers is demonstrated. Afterwards, it is shown that the conditions for the attachment of 
the punched out polymer films to the microcontainers are fulfilled and successful loading of SU-8 
and PLLA microcontainers with hydrophobic PCL and hydrophilic PAA is achieved. 

5.3.1 Mechanical Punching 
The punching tool used for mechanical punching has a diameter of 350 µm. Based on the equation 
5.1 in the section 5.1.1, the punching forces required to punch out 350 µm diameter circular features  
from a PLLA polymer film of 50 µm thickness is estimated. The ultimate tensile strength of PLLA 
polymer is UTS ≈ 50 MPa [96]. The material multiplier is chosen as MM = 0.3 which is the same as 
the one for a soft Al sheet [146]. With these values a punching force of F = 0.825 N is obtained. 
The total punching force for 3X3 (=9) punches is 9*(0.825) = 7.425 N. Thus when a weight of 1 kg 
(F = 9.8N) is applied on the tungsten carbide (WC) punches fabricated in this project, the PLLA 
film should be punched out. At the same time, such a force should be small enough to prevent 
damage to the punching tool. In paper I of chapter 8 it is shown that this force is sufficient to 
successfully punch the PLLA films for fabrication of microcontainers. 
 
5.3.2 Hot Punching for the fabrication of microcontainers 
5.3.2.1 Calculation of required polymer film thickness 

 
Fig.5.6 A. Different dimensions of the unit feature on Ni stamp. B. The protrusions and cavities on the Ni stamp. 

In order to fabricate PLLA microcontainers using hot punching, Ni stamp is created with the wall 
thickness 30 µm and reservoir height of 60 µm across the wafer. Few stamps produced later have 
reservoir height of 73 µm to increase total drug loading. Fig.5.6.A above shows the different 
dimensions of a unit feature on the Ni stamp. Fig.5.6.B gives the overview of the protrusions and 
the cavities of a unit feature on stamp with center to center distance between two containers being 
640 µm. Thus the thickness of the polymer required to completely fill the container without residual 
layer formation (Hres = 0) using equation 5.4 is: 
 

𝐻𝐻0 ≈  100 �1 −
𝜋𝜋
4
�

2402 + 3602 − 3002
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�� 

(5.9) 
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From equation 5.9, H0 is calculated to be around 81 µm. Therefore, hot punching with the Ni stamp 
is performed in spin coated PLLA layer of around 80 µm thickness. Moreover, in order to achieve 
conformal contact between the Ni stamp and PLLA substrate, a flexible PDMS layer is deposited on 
Si and then PLLA solution is spin coated on it.  
 
5.3.2.2 Adhesion during demolding 
In order to fabricate microcontainers that stay on the underlying PDMS layer after demolding 
(process A, paper III) it is necessary that the adhesion of the punched out PLLA polymer with 
PDMS layer is higher than the adhesion of PLLA with Ni stamp. While if the microcontainers need 
to be transferred to another sacrificial layer (process B, paper III), it is desirable that the containers 
stick to the Ni stamp so that the containers attached to the stamp, could be bonded to the sacrificial 
layer. Thus, for process A, according to the equation 5.8, either Wps needs to be increased by 
exposing PDMS under UVO for 30 minutes or Wpm needs to be decreased by coating the Ni stamp 
with a FC layer in the MVD [151]. Table 5.1. summarizes the values of various surface energies 
reproduced from different references and interfacial energies and total adhesion energy calculated 
using equations 5.5-5.7. The calculations for contact surface areas Apm and Aps can be found in the 
matlab codes in Appendix 1. 

Table. 5.1. Different surface energies used and calculated works of adhesion and total adhesion energies 
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When the stamp is completely filled then the total adhesion energy between the stamp and PLLA 
(WpmApm) is less than the total adhesion energy between the PLLA and ozone treated PDMS 
substrate (WpsAps). Hence the PLLA microcontainers stick to the underlying PDMS layer.  

For the process B in paper III, the PDMS layer is not exposed to UVO. As can be seen in table 5.1, 
WpsAps is less than WpmApm in this case. Hence, the punched out containers stick to the Ni stamp. 
However, when this stamp with the containers is bonded to a water soluble PAA layer with high 
surface energy, the containers can be transferred to this sacrificial layer. Thermal bonding has been 
optimized for process B, where the best result is obtained when the PAA layer is freshly spin coated 
or PAA-PEG aqueous solution is used. Further optimization can be done by spin coating these high 
surface energy sacrificial layers on a flexible film. It is expected that such a flexible film will allow 
improved conformal contact between sacrificial layer and containers during bonding. For example, 
microcontainers attached to the Ni stamp have been quite successfully bonded to acrylate based 
pressure sensitive tapes (Appendix 3). Fig.5.7.A shows >95% yield for punching of containers 
where the interconnecting polymer layer with through holes is shown. Fig.5.7.B and C shows >95% 
yield of microcontainers lying in an array on the PDMS film after hot punching with process A. 
These containers can be further processed such as loaded with drug powder by screen printing and 
covered with a pH-sensitive layer before PDMS recovers its hydrophobicity [64]. After the 
processing and once PDMS recovers its hydrophobicity completely, the containers can be easily 
scraped off the substrate for further testing. 

 
Fig.5.7.A. photograph of the interconnecting polymer layer with through holes after hot punching of PLLA film, B. 
photograph of and C. SEM micrograph of microcontainers lying in an array on the PDMS film after hot punching. 
 
5.3.3 Hot Punching for the loading of microcontainers 
The main concept behind using hot punching for loading of drug into microcontainers is that 
microcontainers themselves can be applied as a stamp to punch a spin-coated drug-polymer film. In 
order to successfully load the microcontainers, it is required that the punched out polymer matrix 
remains attached to this container stamp after demolding. In order to punch the polymer films, as 
described earlier, conformal contact of the microcontainers and the polymer matrix substrate is 
necessary. At the same time, in order to ensure that the punched polymer is transferred to the 
containers, the total adhesion energy between the container material and the polymer matrix should 
be higher than the total adhesion energy between the polymer matrix and the substrate below.  

A B C

300µm800µm800µm
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The calculation of the initial thickness of the polymer film required for conformal contact of 
container mold with the polymer substrate and the total adhesion energy between the SU-8 and 
PLLA microcontainer molds and PCL polymer are similar to the ones discussed above for the hot 
punching process and will not be repeated here. These calculations have been performed in detail in 
paper V of chapter 8. In this paper, furosemide (F) and PCL drug-polymer (PCL-F) matrix have 
been successfully loaded in PLLA and SU-8 microcontainers with high yield and high throughput. 
The table from the paper is reproduced here depicting the dimensions of SU-8 and PLLA 
microcontainers. Using the values shown in the table, the initial thickness of the polymer film 
derived for the loading of SU-8 microcontainers is 48.4 µm and for the loading of PLLA 
microcontainers is 69.9 µm. The discussion in this section mainly focuses on the loading of SU-8 
and PLLA microcontainers with hydrophilic PAA polymer. Additionally a few details on the 
successful loading of microcontainers with PCL-F polymer are illustrated. 

Table.5.2. Dimensions of SU-8 and PLLA microcontainers

 

5.3.3.1 Loading of SU-8 microcontainers 

Table.5.3 Calculated work of adhesion and the total adhesion from the surface energies reproduced from references. 

 
[73, 84, 94, 103] references for surface energy values. 
† The values of surface energy of Si vary significantly in literature based on its surface conditions like presence of 
native oxide, surface roughness and cleanliness. The values found in literature range from 30 mJ/m2 to 90 mJ/m2 [153, 
154], so an average value of 60 mJ/m2 has been chosen for calculations here. Contact angle measurements need to be 
performed to obtain Si surface energy. 
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Since hard baked SU-8 is relatively non-deformable, polymer-drug film is deposited on PDMS to 
obtain a deformable substrate required for conformal contact during hot punching. In order to load a 
hydrophilic polymer like PAA, the surface energies of SU-8 microcontainers and underlying PDMS 
layer are altered by exposure to UVO for 15-20 minutes. With this treatment, the surface energy of 
PDMS layer is increased to improve PAA wetting which is essential for the spin coating of PAA on 
PDMS. The surface energy of SU-8 is increased to improve adhesion of PAA to the SU-8 walls and 
promote filling of the microcontainers. Table.5.3 summarizes the work of adhesion and the total 
adhesion calculated based on the surface energies reproduced from references. It can be seen from 
the table that given the surface conditions described here, the total adhesion energy between PAA 
and SU-8 microcontainers (WpmApm) is more than the total adhesion energy between PAA and 
PDMS substrate (WpsAps). Thus, PAA polymer should have a higher tendency to remain confined 
in the SU-8 microcontainers, thereby filling them. Fig. 5.8 shows a SEM micrograph of an empty 
SU-8 microcontainer (A), and of PCL loaded (B) and PAA (C) loaded SU-8 microcontainers. 

 
Fig. 5.8.A.show the SEM micrograph of an empty SU-8 microcontainer, B. PCL loaded, and C. PAA loaded SU-8 
microcontainer. 

5.3.3.2 Loading of PLLA microcontainers 
Since PLLA is a relatively deformable polymer, the substrate is not required to be flexible. Thus for 
the loading of PLLA microcontainers, the polymers to be filled are not spin coated on a PDMS 
layer, but directly on Si substrate. PLLA microcontainers are deformed during punching (Fig.5.9.A) 
when both the polymer film to be punched and PLLA microcontainers are heated to above 60 °C 
because the Tg of PLLA is somewhere between 50-60 °C [96].Therefore, only the plate with which 
the polymer sample is in contact is heated in the embossing tool, while the plate with which the 
microcontainers are in contact is kept at room temperature. Besides, no additional pressure is 
applied apart from the pressure required to bring the microcontainer mold and the polymer sample 
in contact. This helps in keeping the PLLA microcontainers intact while filling them. When the 
PLLA containers that are fabricated by process A are loaded with polymer, detachment from the 
underlying PDMS layer and attachment to the PCL film as shown in Fig.5.9.B is observed. 
Therefore, microcontainers fabricated by process B lying on a sacrificial layer, are more suitable for 
this type of filling (Fig.5.10.A). 

100µm100µm

PAA

A B

100µm

PCL

C

SU-8
SU-8SU-8

57



 
Fig.5.9 SEM micrographs of A. Deformed PLLA microcontainers during the loading of PCL, and B. Containers 
fabricated using process A getting detached from substrate and attached to PCL film being punched. 

Similar to the loading of SU-8 microcontainers with PAA as described in section 5.3.3.1, PLLA 
microcontainers (Fig.5.10.A) are treated with UVO for 15 minutes to increase the surface energy. 
From Table 5.2, since WpmApm > WpsAps, after the hot punching process, the punched PCL fills the 
PLLA microcontainers as shown in Fig.5.10.B. In Fig.5.10.C.successful loading with PAA has been 
achieved. 

 
Fig.5.10 SEM micrographs of A. Empty PLLA microcontainer, B. PCL loaded and C. PAA loaded PLLA 
microcontainer. 

Complete filling of the containers is essential as incomplete filling leads to reduced Apm which in 
turn will result in lower adhesion of polymer to mold. If that occurs, the punched polymer will stay 
on the substrate after demolding as shown for PCL (Fig.5.11.A) and PAA (Fig.5.11.B). Incomplete 
filling and/or non-uniform polymer film thickness can also lead to dewetting and formation of voids 
in punched and loaded polymers as illustrated in Fig.5.11.C [152, 155]. 
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Fig.5.11 SEM micrographs of A. PCL and B. PAA punched polymer that remain on their respective substrates after 
demolding due to incomplete filling; C. Incomplete filling also leads to voids in loaded polymers. 

It should be noted from the discussion on the total adhesion energy dictating the adhesion of 
punched polymers to its substrate or the mold during demolding, that it does not take into account 
other mechanisms-in-action. These mechanisms comprise of, but are not limited to, frictional forces 
at the sidewalls, thermal stresses and interlocking at the stamp undercuts. etc. Some of these 
mechanisms are neglected assuming that the stamp has significantly smooth walls, no undercuts and 
positively sloped protrusions. Moreover, after the disruption of residual layer, these mechanisms 
actually have tendency to keep the punched polymer in the mold. The more difficult part is to 
minimize this tendency as required for the fabrication of microcontainers using hot punching. 

So far there has not been any discussion about the influence of the air that is present when the stamp 
and the sample are brought into contact on the outcome of the hot punching process. When PAA is 
filled in microcontainers, additional water vapor, evaporated from the PAA aqueous solution, is 
present. During the molding process, due to the high pressure applied on the mold and sample, this 
air is probably compressed to a fraction of its initial volume in the cavity. Some of this compressed 
air might diffuse into the polymers. During demolding the expansion of the trapped air might 
promote separation of the stamp and the molded structures. Thus it is speculated that for fabricating 
microcontainers, the experiments should be performed without any vacuum while for loading the 
microcontainers with drug-polymer matrix, it would be more beneficial to conduct experiments in a 
vacuum chamber. 
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CHAPTER 6 
DRUG RELEASE 

This chapter goes through the basic theory behind drug release in a media. Fick’s laws and power 
law of diffusion that form the basics of drug release have been described. Based on the theory, an 
expression for drug release from SU-8 microcontainer has been derived. The experimental values of 
the drug release from the microcontainers are fitted for the power law and it is demonstrated that the 
release is first-order non-Fickian release. 
 
6.1 Theory of drug release 
Dissolution is the measurement of the rate of how fast a solid drug dissolves in a liquid medium. 
When a drug is dissolved in a medium, two things happen sequentially: i) the molecules at the 
surface of the drug particle dissolve and saturate diffusion layer and ii) slowly the dissolved particle 
then diffuse out of the diffusion layer. This second process is the rate limiting process in dissolution 
[156]. According to Fick’s first law of diffusion, molar flux due to diffusion is proportional to 
concentration gradient [156, 157]. 

 
𝐽𝐽 = −𝐷𝐷

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 
(6.1) 

Where D is the diffusion coefficient or diffusivity, c is the concentration and x is the distance. The 
negative sign in equation 6.1 depicts that diffusion occurs from higher concentration to lower 
concentration. Fick’s first law applies to steady state systems, where concentration is constant. 
Applying, Fick’s first law and mass conservation, Fick’s second law that predicts how diffusion 
causes the concentration to change with time, is derived [167]: 
 𝑑𝑑𝑑𝑑
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(6.2) 

where x, y, z are the three spatial Cartesian coordinates. When the following assumptions are made, 
equation 6.2 can be solved for thin film systems: i) Diffusional mass transport is release-rate 
limiting, ii) Diffusion coefficient is constant, iii) There is a perfect sink condition in the release 
medium during the entire dissolution, iv) There is no significant swelling and erosion during 
dissolution, v) Mass transfer resistance on the surface of the system is negligible as the system is 
stirred, (vi) The device geometry is that of a thin film with negligible edge effects,  and vii) The size 
of the drug particles is much smaller than the thickness of the  film [157]. Using these assumptions 
and applying boundary conditions, for a monolithic plane sheet, Ficks second law is solved to give 
[157,158]  
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Early time, when 0 ≤ 𝑀𝑀𝑡𝑡
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Late time, when 0.4 ≤ 𝑀𝑀𝑡𝑡
𝑀𝑀∞
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Here, Mt and M∞ are cumulative amount of drug released at time t and ∞, respectively, and L is the 
thickness of the monolithic sheet. Thus from equation 6.4 it can be inferred that the drug release is 
proportional to square root of time (√t) during the initial phase of dissolution. 

There is also a power law which can be used to describe various forms of dissolution profiles. This 
power law which was first identified by Alfrey [159] and later developed by Peppas [160] is used 
frequently to describe not only Fickian diffusion but also non-Fickian diffusion and is given as: 

 𝑀𝑀𝑡𝑡

𝑀𝑀∞
= 𝑘𝑘𝑑𝑑𝑛𝑛  

(6.6) 

where, k is a constant incorporating structural and geometric characteristics of the system, and n is 
the release exponent, which is indicative of the mechanism of diffusion:  
i) When n < 1/2, then it is pseudo-Fickian release like one-dimensional radial drug release from 
cylinder or sphere.  
ii) When n = 1/2, then the diffusion is classical/Fickian as given by drug release from a slab where 
initial drug concentration>>drug solubility.  
iii) When 1/2 < n < 1, then the diffusion is anomalous or subdiffusion like drug release from 
swelling of polymer matrix. 
iv) When n = 1, it is case II diffusion that is predominant for drug release from reservoir systems 
with constant activity source. 
 v) When n>1, it is superdiffusion or supercase II which happens for drug released from cold drawn 
strained polymers [161-163].  

It can be inferred that equation 6.3-6.5 are special cases of this general power law.  

6.2. Furosemide release from PCL matrix loaded in SU-8 microcontainers 

 
Fig.6.1 Diagram of the drug dissolved from polymer matrix loaded in microcontainer: hi is the initial dispersed height 
of drug, ho is the total depth of the reservoir, and H is the distance to the interface between the dissolved and dispersed 
regions at any time t.  
 
In the following analysis, drug release from SU-8 microcontainers is studied taking into account all 
the assumptions afore mentioned in the theory section for Fickian diffusion. It is assumed that the 
drug release from PCL matrix is mainly diffusion based since PCL has very slow degradation rate. 
It doesn’t swell or erode in the given time duration of drug release (5 hrs).  
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The drug release starts from the top of the microcontainer and proceeds through the depth of the 
cylindrical reservoir structure (Fig.6.1). Taking hi as the initial dispersed height of drug, ho as the 
total depth of the reservoir, r as the radius of the reservoir, J as the diffusion flux, C(h) as the drug 
concentration (mg/ml) within the matrix at the height h, Cs as drug solubility in the release media 
which is equal to the concentration of drug at the interface between the dissolved and dispersed 
(undissolved) regions in the container reservoir, Q(t) as the drug released (mg) from the container at 
time t, M(t) is the drug remaining in the container at time t and D is the diffusion coefficient of 
drug.  
At steady state,  
 

𝐽𝐽𝜋𝜋𝑟𝑟2 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 
(6.7) 

Applying Fick’s law,  
 

𝐽𝐽 = 𝐷𝐷
𝑑𝑑𝑑𝑑
𝑑𝑑ℎ

 
(6.8) 

 
Using Equation 6.7 and 6.8, integrating from hi to any height H and applying boundary conditions 
as, C(H) = Cs and C(hi) = 0, we obtain,  
 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
=  
𝜋𝜋𝑟𝑟2𝐷𝐷𝐶𝐶𝑠𝑠
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(6.9) 

Drug in the reservoir at time t = 0, 
 𝑀𝑀0 =  𝜋𝜋𝑟𝑟2ℎ0𝐶𝐶0 (6.10) 
Similarly, drug in the reservoir at time t,  
 𝑀𝑀(𝑑𝑑) =  𝜋𝜋𝑟𝑟2𝐻𝐻𝐶𝐶0 (6.11) 
So the total amount of drug released is  
 𝑑𝑑(𝑑𝑑) =  𝑀𝑀0 −𝑀𝑀(𝑑𝑑) =  𝜋𝜋𝑟𝑟2𝐶𝐶0(ℎ0 − 𝐻𝐻) (6.12) 
Differentiating Equation 6.12 with respect to t,  
 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
=  𝜋𝜋𝑟𝑟2𝐶𝐶0

𝑑𝑑𝐻𝐻
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(6.13) 

Equating, 6.9 and 6.13 and integrating the equation from time = 0 to t and putting hi  = 0,  
 

𝐻𝐻 =  �
𝐷𝐷𝐶𝐶𝑠𝑠𝑑𝑑
𝐶𝐶0

 
(6.14) 

From 6.9 and 6.14, it can be inferred that dQ/dt is proportional to 1/√t, which implies if Q(t) is 
integrated over time, it is proportional to √t. This represents the early time Fickian release from a 
monolithic slab with no edge effects as described in theory section of drug release. However, when 
the furosemide release profile from PCL matrix loaded in SU-8 microcontainers is measured after 
14 days of storage using microdiss, the profile of drug released is observed to be linear after the 
small initial burst release as shown in Fig. 6.2. This indicates that the drug release follows zero-
order Case II diffusion [163]. To understand this unexpected behavior, drug distribution in the PCL 
matrix is investigated using Raman spectroscopy and it is found out that the overall amount of the 
drug increases with the depth of the microcontainer. This non-uniform drug distribution is because 
of the drug migration to the surface of the spin coated PCL-F film during the drying and storage  
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Fig.6.2 Zero-order furosemide release from PCL matrix loaded in the SU-8 containers 

stages [164]. Further, when hot punching is performed where the polymer flow is similar to that in 
hot embossing, the furosemide-rich surface fills the reservoir cavity first followed by the 
furosemide-deficient lower surfaces [165].  This non-uniform drug distribution ensures that the 
slowing down of the drug release due to increase in the diffusion barrier is compensated by the 
increase in drug release due to surplus amount of drug lying in the reservoir. This compensation 
leads to an overall zero-order release of furosemide from PCL matrix loaded in the SU-8 containers. 
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CHAPTER 7 
CONCLUSION AND OUTLOOK 

7.1 Conclusion  
At the beginning of this project, we set forth the goal of fabricating and loading biopolymer 
microcontainers for oral drug delivery applications. To our delight, we made many significant 
advances in the direction of achieving this goal. Fig.7.1 shows some of the major successes 
obtained in last three years while completing this PhD, which are also described in the publications 
presented in chapter 8 of this thesis. 

The first successful attempt of fabricating 3D discrete microcontainers has been obtained by 
applying mechanical punching. The fabrication of punches for mechanical punching of poly-l-lactic 
acid (PLLA) polymer films with reservoirs is successfully achieved (Fig.7.1.A). Using these 
punches, 3D microcontainers in PLLA are fabricated reproducibly (Fig.7.1.B and C). Taking 
inspiration from the success of mechanical punching, hot punching process as a combination of hot 
embossing and mechanical punching processes, has been developed. In order to fabricate high-
aspect-ratio (HAR) complicated structures like microcontainers in polymers by hot punching, a 
robust Ni stamp is fabricated. The Ni stamp is fabricated by electroplating Ni on a Si master 
(Fig.7.1.D). The Ni stamp produced after the optimization of deep reactive ion etching (DRIE) and 
electroplating processes possesses all the features of a good-quality stamp for hot embossing 
(Fig.7.1.E). These features are: i) smooth sidewalls and surfaces, ii) slightly positive profiles of the 
protrusions, and iii) no undercuts and overhanging structures. Using this stamp, the HAR 
microcontainer features (aspect ratio > 9) are replicated in PLLA film with significantly high yield, 
reproducibility and replicability (Fig.7.1.F). The process flow for the fabrication of Ni stamp has 
been developed to such an extent that many other micro/nanostructures are obtained later on 
without any difficulty or further process optimization. 

The Ni stamp is also applied for hot punching of PLLA film to fabricate discrete 3D PLLA 
microcontainers. Two kinds of hot punching processes (process A and process B) have been 
developed where microcontainers have been obtained either on the underlying PDMS layer 
((Fig.7.1.G) or on a sacrificial layer that can be dissolved later on (Fig.7.1.H and I). For both the 
processes, high yield and good replication fidelity are achieved. Hot punching is not just limited to 
the fabrication of microcontainers. It can be easily be used for the fabrication of other kinds of 3D 
microstructures. Some of the highlights of hot punching process for fabrication of individual 
microstructures are:  
i) The residual layer obtained in hot embossing is penetrated during a single hot punching 
processing step without formation of residues and without need of additional equipment compared 
to similar attempts using reactive ion etching or laser machining techniques.  
ii) The process allows fast fabrication of large high aspect ratio microstructures on wafer-scale.  
iii) The punched out microstructures are obtained at well-defined positions on a handling substrate, 
which facilitates further processing such as drug loading and functional layer deposition.  
iv) The process is scalable and very versatile where the targeted microstructures can be of different 
shapes, sizes and thermoplastic materials.  
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Fig.7.1.A. SEM micrograph of tungsten carbide punches, B. Optical image and C. SEM micrograph of punched PLLA 
polymer with reservoir in the center; SEM micrographs of D. Si master with 10 µm wall, E. Ni stamp fabricated by 
optimized process parameters, F. PLLA polymer with microcontainer features embossed by Ni stamp, G. PLLA 
microcontainer on PDMS film fabricated by hot punching, H. PLLA microcontainer on water soluble sacrificial layer 
fabricated by hot punching, I. Microcontainers filtered through a mesh after the dissolution of sacrificial layer; J. 
Optical image and K. SEM micrograph of PLLA containers loaded with PCL-F matrix, L. SEM micrograph of SU-8 
containers loaded with PCL-F matrix.

To add to the versatility of hot punching process, loading of microcontainers is also performed by 
applying hot punching. Both PLLA (Fig.7.1.J and K) and SU-8 microcontainers (Fig.7.1.L) are 
successfully loaded with PCL and PAA polymer matrices in which drug can be embedded. Thus hot 
punching emerges as a fast process of loading drug in microreservoirs based drug delivery devices 
including, but not limited to microcontainers. Some of the highlights of hot punching process for 
loading are:  

i) It is a versatile process that can be used to fill different combinations of drug and polymer;
ii) Apart from the sample preparation, the process is a single-step, parallel process with high
throughput.
iii) It doesn’t require any special printing or alignment tools; neither the process needs to be
performed in cleanroom or under high vacuum, making it a simple process that can be scaled up.
iv) Other advantages are that it is comparatively benign towards the drug, it can be used for high-
aspect ratio filling and in principle the leftover drug-polymer can be reused in making fresh batch of
solution.

In addition to the above mentioned fabrication-based advantages, it is also found that hot punching 
can help in the zero-order release of furosemide (F) drug from the poly-ɛ-caprolactone (PCL) 
matrix loaded in SU-8 microcontainers (Fig.7.1.M). This zero-order release is attributed to the non-
uniform drug distribution in the matrix which in turn results from the polymer flow during the hot 
punching process.  

Finally, the technique of spin coating has been demonstrated as a simple yet effective way of 
tailoring drug release kinetics from spin coated PCL-F patches. By changing the thicknesses 
(Fig.7.1.N), annealing temperature and time and cooling rate, the crystallinity of the drug has been 
modified systematically. These modifications in the drug crystallinity as well as the stresses built up 
in the patches during spin coating process are shown to affect the drug release kinetics. Thus by 
tailoring the spin coating process parameters, drug release from patches can be tailored. 

7.2 Outlook 
Before starting to look into the future, it would be appropriate to enumerate some of the preliminary 
experiments that have been carried out recently and have shown promising results. One of these 
experiments is on micropatches, which is the core design described in the patent in chapter 8. The 
idea behind these patches is to use hot punching to cut multiple layers of polymer films for drug 
delivery applications. These layers can contain different functionalities like pH-sensitivenesss, 
mucoadhesion etc. along with a drug layer and a protective polymer layer. During hot punching, the 
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material properties of the outermost protective layer could be tuned such that this layer can rise up 
in the mold faster than the other underlying layers, thereby, creating a shell-like structure. Another 
method could be to first punch different functional and drug layers and then spray coat the final 
protective layer on top of these punched out micropatches. The micropatch design is simple, low 
cost and easy to fabricate. Besides, it is potentially very versatile where different drug layers or 
barrier layers can be chosen to tune drug release. It has immense potential to be upscaled via roll-to-
roll processing. Fig.7.2 shows some encouraging results from preliminary work done in this 
direction. Fig.7.2.A demonstrates the punching of PCL-F matrix on plasticized Eudragit L-100 film. 
This film can be easily handled and once ingested can dissolve in intestine dispersing the 
microstructures in the system. Fig.7.2.B shows the patches created in PLLA layer while Fig.7.2.C 
shows the first attempt carried out to obtain microcontainers in a roll-to-roll machine using the Ni 
shims fabricated in this project. The roll-to-roll processing is carried out by Maria Matschuk from 
InMold Biosystems. The first experiment is conducted on polypropylene (PP) polymer sheet and 
soon the test would be carried out on biopolymer sheets.    
 

 
Fig.7.2 SEM micrographs of: A.Punched PCL-F matrix on plasticized Eudragit L-100 film, B. patches created in PLLA 
layer, C. Microcontainers fabricated by roll-to-roll processing in PP. 

Thus, based on the significant advances made in the last 3 years and some of encouraging results 
obtained on the abovementioned preliminary concepts, the next step would be to develop the hot 
punching process for fabrication of microcontainers and micropatches to an extent that it can be 
scaled up. This would require deeper understanding of hot embossing, demolding forces and surface 
adhesion concepts. After that, further optimization of various processes would be required. We also 
hope that the processes developed in this research project can be combined with other techniques 
developed in the group. Combination of processes like fabrication of robust stamps and hot 
punching with other techniques like supercritical CO2, spray coating of pH-sensitive layers etc. 
would enable us to fabricate a complete system as we envisioned in the beginning of this research. 
Finally we would carry out further in-vivo and in-vitro experiments on the devices that have already 
been fabricated and on the devices can be potentially fabricated with the above mentioned add-ons. 
And who knows, one day these microdevices might alleviate the pain of many people. 
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A process has been developed to fabricate discrete three-dimensional microcontainers for oral drug deliv-
ery application in Poly-L-Lactic Acid (PLLA) polymer. The method combines hot embossing for the defini-
tion of holes in a PLLA film and mechanical punching to penetrate the polymer layer around the holes,
after filling them with drug. Here, we demonstrate the fabrication of microcontainers with a diameter
of 340 lm and a height of 50 lm. The process is temperature benign so that the compositional integrity
of the drug is preserved. It also provides a good flexibility for creating different sizes and shapes of micro-
containers. Finally, the process is compatible with roll-to-roll processing that could lead to low cost high
volume production.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Recently, drug delivery micro devices in the form of micronee-
dles, micropatches or microreservoirs have been developed, using
Microelectromechanical systems (MEMS) fabrication techniques
like photolithography and reactive ion etching (RIE) [1–4]. These
fabrication methods give good control on the size and structure
of drug delivery devices. Such devices can be easily fabricated
and multiple functionalities can be added to improve the adminis-
tration efficiency [5]. Microcontainers are one such type of innova-
tive oral drug delivery devices where holes are defined and loaded
with drug [6]. The container surface can be further modified by
covalent binding of bioadhesive lectins [7]. The bioadhesive target-
ing allows the containers to stick to the intestinal walls for unidi-
rectional release of the drug.

Ainslie and Desai developed microcontainers in classical micro-
fabrication materials such as Si and SU-8 [6]. However, there is a
need to move toward biocompatible and biodegradable polymers
for drug delivery applications [8]. Using biocompatible polymers
for fabrication of micro devices minimizes the hazardous effects
on the human body due to their presence [9]. Using biodegradable
polymers also reduces the risk related to their accumulation in the
gastrointestinal tract [10]. However, this shift in materials requires
a shift in fabrication techniques from standard MEMS processing to
polymer processing techniques like hot embossing.

Hot embossing has been successfully used in the past to define
microreservoirs in biodegradable polymers [11]. The process gives
a good control over the size of the microstructures and has been
applied on various polymers approved by the US Food and Drug
Administration (FDA) such as Poly-L-Lactic Acid (PLLA) and Polyc-
aprolactone (PCL). However, the technique faces the inherent chal-
lenge of the presence of a residual layer that connects all the
microstructures to each other. This limits the use of hot embossing
for the fabrication of discrete three-dimensional (3D) microcon-
tainers. This residual layer could be removed by RIE [12] but etch-
ing in plasma can lead to formation of complex bi-products and
affect the overall structure. Laser cutting is an emerging technol-
ogy that could be used to get rid of the residual layer but it also
generates residues and local heating [13].

In this paper, we present a unique way of fabricating discrete
3D microcontainers in Poly-L-Lactic Acid (PLLA) biopolymer for
potential application in oral drug delivery. PLLA is processed into
microcontainers using the combination of hot embossing and
mechanical punching as illustrated in Fig. 1. First holes are defined
in the PLLA film by hot embossing (Fig. 1A). The holes can be
loaded with drug using inkjet printing [14], powder distribution
[15] or other techniques available (Fig. 1B). The PLLA film is peeled
from the substrate and placed on a Poly Vinyl Alcohol (PVA) foil
that provides a soft padding for PLLA. This stack is then punched

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mee.2014.11.009&domain=pdf
http://dx.doi.org/10.1016/j.mee.2014.11.009
mailto:risi@nanotech.dtu.dk
http://dx.doi.org/10.1016/j.mee.2014.11.009
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and the 3D microcontainers are released from the punching tool
(Fig. 1C). The mechanical punching technique described in the
paper is based on the approach of biopsy punches, which are com-
monly used in medical tests for sampling of soft tissues [16,17].
Only a few researchers have tried microscale processing of poly-
mers using cold forging or mechanical punching techniques. Tradi-
tionally, after the punching of polymer tapes and metal foils, the
punched material is discarded as waste, while the remaining film
with the holes is kept as the final product [18]. This is to our
knowledge the first time that a fabrication technique has been pro-
posed, where the final product is the punched 3D microcontainer
and the film with the holes is discarded as waste.

Since the containers are loaded with drugs for oral drug deliv-
ery, this process offers several advantages over established MEMS
fabrication processes. Firstly, mechanical punching is a tempera-
ture benign and dry process without any need of heating the sam-
ple or immersion in any kind of solvents or acids. This implies that
once the drug is loaded in the holes, it will not be degraded or pre-
maturely released during further processing. Secondly, polymer
and drug are not exposed to any UV radiation that might change
their properties. Thirdly, it is a residue free process, where unlike
in RIE or laser cutting techniques no complex bi-products are cre-
ated that could be hazardous when ingested. Finally, it is a simple
and versatile process that can be easily adapted to different film
thicknesses and materials.

2. Materials and methods

2.1. Materials

For the experiments, PLLA 2003D grade is purchased from
Natureworks (Minnetonka, Minnesota), with Mw = 126000 Da,
determined by size exclusion chromatography measurements.
Dichloromethane (DCM) (anhydrous >99.8%) is supplied by Sigma
Aldrich (Copenhagen, Denmark). PLLA pellets are dissolved in DCM
(15 %wt) while stirring at room temperature for 24 h to obtain a
viscous solution for spin coating. PVA foil is purchased from BEIL
GmbH, Moderne Orthopädie (Peine, Germany). Silicon wafers (4-
inch h100i n-type) are supplied by Okmetic (Vantaa, Finland).
The chromium mask is designed using L-Edit from Tanner EDA
(Monrovia, CA, USA) and supplied by DeltaMask B.V. (GJ Enschede,
The Netherlands). 2.5 mm thick PMMA plates are bought from Nor-
diskplast (Randers, Denmark). Standard tungsten carbide (WC)
tubes are used to fabricate mechanical punching tools. These tubes
are found commercially as electrodes for micro EDM machining. To
minimize the effect of stock variability, mechanical punches are
fabricated from the same stock of the material. The original WC
tube has an outer and inner diameter of 800 lm and 360 lm,
respectively.
Si Stamp Si  Substrate DrugPLLA

A B

Fig. 1. (A) Formation of holes in PLLA film by hot embossing of Si stamp with pillars, (B
mechanical punching of the drug loaded polymer holes.
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2.2. Stamp fabrication and hot embossing

In order to perform hot embossing, a Si stamp is fabricated. This
is done using standard photolithography and reactive ion etching
(RIE) as shown in Fig. 2. The Si wafer is spin coated with 1.5 lm
of AZ5214E positive photoresist (Fig. 2A). The resist film is pre
baked at 90 �C for 90 s and then exposed in a UV aligner (Karl
Süss, Germany) with a dose of 70 mJ/cm2 in hard contact mode
(Fig. 2B). After development for 70 s, a short descum process with
oxygen is run in a plasma asher (model 300 Plasma Processor,
TePla, Germany) to remove any residues left behind. Next, the Si
is etched in a deep reactive ion etch chamber (STS Pegasus ASE,
UK) to define the pillars of the Si stamp (Fig. 2C). Finally the pho-
toresist is stripped and a 140 nm thin fluorocarbon film is depos-
ited on top of the Si stamp by plasma polymerization [19] (Fig. 2D).

PLLA solution (15 %wt) is spin coated on a second Si substrate at
1500 rpm at an acceleration of 1000 rpm/min for 1 min to obtain a
film thickness of 50 ± 10 lm. The PLLA film is left for 3 h at ambi-
ent temperature to let the solvent evaporate. Then the stamp is
embossed into the PLLA at 90 �C with a pressure of 1.9 MPa for
15 min (Fig. 2E). The hot plates of the embossing equipment are
cooled down to 60 �C and the PLLA sample and the Si stamp are
demolded (Fig. 2F).

2.3. Mechanical punching

2.3.1. Punching tool fabrication
The process used to produce the punching tool is wire electrical

discharge grinding (WEDG). In 1985, Masuzawa et al. introduced
this technology for manufacturing of different kinds of shapes such
as punches, needle shaped parts or electron emitters with high
accuracy and good repeatability [20]. The principle behind WEDG
is based on electrical discharge machining (EDM) where a rotating
electrode is machined by using an unwinding wire electrode. The
machine used in the paper is a commercial l-EDM SARIX machine
(Sant’Antonino, Switzerland) and the punching tool is manufac-
tured from the hollow electrode of the machine. The electrode
material is tungsten carbide (WC) which possesses high strength
and is readily available. The l-EDM machine consists of a xy table
with a spindle that provides the rotation of the electrode and the
movement in z direction. The movements in xyz directions are con-
trolled by an encoder with 1 lm resolution and a dressing wire
unit unwinds the wire electrode. The schematic of the machine is
shown in Fig. 3A.

The tip of the punching tool should be conical in order to pen-
etrate the substrate smoothly with low force and to achieve a good
surface quality for the containers. The geometry of the tool before
and after l-WEDG process is shown in Fig. 3B. The process param-
eters of l-WEDG machining influence the geometrical accuracy
Polymer underlayer Punching tool

C

) loading of holes with drug, (C) formation of oral drug delivery microcontainers by



Si Stamp AZ5214E Chromium mask Fluorocarbon

A B C

D
E

PLLA

E
F

Si Substrate

Fig. 2. Fabrication of Si stamp: (A) spin coating of AZ5214E, (B) exposure of AZ5214E, (C) dry etching of Si, (D) resist stripping and fluorocarbon deposition; fabrication of
holes: (E) hot embossing of spin coated PLLA layer, (F) demolding.

Fig. 3. Formation of punches in WC by l-WEDG: (A) schematic of l-WEDG machining, (B) geometry of electrode before and after l-WEDG process, (C) coarse and fine
electrode machining.
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and surface quality of the punches to a great extent [21], as well as
the fabrication time. The small contact area between wire and
rotating electrode leads to low dressing rates and a long manufac-
turing process. With the fine parameter set of the machine it takes
approximately 2 h to fabricate one mechanical punch. In order to
increase the efficiency of the process, the electrode is fabricated
by coarse machining and fine finishing as shown in Fig. 3C. With
this multi-step dressing strategy, the process time is reduced from
2 h to 10 min without compromising the surface quality of the tip
of the needle.

After the punches are fabricated, a 3 � 3 array of through-holes
is milled in a 2.5 mm thick PMMA plate. The diameter of these
through-holes is 800 lm corresponding to the outer diameter of
the punches with a center to center distance of 1.2 mm. This dis-
tance is twice the center to center distance of the embossed holes.
The punches are fitted in these through-holes in the PMMA plate
for the punching into polymer films.

2.3.2. Mechanical punching process
First the embossed PLLA layer is delaminated from the Si sub-

strate by immersion in water. After drying, this freestanding layer
is fixed to a PMMA backplate using adhesive tape. A soft polymer
layer of PVA is placed between the PLLA and PMMA layer. Then,
an array of 3 � 3 punches is placed on a microscope stage with
the backlight on (Fig. 4A). Next, the stack of PLLA, PVA and PMMA
is placed on top of the punches array and aligned using the optical
microscope (Fig. 4B). Finally, the optics of the microscope are
moved and a weight of 1 kg is placed on the stack to punch out
the containers. After removal of the weight, the punched parts
are retained in the punching tools leaving behind holes in the PLLA
film (Fig. 4C). The stuck polymer microparts can be collected by
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applying mechanical pressure from the other side either by a wire
plunger with a diameter less than the diameter of the hole of the
punching tool or by air flow. In our experiments, we use an optical
fiber with the diameter of 200 lm to push out the array of 3 � 3
containers (Fig. 4D).

3. Results and discussion

3.1. Hot embossing

Fig. 5A show the fabricated Si stamp and Fig. 5B the successful
replication of the Si stamp in the PLLA polymer film using the hot
embossing process. The measured dimensions of the stamp and the
embossed holes along with the standard deviation are given in
Table 1. The height measurements are done by optical and stylus
profilometers and the diameters are measured with an optical
microscope. The depth of the final holes is around 32 lm, which
is lower than the height of the stamp pillars. These measurements
together with the non-planar top surface of the PLLA layer in
Fig. 5B indicate that the stamp structures are not completely
pressed into the polymer film during the hot embossing process.

Furthermore, the demolding is performed at 60 �C, which is
close to the glass transition temperature Tg of PLLA [22]. When
the polymer is demolded from the Si stamp, there is parasitic
recovery of the elastic polymer, lowering the actual depth of the
trenches [23]. When the embossing is done at higher temperature
of 120 �C followed by demolding at room temperature as described
in previous work [11] pattern replication is improved but the Si
stamp breaks within 1–2 runs due to higher stress built up during
the cooling stage [24]. With lower embossing temperature (90 �C)
and higher demolding temperature (60 �C) the stress is reduced



PLLA trench Wire plungerPVA underfilm WC punchA B C D

Fig. 4. Mechanical punching process flow and corresponding optical images: (A) array of 3 � 3 punches, (B) alignment of PLLA holes with punches array, (C) punching of PLLA
film, (D) released microcontainers (scale bar: 1 mm).

 

A B

Fig. 5. SEM micrographs of: (A) Si stamp with pillars, (B) PLLA layer with embossed holes (scale bar: 300 lm).

Table 1
Measurement of dimensions of Si stamp pillars and PLLA holes
along with the standard deviations in measurements. The
diameters were measured using optical microscope and the
heights were measured using profilometer.

Measured Parameters Dimension (lm)

Si stamp pillars diameter 290 ± 3
Si stamp pillars height 44 ± 4
PLLA holes diameter 260 ± 9
PLLA holes depth 32 ± 4
PLLA film thickness 50 ± 10
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and demolding facilitated. With this the stamp lasted for at least 8
runs with the tradeoff of slightly affected pattern replication in the
PLLA film.
Fig. 6. (A) SEM micrograph 2 � 2 punches array, (B) SEM microg
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3.2. Mechanical punching

The functionality of the device depends on the punching accu-
racy due to the fact that the containers need to be preserved for
drug delivery. Here, both the fabrication of the punching tool and
the punching process itself have to be considered. Fig. 6A depicts
four representative punches fabricated by the optimized l-WEDG
process. Several tests are run to verify the repeatability of the fab-
rication of the punching tool using the l-WEDG process and the
inner and outer diameters of the punches are measured with an
optical microscope.

In order for the punching process to be operational, it is assumed
that a lateral accuracy of ±20 lm is required. To check the dimen-
sional reproducibility of the punching process, PLLA films with a
thickness of 50 lm without any patterns are punched using the
punching tools resulting in circular polymer microparts as the
one shown in Fig. 6B. The punched polymer microparts are
raph of punched polymer, (C) accuracy of punching process.



Fig. 7. Alignment of tool to180 lm holes and corresponding optical images: (A) misalignment, (B) off-centered poor alignment, and (C) good alignment, (D) optical image of
thin walls of a punched 300 lm hole; fabrication of 3D microcontainer with hole of 260 lm diameter: (E) optical image, and (F) SEM micrograph of microcontainer (scale bar:
100 lm).
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observed in a microscope and the diameter of the polymer is ana-
lyzed. Fig. 6C shows the results of the characterization of punching
tool and punched polymer parts. The measured diameter of the
punching tool is 355 ± 3 lm while it is 341 ± 9 lm for the polymer
microparts. The results indicate that the process for punching tool
fabrication is very repeatable. Furthermore, the total diameter of
PLLA that is punched out by the tool is only 15 lm lower than the
actual tool dimension, which is considered as an excellent result
for punching of soft materials. We have also successfully punched
out polymer films with thicknesses of up to 150 lm. The punches
have shown good robustness and have lasted for hundreds of
punching operations without any structural damage.

For the mechanical punching of the microcontainers, some ini-
tial tests are made on holes with diameters of 180 lm and 300 lm.
Tool alignment is done for both types of holes and then containers
are punched out (Fig. 7A–D). 180 lm diameter holes allowed for
more alignment inaccuracy but resulted in too small volume of
container. 300 lm diameter holes are difficult to align and failed
to give good container walls. When the diameter of the hole is cho-
sen to be 260 lm, enough area is available to align the tool with an
inner diameter of 340 lm. With these dimensions, a thick and sta-
ble container wall with a width of around 40–50 lm can be
achieved. Fig. 7E and F show successful fabrication of 3D microcon-
tainers using hot embossing and mechanical punching.
4. Conclusions

We have successfully fabricated a Si stamp with pillars using
the standard Si manufacturing techniques of photolithography
and RIE. Then we have demonstrated the fabrication of microholes
in biodegradable PLLA polymer films using a hot embossing pro-
cess. This process can be further optimized to get better replication
of the stamp dimensions in the polymer. For the fabrication of 3D
microcontainers, a mechanical punching process based on the con-
cept of biopsy punches has been successfully applied. For this pur-
pose, mechanical punches have been produced in a repeatable
manner in a robust WC material. Replication of the punch on poly-
mer film during the punching process has been verified. Finally,
keeping in mind alignment tolerances of the punch, fabrication of
discrete 3D microcontainers in PLLA has been accomplished.

Hence, we have shown that the biopolymer microcontainers
can be fabricated by applying hot embossing and mechanical
punching. This combination of the two processes can be extended
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to other kinds of shapes, sizes and polymers. It is a simple tech-
nique for fabrication of discrete microparts with higher tolerances.
The process has capability to be upscaled for roll-to-roll produc-
tion. To develop this, an improved design of the mechanical
punches and better alignment techniques are needed. Once the
process is optimized, the microholes in the polymer can be loaded
with drug and punched out to obtain an oral drug delivery device.
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1. Introduction 

Concurrent with the development of new NEMS and MEMS 
techniques, the use of nano- and microstructures and devices 
for biomedical and pharmaceutical applications has prolifer-
ated. The devices were fabricated in standard silicon based 
materials or photosensitive polymers but recently the focus 
has changed to biocompatible polymers [1]. For low cost and 
high throughput processing of polymers, hot embossing has 
emerged as a viable fabrication method [2]. In order to define 
devices in polymers using the hot embossing technique, a 
microfabricated stamp is required. To achieve a reliable, high 
fidelity embossing, a high quality stamp must be used and the 
embossing parameters have to be optimized with respect to 
critical parameters in the application.

The target device in this work is a microcontainer based 
drug delivery device that has the potential to increase the 
bioavailability of drugs when taken orally [3]. Such a micro-
container is a two-leveled structure consisting of a cylindrical 
container bottom and a ring-shaped container wall defining 
the size of the inner reservoir [4]. Recently, we have for the 
first time demonstrated the embossing of microcontainers in 
the biodegradable and biocompatible polymer, poly-L-lactic 
acid (PLLA) using SU-8 stamps, but alas SU-8 stamps are 
not robust enough to last more than a few embossing runs 
[5]. For other applications, new methods for the prepara-
tion of stamps in more stable materials like steel, copper 
or nickel have been developed [6–8]. Among the most fre-
quently used stamp materials, Ni is very robust and can be 
easily electroplated on a master template to create complex 
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Abstract
We describe a process for the fabrication of a Ni stamp that is applied to the microstructuring 
of polymers by hot embossing. The target devices are microcontainers that have a potential 
application in oral drug delivery. Each container is a 3D, cylindrical, high aspect ratio 
microstructure obtained by defining a reservoir and a separating trench with different depths 
of 85 and 125 µm, respectively, in a single embossing step. The fabrication of the required two 
leveled stamp is done using a modified DEEMO (dry etching, electroplating and molding) 
process. Dry etching using the Bosch process and electroplating are optimized to obtain 
a stamp with smooth stamp surfaces and a positive sidewall profile. Using this stamp, hot 
embossing is performed successfully with excellent yield and high replication fidelity.
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3D structures at high resolution [9]. Another advantage of a 
Ni stamp is that it can be used for mass production in roll-to-
roll processing [10].

Ni stamps can be fabricated with two well-known pro-
cesses: LIGA (lithography, electroplating, and molding) 
[9] or DEEMO (dry etching, electroplating and molding) 
[11]. In both processes, a master is first fabricated either 
in photoresist by lithography or in Si by lithography and 
dry etching. Subsequently, the Ni is electroplated and the 
master is removed. This electroplated Ni structure is used 
for embossing in polymers. The availability of photoresists 
like SU-8 that allow the definition of high aspect ratio struc-
tures with very smooth surfaces without the use of expensive 
x-ray synchrotron lithography makes LIGA a viable option 
for the preparation of Ni stamps [9]. However, it is very 
difficult to completely remove the SU-8 master from the 
electroplated Ni stamp, particularly in narrow trenches, 
and the resulting increased surface roughness might affect 
the hot embossing process [12]. Guo et al have been able 
to emboss single level structures with a minimal width of 
40 µm and an aspect ratio of eight using a Ni stamp prepared 
with the LIGA process [13].

In this work a microcontainer fabrication process based 
on DEEMO has been developed. The concept is illustrated 
in figure  1, which also defines the terms used throughout 
the paper. More specifically, we describe in detail the pro-
cess that was developed for the fabrication of Ni stamps 
with two-leveled cylindrical microstructures using DEEMO. 
Tanzi et  al have fabricated two leveled microdevices with 
rectangular features using the DEEMO process [14]. Park 
et al presented the fabrication of a two-leveled Ni stamp with 
cylindrical features [15]. In both cases, the aspect ratio of 
the microstructures is only around two. Here we show, to the 
best of our knowledge, for the first time the fabrication of a 
Ni stamp with two-leveled cylindrical microstructures with 
vertical dimensions >  80 µm and aspect ratio >  8 using an 
optimized DEEMO process.

In order to obtain a good polymer replication of the 
stamp, the demolding forces have to be minimized to avoid 

damage to the replica during stamp removal. This poses 
a number of requirements for the fabrication of the Ni 
stamp (figure 2(a)): (a) the stamp must have very smooth 
sidewalls to minimize the frictional forces between the 
polymer structures and the Ni stamp; (b) the sidewalls of 
the stamp should preferably have a positive taper in order 
to minimize the interlocking forces; (c) there should not be 
any undercut at the top of the features to avoid mechanical 
interlocking [16].

Due to the high aspect ratio trenches and the depth dimen-
sions of the microstructures (figure 2(b)), photolithography, 
deep reactive ion etching (DRIE) and Si etching after elec-
troplating has to be optimized. Additional challenges that 

Figure 1. Various features of the stamp and microcontainers and subsequent translation of the Si master (a) into a Ni stamp (b) and then 
further into biopolymer microcontainers (c) with the inner reservoir, walls around it and the separation trench between the container and the 
surrounding polymer film.
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Figure 2. Design considerations and critical dimensions for 
fabrication of the Ni stamp (a) and corresponding microcontainer 
patterns in Si master or PLLA film (b). The two critical dimensions 
are: the reservoir depth in Si master (DSi1) and PLLA (DPLLA1) or 
the corresponding inner circle height on the stamp (HNi1), and the 
separation trench depth in Si master (DSi2) and PLLA (DPLLA2) or 
the corresponding height of the outer ring on the stamp (HNi2).
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the design requirements pose during the fabrication pro-
cess are: (1) the two-leveled geometry poses misalignment 
and masking issues, (2) the deep circular geometry of the 
inner reservoir causes problems during the etching of the 
Si master to release the Ni stamp, and (3) the thin vertical 
walls of the Si master require minimization of the lateral etch 
to prevent loss of structural integrity. In order to meet the 
design requirements of the Ni stamp, the DRIE process for 
Si was optimized and microstructures with the high aspect 
ratio of eight could be obtained. Finally, Ni was electroplated 
to obtain stamps with the required features, smooth surfaces 
and sidewalls with a positive slope. The Ni stamp was used to 
emboss microcontainers in PLLA films, and high fidelity rep-
lication of the stamp was demonstrated with a process yield 
of 100%.

2. Methods

2.1. Stamp design

The stamp contains 16 square arrays with 20 × 20 individual 
stamp units. Each stamp unit corresponds to one microcon-
tainer and thus the stamp design enables the fabrication of 
6400 devices in a single embossing run. Figure 1(b) shows an 
individual stamp unit. It consists of two parts, an inner disc and 
an outer ring structure and there are three important parameters 
(figures 1(a)–(c)): (1) The diameter of the inner disk, which 
translates into the microcontainer reservoir, (2) the space 
between the inner disc and the outer ring that corresponds to the 
wall of the container and (3) the width of the outer ring struc-
ture, which transforms into the separation trench between the 
microcontainer and the surrounding polymer film. The inner 
diameter of the outer ring structure corresponding to the final 
diameter of the microcontainers is kept constant at 300 μm. To 
achieve containers with different wall thicknesses of 10, 20, 
30, and 40 μm the diameter of the inner disc is varied from 220, 
over 240, 260, to 280 μm. Furthermore, the width of the outer 
ring structure is varied from 20, over 30, 40, to 50 μm. The 
design variations are chosen to evaluate how thin the sidewalls 
can be made before losing their mechanical stability. These 
values for the container dimensions have been chosen based 
on the previous work done [4, 17] and the constraints imposed 
by the aspect ratio that can be produced in the polymer using a 
hot embossing process. The PLLA microcontainer with a wall 
thickness of 10 μm and a reservoir depth of 80 μm possesses 
a similar volume for a drug as the SU-8 microcontainer dis-
cussed in Marizza et al and Nielsen et al [4, 17].

2.2. Stamp fabrication and hot embossing

The complete process flow is illustrated in figure  3, which 
includes fabrication of the Si master, stamp, and polymer 
replica. First a 1 µm thick SiO2 film is grown on a four-inch 
(1 0 0) Si wafer using wet thermal oxidation at 1100 °C for 2 h 
40 min (figure 3(a)). This SiO2 thickness is required for the 
oxide layer to act as a mask in the later Si dry etch process. 
Positive photoresist AZ5214E (1.5 μm thick) is spin coated on 
a HMDS treated wafer at 4000 rpm and prebaked at 90 °C for 

90 s on a hotplate. The AZ5214E is patterned on the oxide 
layer using a first photolithographic mask. This first mask 
(base mask) is a dark field glass mask with chrome every-
where except the inner disc and the outer ring. This mask fully 
defines the lateral geometry of the microstructure. The resist 
is exposed with a UV dose of 49 mJ cm−2 and then developed 
for 60 s in AZ351B developer (figure 3(b)). A short oxygen 
plasma descum process (O2 = 200 sccm, N2 = 70 sccm, at 
300 W for 3 min) is run to remove residues of photoresist from 
the developed areas. The pattern is then transferred into the 
oxide using a dry etch recipe (figure 3(c)) in an STS advanced 
oxide etcher (AOE). The parameters used in the recipe are as 
follows: coil power = 1300 W, platen power = 200 W, platen 
temperature = 0 °C, He flow rate = 174 sccm, C4F8 flow rate = 
5 sccm, H2 flow rate = 4 sccm, and pressure = 4 mTorr. After 
the dry oxide etch, a 1 min dip of the wafers in buffered HF 
(bHF) is used to remove residues of oxide left in the etched 
areas. Subsequently, the first layer of photoresist is stripped 
using plasma ashing with the following parameters: O2 = 
400 sccm, N2 = 70 sccm, at 1000 W for 15 min (figure 3(d)). 
A second photoresist layer is spin coated on the patterned 
oxide layer (figure 3(e)). This time, the 1.5 μm thick resist is 
exposed with the dose of 84 mJ cm−2 using a second photo-
lithographic mask (separation mask) and developed for 90 s 
(figure 3( f )). This second mask is also a dark field mask with 
chrome everywhere except the outer ring. After the second 
photolithography, descum is done at the higher oxygen flow 
rate of 300 sccm and power of 450 W, while keeping the N2 
flow rate and the time as before.

With the combined patterns of the two masks (SiO2 and 
photoresist, respectively), a DRIE of Si is performed to a 
target depth of about 65 µm (figure 3(g)) in an STS Pegasus. 
Then, the photoresist is stripped and the reservoir pattern 
in the SiO2 is exposed (figure 3(h)). The second DRIE of 
Si is then performed to a target depth of another 60 µm 
(figure 3(i)). The etch parameters for both DRIE steps are 
described in detail in the next section on DRIE optimiza-
tion. It should be noted here that it is the oxide layer that 
acts as the pattern defining mask for the DRIE steps. The 
resist only protects the inner reservoir of the Si master 
during the first dry etch. To avoid misalignment and mini-
mize the risk of micromasking effects due to redeposition of 
photoresist debris during the first etch step, the outer rings 
in the second mask were 10 µm wider than on the first one 
(figure 3( f )). The result of the two DRIE processes is a two 
level structure in Si (figure 3(j)). After removal of the SiO2 
mask in bHF, another layer of 500 nm thick thermal SiO2 is 
grown on this two-leveled Si structure and etched in bHF. 
This step is performed to reduce the sidewall roughness in 
the form of vertical striations and horizontal scallops due to 
the Bosch process [18].

Next, the Si master is prepared for electroplating the Ni. 
First, a thin release layer of around 200 nm of amorphous Si 
is deposited on the master using low pressure chemical vapor 
deposition (LPCVD) in SiH4 at 560 °C for 1 h 20 min (figure 
3(k)). Then 100 nm of Cr/Au are sputtered to get a conformal 
metal coating serving as a seed layer for electroplating. Next, 
500 µm thick Ni is electroplated in a plating bath of aqueous 
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nickel sulphamate, boric acid and sulfamic acid kept at 51 °C 
and pH 3.5–3.8 (figure 3(l)). The current is linearly increased 
to 0.5 A over 15 min followed by ramping to 1.5 A over an 
additional 15 min. The current is maintained at 1.5 A for 30 min 
and increased to the final value of 6.5 A over 15 min. Then the 
electroplating is continued for approximately 3 h until a final 
set-point charge of 26.8 Ah is reached. The complete process 
takes around 12 h to obtain 500 μm thick Ni conformably 
electroplated on the Si master. The Si master is then etched 
in 28 wt% KOH at 80 °C for 7–8 h and a released Ni stamp 
is obtained (figure 3(m)). A molecular layer of perfluorode-
cyltrichlorosilane (FDTS) is deposited on the Ni stamp using 
molecular vapor deposition (MVD) [19]. This improves the 
separation of the stamp and the molded polymer replica by 
reducing the adhesion forces between the two parts [15].

Finally, hot embossing in PLLA is performed. A 15 %wt 
solution of PLLA in dichloromethane (DCM) is prepared 
and spin coated on a Si wafer at 500 rpm at an acceleration of 

500 rpm min−1 for 1 min. This results in a polymer film with a 
thickness of around 80 μm. Two layers of PLLA solution are 
spin coated to achieve a thickness of around 150–160 μm. The 
spin coated wafer is then left for 15 min to allow the solvent 
to evaporate. The Ni stamp is used to emboss the PLLA film 
at 90 °C for 15 min 1.9 MPa (figure 3(n)) [20]. The pressure is 
maintained during the cooling stage. The stack of Ni stamp 
and PLLA film is cooled down to 50 °C, demolding is per-
formed and the microcontainer patterns are replicated in the 
PLLA (figure 3(o)). The entire setup is kept at atmospheric 
pressure.

2.3. DRIE optimization

To optimize the lithography and etching processes, test wafers 
were used. These wafers were Si wafers with a 1 µm thick 
oxide layer patterned with either the base or the separation 
mask. The parameters for photolithography were the same as 

Figure 3. Process flow for the fabrication of Si master, Ni stamp and polymer replica: (a) spin coating of photoresist on a thermally 
oxidized Si wafer; (b) exposure of AZ5214E photoresist using base mask and development; (c) pattern transfer to silicon dioxide using 
AOE; (d) AZ5214E resist stripping; (e) spin coating of second AZ5214E photoresist layer; ( f ) exposure of AZ5214E using separation mask 
and development; (g) first DRIE etch; (h) AZ5214E stripping; (i) second DRIE etch; (j) oxide mask removal, sacrificial oxide growth and 
sacrificial oxide removal to make sidewalls smoother; (k) amorphous Si deposition on Si master; (l) Au deposition on Si master and Ni 
electroplating; (m) wet KOH Si etch to release the Ni stamp and coating with fluorocarbon; (n) embossing in spin coated PLLA film with 
the Ni stamp; (o) demolding to finish replication of microcontainers in PLLA.

a

b

c

d

e

f

g

h

j

k

l

m

n

o

i

Si SiO2 AZ5124E Mask Amorph-Si Au Ni PLLA

J. Micromech. Microeng. 25 (2015) 055021

83



R S Petersen et al

5

the ones described for the first lithographic step above. The 
test structures were used to identify the dry etch parameters 
that result in smooth but tapered walls, while at the same time 
minimizing any undercut.

The standard process (called process D), that is recom-
mended by the manufacturer of STS Pegasus, was chosen as 
the starting point for optimization. The etch cycle of process 
D has the following parameters: SF6 = 275 sccm, O2 = 5 sccm, 
cycle time = 2.4 s, pressure = 26 mTorr, coil power = 2500 W, 
platen power = 35 W, temperature = 0 °C. The passivation 
cycle has the following parameters: C4F8 = 150 sccm, cycle 
time = 2.0 s, pressure = 20 mTorr, coil power = 2000 W, platen 
power = 0 W, temperature = 0 °C. Initial runs on test wafers 
using process D were performed and resulted in micrograss 
formation. Therefore process D was modified by increasing 
the oxygen flow rate from 5 to 15 sccm.

To optimize the sidewall tapering, the etch cycle time was 
ramped up and/or down from 2.4 s as detailed in table 1. While 
keeping all the other parameters constant except the number 
of cycles, the experiments were done with −10, −5, −2.5, 0, 
2.5, 5, 10% change from the standard etch time of 2.4 s. After 

initial measurements made on the Si test wafers for the cal-
culation of the etch rate, the number of cycles was adjusted 
to achieve a depth of between 110–130 µm for the separa-
tion trench. Micrograss formation had to be avoided at any 
cost since the surface roughness is more important for the 
demolding forces than the wall profile [21]. After the optimi-
zation on test wafers, the results were used for the fabrication 
of actual two-leveled microstructures.

3. Results and discussion

3.1. Etch mask patterning and removal

Initially, an isotropic wet etch was performed in bHF solu-
tion for 10 min to pattern the SiO2 etch mask. During the dry 
etching of Si an unwanted ring was formed very close to the 
desired structures, as shown in figure 4(a). The isotropic nature 
of the wet etch results in a nonvertical edge of the oxide mask. 
It was concluded that the ring occurs due to micromasking 
caused by debris from the oxide layer. Hence, a dry etch was 
chosen for patterning the oxide layer in order to avoid these 
micromasking issues. This gave improved results for the test 
structures, as can be seen in figure 4(b). For photoresist strip-
ping too, a dry etch process was preferred compared to wet 
stripping in acetone in order to remove all photoresist residues.

3.2. DRIE optimization

With the oxygen flow fixed at 15 sccm, the DRIE process opti-
mization was done by ramping the etch cycle as described 
in table 1. The basic concept behind ramping the etch cycle 
time is to vary the relative etch and passivation rates [22, 23]. 
Alternatively, this ratio could also be changed by ramping 
etch and passivation gas flows [22–24]. Figure 5 shows the 
result of some of the optimization performed in this work. 
When the etch time was ramped down from 2.4 to 2.16 s 
(−10%), increased roughness close to the walls and forma-
tion of tall micrograss can be observed (figure 5(a)). When 
the etch cycle was kept constant at 2.4 s (0%), roughness at 
the bottom of the walls could be seen (figure 5(b)). However, 

Table 1. Optimization of DRIE process by ramping the etch 
cycle time and adjusting the number of etch cycles. All the other 
parameters are kept constant. The duration of the reference cycle in 
process D is 2.4 s.

Etch cycle time (sec) Change from 
reference etch 
cycle (%)

Number 
of cyclesFirst cycle Final cycle

2.4 2.64 10 230
2.4 2.52 5 270
2.4 2.46 2.5 290
2.4 2.4 0 300
2.4 2.34 −2.5 310

2.4 2.28 −5 330

2.4 2.16 −10 370

2.46 2.34 2.5 to −2.5 300

2.52 2.28 5 to −5 300

2.64 2.16 10 to −10 300

Figure 4. (a) Unwanted ring formation during the first DRIE step after isotropic wet etch of the oxide mask in BHF. (b) No unwanted ring 
formation during the first DRIE when dry etch is done for patterning of the oxide mask.

a

50 µm 50 µm

b
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when the etch cycle was ramped up from 2.4 to 2.56 s (+5%), 
micrograss formation could be completely avoided (figure 
5(c)). For the change of −10% and 0% in the etch cycle, the
roughness increased because of the incomplete removal of the 
passivation layer during the etch cycle. The absence of micro-
grass for 5% can be attributed to the complete removal of the 
passivation layer deposited in the previous passivation cycle 
during the etch cycle. However, ramping up (+5%) resulted 
in completely vertical sidewalls, a slight undercut at the top 
of the structure and larger scallop sizes. However, ramping 
down (−10%) resulted in positive tapering of sidewalls at the
cost of increased surface roughness and micrograss formation 
(figures 5(d)–( f )).

Using these results, it was decided to ramp down 
the etch cycle from 2.52 to 2.28 s for 300 cycles. When 
ramping from 2.52 to 2.28 s, the process started with a 
longer etch cycle time compared to the standard process 
D, thereby allowing smooth wall formation (figure 5(g)) 
while the ramping down of the etch time allowed the for-
mation of a positive profile (figure 5(h)). From the optical 
profiler measurements, it can be concluded that aspect 
ratio dependent etching (ARDE) occurred. The center 

reservoir of the Si master which has a diameter ranging 
from 220–280 µm etched faster than the thin separation
trench with a width of 20–50 µm. This difference in etch
depth was around 20 µm. Taking ARDE into account, after 
some corrections for etch rate, 150 cycles for each dry 
etch step were chosen such that separation trench depth 
of around 120 µm and a reservoir depth of around 80 µm 
could be achieved.

Finally, the dependency of the etch process on the mask 
material was evaluated. While keeping all the parameters con-
stant, only the masking layer was changed. Two types of test 
wafers were fabricated, either with the patterned oxide layer 
or with the resist layer as the main masking layer. No apparent 
difference between the wafers was observed in SEM and it 
was concluded that the masking material should not have a 
significant impact on the microstructures for the selected pro-
cess parameters.

3.3. Si master fabrication

The experiments were transferred from the test structures 
to the actual process with two etching steps to achieve the 

Figure 5. SEM images of 40 µm wall microcontainers with a separation trench width of 30 µm, illustrating the effect of etch cycle ramping 
on the surface roughness (a)–(c) and sidewall tapering (d)–( f ). (a) and (d) represent −10%, (b) and (e) represent 0% and (c) and ( f ) 
represent +5% changes in etch time from standard 2.4 s. 3D optical profilometer analysis (g). The DRIE process was optimized to get 
smooth and positively tapered wall profiles as shown in the optical profilometer line scan (h).

a b c

fed

g h
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two-leveled structure. In a first run, the parameters for both 
photolithographic steps were kept the same with an exposure 
dose of 49 mJ cm−2 and a development step of 60 s. However, 
after the first DRIE step, high roughness and micrograss were 
seen (figure 6(a)), which deteriorated the structures even fur-
ther during the second etch step. This roughness arises from 
incomplete development of the photoresist during the second 
photolithography step. Compared to the test structures, the 
second photoresist layer is spin coated on a substrate with an 
oxide layer with 1 µm deep trenches. Thus, when it is exposed 
and developed, residues are left at the edges of the trenches, 
which results in micromasking and increased roughness 
during the DRIE step. The second photolithography step was 
modified accordingly. The 1.5 μm thick AZ resist was exposed 
at a higher dose of 84 mJ cm−2 and developed for longer time 
(90 s). The descum was made harsher by increasing the oxygen 
flow rate (300 sccm) and power (450 W) while keeping the rest 
of the parameters constant. Even though more resist was sac-
rificed in the descum process by this measure, the remaining 
thickness was still sufficient to protect the reservoir of the Si 
master during the first DRIE step of 150 cycles. With the mod-
ified photolithography steps, the microstructures improved 
considerably and results identical to the test wafers could be 
obtained (figure 6(b)).

The etch cycle time was ramped from 2.52 to 2.4 s for 
the first 150 cycles. The photoresist was stripped and then 
the second etch was ramped from 2.4 to 2.28 s for the next 
150 cycles. By ramping the etch cycle like this a positive 
taper with an angle of around 87.8° was obtained as shown 
in the cross section image (figure 7(a)). It is important that 
after the stripping of the photoresist, the second DRIE pro-
cess starts with a passivation cycle. In the oxygen plasma 
both the resist and the fluorocarbon passivation on the walls 
of the Si structure are removed. Without an initial passiva-
tion cycle, the first etch cycle of the second DRIE step starts 
etching the newly exposed walls, which results in high sur-
face roughness.

With the optimized DRIE process, without any additional 
surface treatment, we achieved scallops that are around 50 nm 
tall as shown in figure 7(b) (upper inset). Apart from the scal-
lops that appear due to the Bosch etching process, vertical 
striations due to line edge roughness of the etch mask are vis-
ible. This effect is enhanced after the plasma etching of the 
oxide layer and continues to increase further during DRIE [25, 
26]. It has been shown that, after the dry etching and mask 
oxide removal, the rough surfaces can be smoothed signifi-
cantly by wet etches such as an isotropic Si etch [27]. Another 
interesting technique is to grow 500 nm oxide on top of the 

Figure 6. (a) Micrograss close to the walls after the first step of 
DRIE. (b) Improved structures after the first step of DRIE for the 
same etch parameters with modified second photolithography.

50 µm

a

50 µm

b

Figure 7. (a) SEM image showing a positive sidewall profile for the 
Si master with 10 µm wall thickness and 40 µm separation distance, 
after 300 cycles of two-step DRIE etch. (b) Roughness of the walls 
of the Si master: upper inset—without any surface treatment, and 
lower inset—with the oxide cleaning.
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Si master and then etch this sacrificial oxide. In this way, 
the rough corners of Si, those which have been consumed 
when growing the oxide layer, can be removed. In figure 7(b) 
(lower inset), it can be observed that after the sacrificial oxide 
growth and etching process, the sidewalls of the structure have 
become substantially smoother.

The final Si master is shown in figures 8(a) and (b). The 
etched structures have smooth walls and a high aspect ratio. 
Figure 8(c) shows the cross sectional profile obtained with a 
PLu Neox 3D Optical Profiler from Sensofar. The total depth 
of the separation trenches is measured to be 125 μm with the 
reservoir depth being 85 μm. Thus for a 10 μm thick wall, a 
high aspect ratio of close to eight is achieved.

3.4. Ni stamp fabrication

After fabrication of the Si master the Ni is electroplated. This 
is followed by the removal of the Si master in KOH. Since 
the geometry of the microcontainers is cylindrical, the Si 
etch stops on the {1 1 1} planes as shown in figure 9(a). Since 
alkaline solutions all have a low etch rate in {1 1 1} planes, 
polysilicon etch solutions (HF/H2O + an oxidizing acid like 
HNO3) were considered to remove the remaining Si at a rea-
sonable rate. However, these wet etch solutions also etch Ni 
[28]. Instead, dry etching of the remaining {1 1 1} Si plane 
in CF4 plasma was tried but this process left a thin layer of 

residues on the stamp surface, as shown in figure 9(b), since 
fluorine reacts with Ni.

Finally, an alternative approach was developed where 
a thin release layer was deposited on the Si master prior to 
the Ni electroplating. Since it was undesirable to increase the 
roughness of the Si surface, a 400 nm layer of LPCVD polysil-
icon is deposited at a very low temperature of 560 °C, where it 
becomes almost amorphous. The roughness of the amorphous 
Si layer on a standard Si wafer evaluated using ellipsometry 
was 2 nm. Thus, deposition of the amorphous Si release layer 
adds negligibly to the overall roughness of the Si master side-
walls. After the release layer deposition, deposition of a Cr/Au 
seed layer and then Ni electroplating proceeded as described 
above. During the KOH etch, the KOH attacks the amor-
phous Si and then the {1 1 1} residues are eroded. As a result 
a Ni stamp with smooth walls and positive sidewall profile is 
achieved as shown in figures 10(a)–(b).

3.5. Hot embossing and structure replication

As described in section 2.1, the diameter of the inner disc is 
varied from 220, over 240, 260, to 280 μm and the width of the 
outer ring structure is varied from 20, over 30, 40, to 50 μm 
on the Ni stamp. The effect of these variations on the etch 
depth on the Si master and subsequent Ni stamp and PLLA 
microcontainer replication has been analyzed using an optical 

Figure 8. (a) Final Si master with 10 μm wide walls and 50 μm wide separation trench. (b) Close up view of one structure on the Si wafer. 
(c) 3D optical profilometer analysis. (d) Optical profilometer line scan.
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profilometer. There are two dimensions we are mainly inter-
ested in: the reservoir depth in the Si master (DSi1) and the 
PLLA (DPLLA1) or the corresponding inner circle height on 
the stamp (HNi1), and the separation trench depth in the Si 

master (DSi2) and PLLA (DPLLA2) or the corresponding height 
of the outer ring on the stamp (HNi2), as depicted in figure 3. 
As shown in figure 11, it can be observed that there are minor 
variations in the total etch depth of the reservoir and separation 

Figure 9. (a) SEM image showing remaining unetched Si {1 1 1} planes after electroplating Ni and attempted release in KOH. Inset: close 
up of one structure. (b) Dry etching of Si {1 1 1} planes after electroplating and KOH release. Inset: close up of one structure.

Figure 10. (a) SEM micrograph of final Ni stamp. (b) Close up of one structure on Ni stamp (220 µm inner disc and 30 µm separation 
distance). (c) Imprinted microcontainer in PLLA. (d) Close up of one microcontainer (10 µm walls and 20 µm separation distance).
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trench in the Si master. The design variations of the patterns in 
the mask lead to the variations in etch depth of the Si master 
due to ARDE [29]. Since the aspect ratio for the separation 
trench is more than the aspect ratio for the reservoir, the dif-
ferences in the depth are higher for the former. When the 
replication of the Ni stamp from the Si master and the PLLA 
microcontainer from the Ni stamp is considered (figure 10(c)), 
it can be seen that there is good replication fidelity (figure 11). 
We have successfully replicated all the microstructures with 
varying dimensions on the Ni stamp into the PLLA film. This 
includes fabrication of microcontainers with 10 µm wall thick-
ness with an aspect ratio of eight (figure 10(d)).

4. Conclusion and outlook

We have successfully fabricated a Ni stamp with two-leveled 
cylindrical microstructures for hot embossing in polymers. 
For this purpose, we have optimized the fabrication process 
flow and, in particular, the deep reactive ion etch process. 
The standard Bosch process is optimized by ramping the 
etch time and modifying the oxygen flow. Finally, micro-
structures with the desired features: smooth walls, positive 
taper, minimum undercut and no lateral etch, are fabricated 
in Si to obtain a master. On this master, Ni is electroplated 
and a Ni stamp is achieved. This stamp is then molded into 
PLLA polymer films and good high fidelity replication of the 
Ni stamp is observed for trenches with a width of 20 µm and 
a depth of 120 µm, and for walls with a width of 10 µm and 
a height of 85 µm. Hence, microcontainers are successfully 
fabricated in a biopolymer layer. In future, the Ni stamp can 
be fabricated as thin shims for roll-to-roll printing in order to 
mass produce oral drug delivery microcontainers. The pro-
cess can be easily used for various kinds of shapes, sizes and 
dimensions with minor changes in the process flow.
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Hot punching with two different strategies has been demonstrated

as a newmethod of fabricating high aspect ratio 3Dmicrostructures

for drug delivery. It has been shown that this process is highly

versatile with good replication fidelity and yield.

Oral drug delivery is the most preferable route of drug
delivery. This is due to the ease of administration, flexibility
in dosage and most importantly, patient compliance.1

However, there are challenges with this route of delivery.
These are non-specificity of the drug, degradation in the
acidic environment of the stomach and low drug stability
resulting in an overall low bioavailability of active ingredients.2,3

With the recent developments in microelectromechanical sys-
tems (MEMS) technology, there has been high impetus in
developing new microfabricated oral drug delivery systems
(DDS) like micropatches, microreservoirs and micropore
based devices.4,5 For example, Desai et al. have shown in the
past years, that microfabricated containers are an oral DDS
that can potentially increase the bioavailability of the loaded
drug.6,7 The first of these microfabricated DDS were pro-
duced in conventional materials such as Si, poly(methyl
methacrylate) (PMMA) and photoresists.8–10 In the last
years, there have been efforts to fabricate such oral drug
delivery microdevices in biocompatible and biodegradable
polymers like poly-L-lactic acid (PLLA), polycaprolactone
(PCL), poly(lactic-co-glycolic acid) (PLGA) approved by the US
Food and Drug Administration (FDA) for applications in oral
drug delivery.11,12 In order to fabricate discrete microstruc-
tures in such polymers, various fabrication techniques have
been developed. DeSimone et al. introduced the PRINT tech-
nique which uses molding in a polymer stamp to produce
microscale and sub-microscale structures.13,14 Guan et al.
describe a process to produce foldable hydrogels for drug
delivery applications.15
Hot embossing is a suitable technique for the fabrication
of microstructures in polymers since it is a simple, low cost
and scalable process with high structural replication fidelity.
However, the residual layer that remains after the hot
embossing process poses a challenge to produce discrete
microstructures. Some methods to overcome this limitation
and remove the residual layer have been introduced in the
past including reactive ion etching or laser machining but
these processes might affect the material properties of the
biopolymer.16,17 Kuduva-Raman-Thanumoorthy et al. describe
a punching process after hot embossing to get discrete three-
dimensional (3D) structures using a special set-up.18 Heckele
et al. introduced bilayer embossing with a device layer on a
sacrificial layer. However, this process requires precise con-
trol of the penetration depth of the stamp in the sacrificial
layer and careful selection of the device and sacrificial layers
in order to avoid delamination.19

In this paper, we introduce hot punching as a modified
hot embossing process to obtain individual biopolymer
microcontainers for oral drug delivery applications. These
microcontainers are 3D structures with a bottom and high
aspect ratio walls forming a reservoir with a volume in the
nanoliter range. The overall concept of hot punching is illus-
trated in Fig. 1. The process starts with the deposition of a
PLLA device layer on an elastic polydimethylsiloxane (PDMS)
layer (Fig. 1A1 and B1). After that, the device layer is molded
by a robust Ni stamp and at the same time punched due to
the presence of the underlying elastic layer (Fig. 1A2 and B2).
Once the punching process is finished the microcontainers
are separated from the rest of the PLLA film. Depending on
the surface pretreatment of PDMS before deposition of the
PLLA layer, these microstructures either remain on the
underlying PDMS layer (process A, Fig. 1A3 and A4) or are
transferred to a sacrificial layer such as a water soluble poly
acrylic acid (PAA) layer by thermal bonding (process B,
Fig. 1B3 to B7). The hot punching process has several major
benefits for fabrication of discrete microstructures: i) the
residual layer is penetrated during a single thermal
oyal Society of Chemistry 2015
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Fig. 1 Process A-Hot punching process to fabricate microcontainers
on PDMS: A1. Spin coated PLLA film on ozone treated hydrophilic
PDMS layer; A2. Hot embossing leading to punching of PLLA con-
tainers from the surrounding film; A3. Demolding of the stamp leaving
the punched microcontainers on the PDMS layer along with the sur-
rounding polymer film; A4. Hydrophobic recovery of PDMS layer, PLLA
containers ready to be collected after peeling of interconnecting film.
Process B-Hot punching process to fabricate microcontainers on a
PAA–PEG sacrificial layer: B1. Spin coated PLLA film on untreated PDMS
layer; B2. Hot embossing leading to punching of PLLA containers from
the surrounding film; B3. Demolding of the stamp leaving the micro-
containers attached to the Ni stamp; B4. Spin coating of PAA–PEG
solution on Si substrate; B5. Thermal bonding of containers in Ni stamp
to sacrificial PAA–PEG layer; B6. Individual microcontainers transferred
on PAA–PEG layer after bonding; B7. Released microcontainers floating
in water.

Fig. 2 A. SEM micrograph of the Ni stamp, inset: one Ni stamp unit
with inner disc of diameter 260 μm, 20 μm distance between outer
ring and the inner disk and outer ring width of 20 μm; B. 100% yield of
hot punching; the surrounding polymer film with through holes (inset)
after demolding and peeling; C. loosely attached microcontainers on
the PDMS layer after two weeks of storage: D.–E. individual
microcontainers with 20 μm (D) and 10 μm (E) wall thicknesses; F. PCL
microcontainers on PDMS layer immediately after peeling of
interconnecting PCL film after hot punching.
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embossing step without formation of residues and without
need of additional equipment compared to similar attempts
using reactive ion etching or laser machining techniques; ii)
the process is very versatile where the PDMS layer can be kept
constant while the device material layer can be varied to be
any thermoplastic polymer; iii) the microcontainers are
obtained in ordered arrays solely defined by the stamp design
and with the open side of the reservoir pointing upwards
which facilitates their handling and further processing such
as drug loading by inkjet printing20 and functional layer
deposition; iv) the process allows fabrication of large high
aspect ratio microstructures on wafer-scale. Here, we demon-
strate the fabrication of individual high aspect ratio bio-
polymer microcontainers with heights of 120 μm and a
volume in the nanoliter range with good replication fidelity
and yield.

First, a Ni stamp is fabricated with arrays of stamp units
each consisting of an inner disk and an outer ring for
This journal is © The Royal Society of Chemistry 2015 93
fabrication of one individual microcontainer.21 The inner
disk and the outer ring have a height of 90 μm and 120 μm,
respectively. In order to ease the demolding process and suc-
cessfully replicate the microstructures, the Ni stamp (Fig. 2A)
for embossing should have smooth, positively tapered side-
walls. Once the stamp is fabricated, first a 80 μm thick PDMS
layer and then a 100 μm thick PLLA layer are spin coated on
a Si substrate.

Since the maximum height of the structures on the Ni
stamp is around 120 μm,21 this thickness of PLLA film
ensures that the Ni stamp reaches the PDMS layer during the
hot punching process while at the same time it is completely
filled by PLLA. The thickness of the PDMS is chosen large
enough to ensure that the Ni stamp is far from being in con-
tact with the hard Si surface beneath it.

The PLLA–PDMS layers stack is brought into contact
with the Ni stamp and embossed at 90 °C.22 During the
embossing process, the PLLA polymer is above its glass tran-
sition temperature of 55–60 °C in a viscoelastic state. This
viscoelastic layer lies on the elastic PDMS film. When the
hard Ni stamp is brought in contact with the viscoelastic
Lab Chip, 2015, 15, 2576–2579 | 2577
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Fig. 3 A. Punched microcontainers attached to Ni stamp after
demolding, B. microcontainers with 40 μm wall thicknesses bonded to
the PAA–PEG sacrificial layer; C.–D. individual microcontainers with
20 μm (C) and 10 μm (D) wall thicknesses; E. microcontainers filtered
through a mesh after dissolution of PAA–PEG sacrificial layer; F. height
profile and 3D image of the microcontainers with 20 μm thick walls, G.
height profile and 3D image of the microcontainers with 10 μm thick
walls. High aspect ratio of >9 and wall heights of 120 μm are achieved.
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PLLA film the PLLA layer starts deforming under the applied
compressive forces. This deformation continues into the
PDMS layer too. After this, there is only a thin layer of PLLA
left below the outer ring of the stamp, which is the highest
feature on the stamp. This thin layer defines the residual
layer in standard hot embossing. However, because of the
elastic deformation of the PDMS layer in the hot punching
process, this residual layer is stretched under tensile load.
Once the tensile load exceeds the shear strength of the PLLA
material, the residual layer is broken. Thus, the containers
are separated from the rest of the PLLA layer leaving behind
holes in the film (Fig. 2B). 100% yield for punching has been
achieved in the sample depicted in Fig. 2B.

After the embossing process and cooling down to 50 °C,
the Ni stamp is demolded from the polymer stack. Two dif-
ferent strategies (Fig. 1, process A and process B) can be pur-
sued after demolding based on specific modification of the
properties of the PDMS surface before deposition of the PLLA
device layer. In process A, the PDMS layer is exposed to
UV/ozone, immediately before spin coating of PLLA. In this
case, the punched PLLA film adheres to the PDMS layer. This
happens due to the low surface energy (6 mN m−1)23 of the Ni
stamp coated with a monolayer of perfluorodecyltrichlorosilane
(FDTS) antistiction layer compared to the high surface energy
(72 mN m−1)24 of the ozone treated PDMS layer.

After punching, the obtained containers are stored for
three days during which the PDMS layer recovers some of its
hydrophobicity.25 After three days it is possible to mechani-
cally peel the interconnecting PLLA film from the PDMS,
while the PLLA containers remain attached. After two weeks
of storage the containers are only loosely attached to the
PDMS as shown in Fig. 2C and can be collected by scraping.
Fig. 2E and F show the microcontainers with 20 μm and
10 μm wide walls respectively. The walls are close to 120 μm
high and the reservoir is 90 μm deep. It can be observed that
high aspect ratios of >9 are achieved with this process.
Fig. 2F shows PCL containers attached to the PDMS layer
after the interconnecting film has been peeled off. This
shows that the process can be extended to other polymers.

In process B, the PDMS layer is not treated with ozone
before spin coating of PLLA. In this case, the punched PLLA
remains attached to the stamp after demolding. The micro-
containers are left in the stamp while the rest of the inter-
connected PLLA film with the holes is peeled off (Fig. 3A). In
order to finally obtain the microcontainers, the Ni stamp
with the microcontainers is thermally bonded to a sacrificial
layer. Since acrylics are heavily used in adhesives and are
water soluble, poly acrylic acid (PAA) is used. In order to
enhance the adhesive properties of PAA and to decrease
its Tg, polyethylene glycol (PEG) is added to aqueous solution
of PAA. The stamp, with the PLLA containers stuck in it, is
bonded to the PAA–PEG layer at 60 °C. Once the stamp is
removed from the PAA–PEG layer, PLLA containers are
obtained on this water soluble layer (Fig. 3B). As in process
A, it can be seen in Fig. 3C and D that high aspect ratio
containers can be fabricated using process B. Since the
2578 | Lab Chip, 2015, 15, 2576–2579 94
fluorocarbon coating on the Ni stamp lowers its surface
energy while PEG addition to PAA increases the surface
energy of the sacrificial layer, PLLA has a higher tendency to
adhere to the PAA–PEG layer. If required, the microcontainers
can be separated from the Si substrate by dissolution of the
PAA–PEG layer in water and further, filtering of micro-
containers (Fig. 3E).

Process A and B have different advantages and drawbacks.
On one hand, when the microcontainers are directly obtained
on a PDMS film as in process A, the number of steps is lower
than when the microcontainers are transferred on a sacrifi-
cial layer as in process B. On the other hand, microcontainers
in process B remain attached to the handling substrate for a
longer time. This implies that after process A, the micro-
containers can only be stored for a few days during which
the drug loading of the containers needs to be performed
before the PDMS layer recovers its hydrophobicity and the
containers detach. Process A is a dry process which means
that once the containers will be loaded with drug, they will
not be exposed to any kind of solvents. Compared to that,
process B becomes a wet process due to the release of the
containers from the substrate by dissolution of a sacrificial
layer. Thus, the choice of process will depend on the final
This journal is © The Royal Society of Chemistry 2015
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application and the requirements for post-processing such
as drug loading.

Conclusions

We have fabricated individual microcontainers in biodegrad-
able polymer approved for oral drug delivery applications
using hot punching. Hot punching is a modification of the
standard embossing technique, where an elastic PDMS layer
is deposited between the device PLLA layer and the hard Si
substrate. We have shown that this layer allows the penetra-
tion of the residual layer and the separation of the micro-
containers from the surrounding polymer film on wafer scale.
We have illustrated that punched microcontainers can be
obtained, either on the underlying PDMS film directly or on a
sacrificial layer. Here, the sacrificial layer is a water soluble
PAA layer but in principle it could be any layer with good
adhesion properties to PLLA e.g. an adhesive tape. Both pro-
cesses have good replication fidelity and give excellent yields
even for structures with high aspect ratio of >9 and a height
of 120 μm (Fig. 3F and G). The final microstructures are truly
3D microcontainers with 300 μm diameter and 90 μm deep
reservoirs resulting in a volume of approximately 4 nL per
container. This is around three orders of magnitudes more
volume for drug loading in comparison to some of the other
microreservoir based DDS presented in literature.6,9,26 In
future, these microcontainers will be loaded with drugs and
the drug release will be characterized.

Finally, we believe that the hot punching process
described here is a truly versatile and simple process which
is compatible with standard hot embossing equipment and
stamps. The process is not limited to fabrication of micro-
containers but can be applied to other drug delivery devices
or other applications like tissue engineering where fabrica-
tion of individual 3D microstructures in polymer is required.
This process is suitable for high throughput production and
can potentially be transferred to roll-to-roll (R2R) processing.
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FABRICATION AND LOADING OF ORAL DRUG DELIVERY 
MICROCONTAINERS USING HOT PUNCHING 

Ritika S. Petersen*, Mads T. Borre, Stephan S. Keller, and Anja Boisen 
Department of Micro- and Nanotechnology, Technical University of Denmark 

ABSTRACT 
In this paper, poly-l-lactic acid (PLLA) solution is spin coated to achieve a PLLA layer of 55 µm 

thickness. Hot punching with a Ni stamp is optimized to fabricate microcontainers in PLLA. Process 
optimization of thermal bonding of the microcontainers to a poly acrylic acid (PAA) layer is performed 
by modifying sample preparation and varying temperature. The fabricated microcontainers are loaded by 
hot punching in a spin coated drug polymer film of furosemide and poly-e-caprolactone (PCL). 

KEYWORDS: hot punching, hot embossing, thermal bonding, microcontainers, oral drug delivery 

INTRODUCTION 
Advances in microtechnology and pharmaceutical engineering led to the proposition of 

microcontainers as carriers for oral drug delivery. These containers are able to protect drug from 
degradation during transit of the gastro-intestinal tract, potentially enable one-directional drug release at 
the site of absorption and could thereby enhance the bioavailability of drugs [1]. It has been shown that 
hot embossing is a viable method for three-dimensional (3D) structuring of biopolymers [2]. However, it 
leads to the formation of a residual layer that connects the structures defined in the polymer. The residual 
layer can be removed by reactive ion etching but this is a slow, expensive process that leads to complex 
residues. Recently, we introduced hot punching as a new process for patterning of biopolymers [3]. Here, 
the hot punching process is optimized to achieve discrete 3D PLLA microcontainers with a volume of 3.3 
nL with a high fabrication yield. Earlier, microcontainers have been filled with drug by micro spotting or 
microinjection [4]. These techniques require low viscous solutions and are time consuming. In our work, 
containers are filled with polymer-drug (PCL-furosemide) matrix using the same hot punching technique 
in a single-step in parallel manner. 

EXPERIMENTAL 
The process of hot punching is illustrated in Fig. 1. First, the substrate is prepared by spin coating a 

PLLA layer on a PDMS coated Si substrate. After that the sample is embossed with a fluorocarbon 
coated-Ni stamp (Fig. 1.A, Fig.2.A) for 30 min at a temperature of 105°C and a pressure of 1.9 MPa [5,6]. 
During the embossing, the viscoelastic PDMS underlayer presses against the stamp, the residual layer is 
disrupted and the microcontainers are punched out of the PLLA film. Next, the stamp and the sample are 
demolded. At this stage, a polymer film with through-holes is left on the Si wafer while the 
microcontainers remain in the stamp (Fig. 1.B, Fig. 2.B). To detach the microcontainers from the stamp, 
the stamp is thermally bonded to a 50 µm thick film of PAA coated on a Si wafer (Fig. 1.C). Finally the  

Figure 1. Hot punching for fabrication and filling of PLLA microcontainers: A. Embossing of PLLA spin 
coated on PDMS by Ni stamp, B. PLLA microcontainers punched out but attached to Ni stamp, C. 
Thermal bonding of PLLA microcontainers to PAA layer, D. Second hot punching for filling of PLLA 
microcontainers with PCL-Furosemide drug matrix, E. Drug loaded microcontainers. 
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500µm
500µm

A B

   Figure 2.A. Nickel stamp, B. PLLA microcontainers      Table 1. Optimization of thermal bonding  
punched out but attached to Ni stamp 

containers are obtained on this water soluble PAA sacrificial layer. These biopolymer containers are 
further used to punch a 50 µm thick PCL-Furosemide polymer-drug matrix for 30 min at a temperature of 
65 °C and a pressure of 1.9 MPa (Fig. 1.D). In this way the drug is loaded in the microcontainers in a 
single step (Fig. 1.E). Free-floating microcontainers are obtained by dissolution of the PAA layer in 
water. 

RESULTS AND DISCUSSION 
The flow of PLLA into the Ni stamp is considered and the required thicknesses of the PLLA film to 

completely fill the stamp is calculated. The dimensions of one unit on the Ni stamp are given in Fig 3.A. 
There are 20X20 such units with center-to-center distance of 640 µm arrayed as a square. There are 16 
such squares on a wafer resulting in a total of 6400 microcontainers. Due to the distance between the 
individual units a local flow is assumed, where only the PLLA under each individual unit of  Ni stamp is 
involved in the filling of the cavities. With this model (Fig. 3.B), the required PLLA thickness  is 
calculated as 51µm. A PLLA thickness of around 55 µm is achieved by spin coating 15% wt. solution at 
1000 rpm (Fig. 3.C). 

Similar calculations for the local flow of the drug-polymer into the PLLA microcontainers are 
performed and the calculated thickness is 47 µm. However, for uniform coating  of the drug polymer film, 
maximum thickness of 22  µm is achieved at 500 rpm for 14.6%wt. PCL-furosemide solution (Fig.3.D). 
Lowering the spin coating speed results in thicker but non-uniform films. In future either the 
concentration of the solution could be increased or multiple layers could be deposited to achieve the 
theoretically required thickness of the film . 

For the punching of the microcontainers from the spin coated PLLA film, 100% yield is achieved at a 
embossing temperature of 105 ºC. To increase the yield of the thermal bonding, optimization of PAA 
water soluble layer preparation, thermal bonding temperature (Table 1) and time are performed. Best 
results are obtained when PAA solution is spin coated at 1000 rpm to a 50 µm thick PAA film and 
thermal bonding is conducted immediately afterwards at 100ºC for 30 min at a pressure of 1.9 MPa (Fig.4 
A). If the water from the PAA layer is allowed to evaporate, it has been observed that the stiction of PAA 
to PLLA microcontainers has been considerably reduced. The glass transition temperature of PAA is 
around 100ºC and it seems that at this temperature PAA is soft enough to conform well to the PLLA 
attached to the Ni stamp but not too soft to get punched itself. The bonding yield achieved with these 
optimized parameters is around 60%. 

Finally the optical images show that the containers get filled when the drug polymer matrix is 
punched into the fabricated PLLA microcontainers (Fig.4). The yield of this process is more than 90%. 
However, significant compression of the walls occurs (Fig.4.B, D and E). This could be solved by 
reducing the temperature and  pressure applied on the microcontainers during the hot punching  filling 
process or by increasing the thickness of the drug polymer film.  
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CONCLUSION 

The hot punching process described here for fabricating and filling microcontainers is a very versatile 
process that can be used for a range of different designs of biopolymer based oral drug delivery devices 
and drug types. Further optimization needs to be performed for the thermal bonding in order to get an 
even higher yield and for the filling technique to keep the structural integrity of the microcontainers in-
tact.  
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In recent times, reservoir based microdevices, which prevent the degradation of drug and allow 

unidirectional release, have led to enhanced bioavailability of the drug in the system. These devices 

have secured an important place in oral drug delivery [1, 2]. They have been conventionally 

fabricated in Si and photoresists like SU-8 and poly(methyl methacrylate) using standard micro-

electro-mechanical systems (MEMS) fabrication technologies of photolithography and etching [3, 

4]. Gradually, the focus has shifted to fabricating the reservoir based devices in biodegradable and 

biocompatible polymers like poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol) 

dimethacrylate (PEG-DMA) and others [5]. Once these microcontainers are fabricated, loading 

them with drug imposes a major challenge. The loaded drug in general is embedded in a polymer 

matrix to tune its release properties. The polymer matrices can be hydrophobic, slow-degrading 

biopolymeric materials such as PLLA or PCL for sustained drug release [6]. On the other hand, they 

can be hydrophilic polymers or in their gel forms such as Poly Acrylic Acid (PAA) or Poly vinyl 

pyrrolidone (PVP) for increased drug solubility and bioavailability [7, 8]. In the past, microdevices 

have been loaded with drug-polymer matrices by using photolithography, microinjection and ink-jet 

printing [9-11]. Supercritical CO2 has been introduced as a method to fill micro-reservoirs where 
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first the polymer matrix is filled in microcontainers by ink-jet printing and then the drug is loaded 

using supercritical CO2 [12]. Though these techniques give good control on the amount of drug 

filled, they suffer from some disadvantages. Photolithography typically uses UV light which can 

degrade the active ingredients in a drug. Ink-jet printing cannot be performed for high molecular 

weight polymers and proteins due to clogging of nozzle. Supercritical CO2 has some constraints 

when the micro-reservoirs are fabricated in polymers like PLLA that can themselves swell and get 

deformed [12]. The common limitation with all these techniques is that they are relatively slow 

processes. Microcontact printing has been developed as a parallel process to fill such micro-

reservoirs [13]. However, this technique requires fabrication of polydimethylsiloxane (PDMS) 

stamp which is mechanically and chemically unfit for a large number of loading runs [14]. It also 

requires alignment set-up to align the stamp precisely in the micro-reservoirs [13]. 

Here, we introduce a high throughput, parallel process of filling micro-reservoirs in a controlled 

manner using hot punching technique. Microcontainers made in both polymeric material PLLA and 

photoresist SU-8 have been successfully loaded by furosemide (F) drug in PCL matrix using this 

technique. Hot punching is a combination of hot embossing and mechanical punching processes 

[15-17]. In hot punching, a mold is pressed into a viscoelastic polymer film, punching out the 

embossed microstructures from the rest of the film. In hot embossing as in Figure.1.A, the force F 

required to emboss a mold with a protrusion of radius R into a polymer film of initial thickness h0 

and viscosity h0 lying on a substrate distance h(t) apart from the stamp at any time t, is given by 

[18]: 

dt
dh

th
R

F 3
0

4

)(2
3 hπ

=
1) 

From equation 1, it is clear that as h(t) → 0, the force required for embossing a non-deformable 

stamp into a polymer lying on a non-deformable substrate, becomes extremely large. This in turn 

means that it is almost impossible to remove residual layer completely. Therefore in a typical hot 
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embossing process, after the microstructures are fabricated, the residual layer is removed by 

reactive ion etaching (RIE). However, for the application of drug loading, RIE is impractical as it 

would lead to the degradation of the drug lying in the drug-polymer film. To remove the residual 

layer, conformal contact of the mold with the sample substrate is required (i.e., h(t) = 0). Two 

conditions need to be satisfied to achieve such conformal contact: i) either the mold or the substrate 

is deformable, and ii) the thickness of the polymer film is high enough to fill the cavities of the 

mold but low enough to allow the contact of mold with the substrate.  

In order to load the microcontainers, the microcontainers lying in an array on the substrate are 

considered as the mold (Figure.1.C.I, 1.D.I, 2.A and 2.D). This microcontainer-mold is embossed in 

the F-PCL film spin coated on a substrate by applying temperature and pressure. In order to emboss 

relatively non-deformable SU-8 microcontainers, the substrate is modified into deformable 

substrate by depositing PDMS film on the Si substrate before spin coating F-PCL solution 

(Figure.1.C.I). While embossing the PLLA microcontainers, the first condition for the conformal 

contact is fulfilled automatically since the microcontainer-mold in this case is made up of relatively 

deformable PLLA material. Thus, PLLA microcontainers can be applied for the punching of F-PCL 

film spin coated directly on Si without any extra PDMS layer (Figure.1.D.I). 

Table 1. Dimensions of SU-8 and PLLA microcontainers 

Cont-
ainer

Depth of inner 
reservoir, H1

(µm)

Diameter of 
inner 

reservoir, D1

(µm)

Total height 
of container, 

H2 (µm) 

Outer 
diameter of 

container, D2

(µm)

Center to center 
distance between 

containers, L 
(µm)

SU-8 60 200 100 300 450

PLLA 73 240 100 300 640
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In order to fulfill the second condition for achieving conformal contact of the microcontainer-mold 

with the F-PCL’s substrate, the required thickness of the F-PCL film is calculated.  The thickness of 

the F-PCL film should be less than or equal to the thickness required to fill the microcontainers’ 

reservoirs completely without leaving residual film. The various dimensions of the containers are 

mentioned in Table 1 and illustrated in Figure.1.B . Using mass conservation and assuming that the 

polymer in viscous state is an incompressible liquid, the required thickness (Tmax) of the F-PCL 

films is given by: 

𝑇𝑇max < 𝐻𝐻1 �1 −
𝜋𝜋
4
�
𝐷𝐷22 − 𝐷𝐷12

𝐿𝐿2
�� 

2) 

Putting the values from Table 1, the calculated maximum thickness of the F-PCL film for loading

SU-8 containers is 48.4 µm and PLLA microcontainers is 69.9 µm. 

So far, the conformal contact between the microcontainer-mold and the F-PCL’s substrate is 

achieved by applying the above guidelines. Once the contact is obtained, F-PCL film is punched 

along the walls of the microcontainers from the rest of the F-PCL film through the application of

force and temperature. However, in order to load the microcontainers, it is desirable that this

punched out F-PCL microstucture remain in the container reservoirs. To ensure this, the total

adhesion energy between the mold and F-PCL polymer should be higher than the adhesion energy

between the F-PCL polymer and its substrate. If Wpm and Apm are the adhesion and the total contact

surface area of drug-polymer to mold, respectively while Wps and Aps are the adhesion energy and

the total contact surface area of drug-polymer to its substrate, respectively, then this condition is

fulfilled when

𝐴𝐴𝑝𝑝𝑝𝑝𝑊𝑊𝑝𝑝𝑝𝑝  > 𝐴𝐴𝑝𝑝𝑝𝑝𝑊𝑊𝑝𝑝𝑝𝑝   3) 

where Wpm and Wps are calculated from the surface energies of drug-polymer (γp) and mold (γm), and 

the interfacial energy between the drug-polymer and mold (γpm), and between the drug-polymer and 
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its substrate (γps) by applying Young-Dupré equation and Berthelot hypothesis [19]. Taking into 

consideration, the cylindrical shape of the microcontainers, the above equation can also be written 

as:  

𝑊𝑊𝑝𝑝𝑝𝑝

𝑊𝑊𝑝𝑝𝑝𝑝
 <  

2𝐷𝐷1𝐻𝐻1+𝐷𝐷12

𝐷𝐷22
 

4) 

The above mentioned condition can be fulfilled by either increasing the aspect ratio of the

containers or by increasing Wpm. When the SU-8 container punches the F-PCL film lying on PDMS

(Figure.1.C.II), Wpm = 69.3 mJ /m2 and Wps = 53.7 mJ /m2 where γs = 20 mJ/m2, γm= 30mJ/m2 and 

γp= 40mJ/m2 [20-22]. For the dimensions mentioned in Table.1, WpmApm = 4.79*10-6 mJ and WpsAps

= 4.21*10-6 mJ. Since WpmApm > WpsAps, the punched out PCL polymer stays in the SU-8 reservoir

and thus the container is loaded (Figure.1.C.III, 2.B and 2.C). The hot punching of F-PCL film by

SU-8 microcontainers is performed at a temperature of 65 ºC and a pressure of 1 bar. The 

temperature is applied on both the plates in contact with the microcontainer-mold and the F-PCL

sample. Complete filling of reservoirs is achieved by spin coating F-PCL film of around 45-50 µm

thickness. This thickness is obtained by spin coating two layers of 14.7% wt. F-PCL solution 

prepared in fast evaporating solvents like acetone and dicholoromethane, at 400 rpm spin speed.

In order to load F-PCL in PLLA, a 21-23µm thick F-PCL film is prepared by spin coating 14.7% 

wt. F-PCL solution on Si substrate at 400 rpm. During hot punching, when the temperature of 75 ºC 

is applied to both the plate, the deformable PLLA containers lose their strutural integrity and 

become flat. So, the temperature is applied only to the plate in contact with F-PCL sample. After 

demolding, the punched out F-PCL gets attached to the PLLA microcontainers because of a very 

high Wpm. Even though in this case Apm is small due to incomplete filling of the reservoir as the 

thickness of the spin coated F-PCL film is less than Tmax, the adhesion of F-PCL to PLLA is high 

enough to compensate for this low Apm. Since the glass transition temperature of PLLA generally 
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lies between 50-60 °C, the F-PCL polymer that is at 75 °C during hot punching, blends into the 

PLLA in direct contact with it [23, 24]. This results in significantly high Wpm, which ensures that 

after demolding, the punched out F-PCL structures remain in the PLLA microcontainers, thereby 

loading them (Figure.1.D.III, 2.E and 2.F). Optical profiler measurements show the height of the 

filled matrix to be 86 µm with respect to Si substrate and indicate that the PLLA containers stay 

structurally intact (Figure.2.G and H). High replicability and yield of > 95% are observed for the 

loading of both SU-8 and PLLA microcontainers. 

The F-PCL matrix thus loaded in the microcontainers by applying hot punching is further 

characterized by performing X-ray powder diffraction (XRPD) and Raman. The furosemide release 

is studied by microdissolution. For the sake of simplicity, XRPD and Raman data for F-PCL loaded 

in PLLA microcontainers is presented here. From the XRPD and Raman data it is confirmed that 

both PCL and furosemide are loaded in the microcontainers. Furosemide is present in polymorph 

form I which is the most common and the stable of all its polymorphs due to more efficient crystal 

packing, higher density and the presence of sulfonamide group [25]. The spectra taken for the pure 

furosemide crystals show the same spectra of polymorph form I indicating that the furosemide 

remains in a stable form during the punching process as illustrated in Figure.3.A [25]. The sharp 

furosemide peaks especially at 1600 cm-1 and 1509 cm-1 in raman data and at 25º 2θ in XRPD show 

that Furosemide is present in semi-crystalline form (Figure.3.A and B). As can be seen from the 

Figure.3.C, the release profile of furosemide from PCL matrix loaded in PLLA microcontainers 

shows an initial fast release followed by a slow sustained release. 

Hence, we demostrate here that hot punching is an effective process of loading drug-polymer matrix 

in micro-reservoirs. For both SU-8 and PLLA microcontainers, a high yield of loading (>95%) has 

been achieved. Various advantages of hot punching process for loading of micro-reservoir based 

oral drug delivery devices are: i) it is a versatile process that can be used to fill different 
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combinations of drug and polymer; ii) apart from the sample preparation, the process is a single-

step, parallel process with high throughput; iii) it doesn’t require any special printing or alignment 

tools, neither the process needs to be performed in cleanroom or under high vacuum, making it a 

simple process that can be scaled up, iv) it is comparatively benign towards the active components 

of a drug; v) it can be used for high-aspect ratio filling and in principle the leftover drug-polymer 

can be reused in making solution.  Thus we have been able to produce an oral drug delivery device 

completely manufactured in biopolymeric materials and shown successful release of drug. This 

technique can also be used for loading hydrophilic polymers like PAA, hydrogels. etc. either as a 

melt or in their solution forms if the surfaces of the microcontainers are modified to match the 

surface energies of these polymers. 
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Figure.1. A. Schematic of hot embossing process where a mold is embossed in a polymer with the 

application of force; B. Schematic of hot punching of drug-polymer matrix by microcontainer-mold 

with all the features; Hot punching for loading of microcontainers with drug-polymer matrices: C. 

Drug-polymer loading in  non-deformable SU-8 microcontainers by applying deformable substrate: 

1. Fabrication of SU-8 microcontainers on fluorocarbon coating and preparation of the sample by

spin coating drug-polymer solution on PDMS coated Si. 2. Hot punching drug-polymer by SU-8 

microcontainer-mold, 3.Demolding of the containers with attached drug-polymer matrices punched 

out from rest of the film, D. Drug-polymer loading in soft PLLA microcontainers: 1. Fabrication of 

PLLA microcontainers bonded on water soluble PAA-PEG layer and preparation of the sample by 

spin coating drug-polymer solution directly on Si. 2. Hot punching drug-polymer by PLLA 

microcontainer-mold, 3.Demolding of the containers with attached drug-polymer matrices punched 

out from rest of the film, thus loading the containers. 
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Figure.2 SEM micrographs of: A. Empty PLLA containers B. F-PCL loading in PLLA 

microcontainers using optimized parameters, C. closeup; D.Empty SU-8 containers B. F-PCL 

loading in SU-8 microcontainers, C. closeup; Optical profiler measurements of G. empty and H. 

loaded PLLA microcontainers along with the 3D images. 
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Figure. 3. A. Raman Spectra B. X-ray diffractometry of F-PCL matrix loaded in PLLA 

microcontainers, only PCL polymer loaded in PLLA microcontainers and pure crystalline powder. 

C. Dissolution release of Furosemide from PCL matrix.
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Patent 
Method for manufacturing carrier containing e.g. proteins for human during oral drug 

delivery operation for food and drug administration application in pharmaceutical industry, 
involves providing active ingredient to core layer 
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APPENDIX 1 

MATLAB CODES 

1.1 MATLAB code for least square fitting of spin coating curves 

function y = Lsqcurvefit_example_function(fun_coef, x) 

A=fun_coef(1); 
B=fun_coef(2); 
y = A.*x.^(-2/3)+B; 

clear all;  
close all;  
format compact; 

% Fit to the function y=A*x^(-2/3)+B 

if false 

else 

    % Generate "measurement" data 
    A=10000;  
    B=100;  
    x=[400 500 600 700 800 1000]; % example numbers 
    y=A.*x.^(-2/3)+B+randn(1,length(x))*10; 
    clear('A','B'); 

    % Real measurements 
    x=[500 1000 1500 2000 2500]; 
    y=[75.2 58.5 50.8 47.9 40.5]; 
end 

guess=[200; 200]; % Initial guess on coefficients A and B 

options = optimset ('TolX', 1e-18,'TolFun' ,1e-18, 'MaxFunEvals' ,400000, ... 
    'MaxIter' ,200000, 'Display','off'); 

Coefficients1 = lsqcurvefit(@Lsqcurvefit_example_function ... 
    ,guess,x,y); % fit without lower og upper boundaries 

A=Coefficients1(1) 
B=Coefficients1(2) 

plot(x,y,'*') 
hold on 
x_fit=min(x)*0.9:(max(x)-min(x))/100:max(x)*1.1; 
y_fit=Lsqcurvefit_example_function([A;B],x_fit); 
plot(x_fit,y_fit); 

%  
% Coefficients2 = lsqcurvefit(@Lsqcurvefit_example_function ... 
%     ,guess,x,y,[1e-3; 1e-3],[100000; 100000]); ... 
%     % fit med lower og upper boundaries 
%  
% A=Coefficients2(1) 
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% B=Coefficients2(2) 

1.2 MATLAB code of the interfacial energy, surface contact area and total adhesion energy 
calculations done for the fabrication of microcontainers: 

clear all; 
close all; 
 % loading of microcontainer 
prompt = 'What is dm '; 
dm=input(prompt) 
prompt = 'What is separation distance '; 
sp=input(prompt) 
rm=dm/2 
rs2=rm+(sp/2) 
rs=rm+sp 
prompt = 'What is hsep'; 
hm=input(prompt) 
prompt = 'What is hres'; 
hm2=input(prompt) 
prompt = 'What is rm2'; 
rm2=input(prompt) 
Hmin=((pi*(rm^2)*hm)-(pi*(rm2^2)*hm2))/(pi*(rs2^2)) 
prompt = 'What is ys '; 
ys=input(prompt) 
prompt = 'What is yp '; 
yp=input(prompt) 
prompt = 'What is ym '; 
ym=input(prompt) 
Wpm=yp+ym-(((yp^(1/2))- (ym^(1/2)))^2) 
Wps=yp+ys-(((ys^(1/2))- (yp^(1/2)))^2) 
Aps=pi*(rs^2) 
Apm=pi*(rm2^2)+ 2*pi*rm2*hm2 +2*pi*rm*hm 
Tadhm= Wpm*Apm 
Tadhs= Wps*Aps 

1.3 MATLAB code of the the interfacial energy, surface contact area and total adhesion energy 
calculations done for the loading of microcontainers:  

clear all; 
close all; 
 % loading of microcontainer 
 prompt = 'What is ds '; 
ds=input(prompt) 
rs=ds/2 
prompt = 'What is wall thickness '; 
wt=input(prompt) 
rs2=(ds/2)-(wt/2) 
prompt = 'What is dm '; 
dm=input(prompt) 
rm=dm/2 
prompt = 'What is hm'; 
hm=input(prompt) 
Hmin=(pi*(rm^2)*hm)/(pi*(rs2^2)) 
prompt = 'What is ys '; 
ys=input(prompt) 
prompt = 'What is yp '; 
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yp=input(prompt) 
prompt = 'What is ym '; 
ym=input(prompt) 
Wpm=yp+ym-(((yp^(1/2))- (ym^(1/2)))^2) 
Wps=yp+ys-(((ys^(1/2))- (yp^(1/2)))^2) 
Aps=pi*(rs^2) 
Apm=pi*(rm^2)+ 2*pi*rm*hm 
Tadhm= Wpm*Apm 
Tadhs= Wps*Aps 

APPENDIX 2 

SPIN CURVES 

The measured values are fitted to a trendline provided by microscoft excel program. 

y = 908.31x-0.688 
R² = 0.9683 
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APPENDIX 3 

ADDITIONAL SEM MICROGRAPHS 

A B

C D

E F
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SEM micrographs of: A. Ni stamp fabricated for obtaining circular micropatches using hot punching, B. 
Stamp fabrication in Si for microcontainers fabrication, C. Si master for the electroplating of Ni for obtaining 
square shaped micropatches, D and E. Unsucessful attempts of fabricating SU-8 stamps for fabrication of 
microcontainers, F. old microcontainers bonded on a tape from Ni stamp after hot punching process. 

APPENDIX 4 

SIMPRINT SIMULATIONS 

This figure shows some of the simulation attempts using SIMPRINT software. The first row shows the 
simulation of Ni stamp embossing in PMMA (high molecular weight) polymer spin coated on Si substrate. 
The second row shows the simulation of Ni stamp embossing in PMMA polymer spin coated on PDMS 
substrate. The second simulation threw error stating “Residual layer in negative.” Though there was an error, 
it is still interesting to see that for the PMMA on PDMS stamp, the residual layer under the highest feature 
(separation distance) on the Ni stamp is calculated as zero. On the other hand, the calculated residual layer 
for PMMA on Si substrate, embossed by the same Ni stamp, is a non-zero positive value. 

APPENDIX 5 

PROCESS FLOW FOR FABRICATION OF SU-8 MICROCONTAINERS 

(developed and optimized by Stephan Sylvest Keller) 

These process flows have been used for the fabrication of SU-8 microcontainers for loading purposes on 
fluorocarbon coated Si substrate (top) or on a water soluble sacrificial PAA layer for containers release.  

A B

A B

129



Substrates: Silicon <100>, 100mm, 525µm, single side
Goal: SU-8 microcontainers with 300µm external diameter for Milad/Line

Step Nº Description Equipment Program/Parameters Target Actual Remarks
1
1.1 Stock out 10 wafers
2
2.1 SU-8 spin-coating Z3/KS Spinner 1000rpm, 30s, 200rpm/s; 3000 rpm, 120s, 400rpm/s 34 µm SU-8 2075; 6s; 42psi; Gyrset
2.2a SU-8 soft-bake Z3/Hotplate1 2h, 50ºC, 2ºC/min 5 wafers
2.2b SU-8 soft-bake Z3/Hotplate2 2h, 50ºC, 2ºC/min 5 wafers
3
3.1 SU-8 exposure Z3/KS Aligner 2x250 mJ/cm2; soft contact Mask bottom - 300um
3.2a Post-exposure bake Z3/Hotplate1 6h, 50ºC, 2ºC/min 5 wafers
3.2b Post-exposure bake Z3/Hotplate2 6h, 50ºC, 2ºC/min 5 wafers
4
4.1 SU-8 spin-coating Z3/KS Spinner 500rpm, 30s, 100rpm/s; 1500 rpm, 60s, 200rpm/s 250 µm SU-8 2150; 40s; 42psi; Gyrset
4.2a SU-8 soft-bake Z3/Hotplate1 10h, 50ºC, 2ºC/min 300um
4.2b SU-8 soft-bake Z3/Hotplate2 10h, 50ºC, 2ºC/min varia
5
5.1 SU-8 exposure Z3/KS Aligner 2x250mJ/cm2, sub 900µm, al 100µm, exp 50µm GlobalWEC, Prox; Mask 300um
5.2a Post-exposure bake Z3/Hotplate1 10h, 50ºC, 2ºC/min 5 wafers
5.2b Post-exposure bake Z3/Hotplate2 10h, 50ºC, 2ºC/min 5 wafers
5.3 SU-8 development Z3/Developer 20min FIRST, 20min FINAL PGMEA
5.4 Rinse Z3/Developer Isopropanol, Air

SU-8 FIRST LAYER SPINNING

SU-8 FIRST LAYER PHOTOLITHOGRAPHY

SU-8 SECOND LAYER SPINNING

SU-8 SECOND LAYER PHOTOLITHOGRAPHY

Project: Fabrication of SU-8 microcontainers
Operator: Stephan

WAFER PREPARATION

Last revision:
Substrates:
Goal: Partial underetch of microcontainers to allow spray-coating

Step Nº Description Equipment Program/Parameters Target Actual Remarks
1
1.1 Stock out
1.2a PAA spin-coating Z3/Manual spinner500rpm, 60s, xrpm/s A
1.2b PAA spin-coating Z3/Manual spinner1000rpm, 60s, xrpm/s B
1.3 PAA bake Z3/Fumehood 10min, 80ºC
2
2.1 SU-8 spin-coating Z3/KS Spinner 1000rpm, 30s, 200rpm/s; 3000 rpm, 120s, 400rpm/s 34 µm SU-8 2075; 6s; 42psi; Gyrset
2.2 SU-8 soft-bake Z3/Hotplate1 2h, 50ºC, 2ºC/min
3
3.1 SU-8 exposure Z3/KS Aligner 2x250 mJ/cm2; soft contact Mask bottom - 300um
3.2 Post-exposure bake Z3/Hotplate1 6h, 50ºC, 2ºC/min
4
4.1 SU-8 spin-coating Z3/KS Spinner 300rpm, 30s, 100rpm/s; 600 rpm, 60s, 100rpm/s 200 µm SU-8 2075; 8s; 42psi; Gyrset
4.2 SU-8 soft-bake Z3/Hotplate2 10h, 50ºC, 2ºC/min 300um
5
5.1a SU-8 exposure Z3/KS Aligner 1x500mJ/cm2, sub 900µm, al 100µm, exp 50µm B GlobalWEC, Prox; Mask 300um
5.1b SU-8 exposure Z3/KS Aligner 1x1000mJ/cm2, sub 900µm, al 150µm, exp 150µm A GlobalWEC, Prox; Mask 300um
5.2b Post-exposure bake Z3/Hotplate2 10h, 50ºC, 2ºC/min
5.3 SU-8 development Z3/Developer 20min FIRST, 20min FINAL PGMEA
5.4 Rinse Z3/Developer Isopropanol, Air
5.5 Thickness Z9/Dektak
5.6 SEM inspection SEM-FEI
6
6.1 Residual layer etch Z2/ASE SU8.set (50sccm O2, 5sccm SF6, 800W, 15W, 94.5%APC, 20mA
6.2 Release Z3/Fumehood H2O, 1min
6.3 Residual layer etch Z2/ASE SU8.set (50sccm O2, 5sccm SF6, 800W, 15W, 94.5%APC, 20mB

Silicon <100>, 100mm, 525µm, single side

RELEASE

SU-8 SECOND LAYER PHOTOLITHOGRAPHY

WAFER PREPARATION

SU-8 FIRST LAYER SPINNING

SU-8 FIRST LAYER PHOTOLITHOGRAPHY

SU-8 SECOND LAYER SPINNING

Project: Fabrication of SU-8 microcontainers on PAA release layer
Operator: Stephan

02-24-2012
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