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ABSTRACT
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The purpose of this thesis was to study the possibilities of 3D printing of a personalized
dosage form from biocompatible and biodegradable PLA (polylactic acid) polymer. In
this thesis multiple sets of capsules with different settings were designed and printed
with a 3D printer. The chosen designs and printed capsules were evaluated first with
leakage tests with a blue dye and then with release tests with Nadolol-nanocellulose
mixture. 3D printing turned out to be effective with fast prototyping. The release tests
showed that a dosage form printed from PLA polymer with a wine bottle shaped inner
cavity provides a stable release profile during long time tests. This can be utilized as a
3D printed personalized implantation device.
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TIIVISTELMÄ

VALTTERI VIRTANEN: Personoidun lääkkeen 3D-printtaus
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Pääaine: Biomedical Engineering
Tarkastajat: professorit Sampo Tuukkanen ja Timo Laaksonen

Avainsanat: 3D-tulostus, personoitu lääketiede, tulostettu lääke, 3D-tulostettu
lääke

Tässä diplomityössä tutkittiin personoidun lääkekapselin 3D-tulostusta PLA-
polymeeristä. PLA-polymeeri on biohajoava ja bioyhteensopiva yleisesti 3D-
tulostuksessa käytetty niin kutsuttu biopolymeeri. Työ suoritettiin tulostamalla
kapseleita erilaisilla asetuksilla. Kapseleiden muotoilu ja 3D-tulostimen tulostusjälki
testattiin vapautuskokeissa, joista saadun datan perusteella iteroitiin tulostusasetuksia.
3D-tulostus osoittautui nopeaksi ja käteväksi nopeassa prototypoinnissa (fast
prototyping). 3D-tulostettu PLA-kapseli sopii muotoilunsa ja materiaalinsa puolesta
todennäköisesti implantoitavaksi kapseliksi paremmin kuin perinteiseksi ns.
kertavaikutteiseksi lääkkeeksi.
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LIST OF SYMBOLS AND ABBREVIATIONS

3D Printing Fabrication of a three-dimensional objects with a specialized
printer. Also referred as 3DP in literature

AM Additive Manufacturing, building objects adding material layer by
layer

ANFC Anionic Nanofibrillar Cellulose, a nanocellulose hydrogel
API Active pharmaceutical ingredient, for example medicine used to test

application such as controlled drug release
ASTM American Society for Testing and Materials
CAD Computer Aided Design, a software to create shapes and objects in

silico
CLIP Continuous Liquid Interface Production
CT Computerized Tomography, a medical imaging method using X-ray

imaging with computer to analyze results
DLP Digital Light Processing
DMLS Direct Metal Laser Sintering
DPBS -Buffered Saline, a balanced salt buffer

solution
FDA Food and Drug Administration
FDM Fused Deposit Modeling, a method of 3D printing involving

pushing filament through a hot extruder nozzle
FFF Fused Filament Fabrication, alternative, non-patented name for

FDM
G-code A numerical control programming language used to control

automated machinery such as 3D printer
G-file G-coded file containing the information of object shape for printer
HME Hot Melt Extrusion, process where heat and pressure is used to

push (a mixture of) material through a gap, nozzle or an orifice
HPLC High Performance Liquid Chromatography, an analyzing method
LCD Liquid Crystal Display, a common electronic lightweight display
MRI Magnetic Resonance Imaging, a method of medical imaging using

magnetic field
SD Card Secure Digital Card, a small portable memory card commonly used

in digital cameras and mobile phones
SEM Scanning Electrode Microscopy, an imaging method
SLA Stereolitography
SLS Selective Laser Sintering
.STL Standard Tesselation Language, CAD format for 3D printing
PLA Polylactic Acid, a type of polymer commonly used for 3D printing
PVA Polyvinyl Alcohol,
TUT Tampere University of Technology
URL Uniform Resource Locator
UV Ultraviolet radiation (also UV light), electromagnetic radiation with

a wavelength range of 10 nm to 400 nm
XRPD X-ray Powder Diffraction
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1. INTRODUCTION

3D printing (three-dimensional printing), also known as 3DP, has been a growing trend
1, 2]. The development of materials and software

have made the 3D printing technology readily available to the public. These days, the
price of a moderate desktop 3D printer on the market can be compared to the price of a
moderate desktop PC, ranging from a few hundred euros to a few thousand euros
depending on the quality and profession of use. The development, the ease and the
endless ways of designing things makes 3D printing interesting. The 3D printing allows
fast prototyping and designs that can be tested and evaluated right after printing. This is
fast, efficient and time saving.

The diversity of opportunities makes 3D printing also intriguing from the biomedical
application point of view. First FDA (Food and Drug Administration) approved
medicine fabricated using 3D printing technology, Spiritam, was approved in 2016 [3].

When designing and fabricating biomedical equipment, the biocompatibility of the
material is vital. The most common printing polymer PLA (Polylactic Acid) is a
biocompatible and biodegradable polymer. In this thesis I studied the possibilities of 3D
printing applied to medicinal capsule fabrication. Capsules were fabricated with a
common type 3D printer, which is an example of affordable and home use-oriented
RepRap project where some or nearly all of the 3D printer components are printed with
a 3D printer. The printing method was FDM or Fused-Deposition Modeling (or FFF,
Fused Filament Fabrication, used without patent permission), a type of extruding
material through a hot nozzle, which
potenti ecause of the low cost, speed and options to alternate
the printing settings [4].

Challenges of 3D printed medicinal capsules include the size and the shape of the
capsule. Capsule must be smooth and relatively small to be easy to swallow. Other
crucial factors are material thickness or porosity depending on the application [5],
surface area/ratio of the formulations [4, 6] and the shape of inner cavity. In this case
thick FDM-printed PLA capsules were used. The form of the inner cavity is the factor
that dictates the release profile by regulating the diffusion and the flow of medical
content that is loaded separately.

Alternative popular fabrication method for passive diffusion is Hot-Melt Extrusion or
HME processing, which is used to incorporate medicine into polymer filaments using a
rotating screw to pump materials through a die in hot temperatures [4]. So-called drug
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loading can also be done to a ready filament such as PVA (Poly(vinyl alcohol)) by
diffusing it to a filament using solvents such as ethanol. [6]

In this study, the release profile of the designed capsules turned out to be stable in time
of dozens of hours. Therefore, the printed and API loaded capsules could serve as an
implant type of application where a constant release profile is desired, better than a
traditional swallowable single dose medicinal tablet which usually exits the body within
a day.

In this thesis work the second chapter elaborates the history of 3D printing and
theoretical background of additional manufacturing in general. The third chapter
explains the materials and methods related to the work in this study. The fourth chapter
includes discussion of the results of this study along with the future aspects of printing
PLA personalized dosage form with FDM-type 3D printer followed by the fifth chapter
that concludes this thesis.
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2. THEORETICAL BACKGROUND

2.1 3D printing and printing from a file

The actual idea and invention of three-dimensional printing - or 3D printing - of
material was developed by Charles Hull from University of Colorado [1,2,7]. Hull was
studying liquid photopolymers that turned into solid piece of plastic after exposed to
UV light at Ultra Violet Products in California.  [1,2,8] After patenting his invention,
Hull founded 3D Systems which is a company now providing 3D printers and tools for
digital designing of 3D printed objects [8]. Hull has received numerous awards from his
work as a pioneer of 3D printing. [1, 7, 8]

3D printing is a process which can be described as additive manufacturing (AM)
[9,10,11]. It is a so-called umbrella term and means that the objects are made adding
more material after material and building objects rather than molding, casting or cutting
objects with machinery. This removes the need of expensive machinery and allows
rapid prototyping. 3D printing is applied in various applications ranging from
automotive and airplane industries to bioprinting. Rapid prototyping is especially useful
in tool prototype manufacturing [1].

Bioprinting is quite new application of 3D printing. It is used to print biological material
with 3D printer. The printed material can be biomaterial or
consists of biological matter such as cell tissue or medium used for cell growth. [10]
Bioprinting can be applied in regenerative medicine where tissue or organs are replaced
with so-called bioartificial tissues.

The CAD drawn .STL (Standard Tesselation Language) file system was developed by
Hull and 3D Systems in 1986 [1]. In this thesis work, .STL files were created in silico
using OnShape, free cloud-storing CAD software.  The .STL file contains the
coordinates for triangulated forms which are the information of the surfaces of 3D
model. Increasing the number of surface defining triangles results to better printing
resolution. The increased amount of vertices increase the resolution of printed object.
Illustration of this can be seen in Figure 1.



4

With a slicer software, the digital three dimensional object coordinates from .STL are
 into horizontal slices and converted into G-code or G-files. For example in this

study, the software is Prusa Slic3r provided by 3D printer manufacturer Prusa. G-code
dictates the three-dimensional .STL file into a sequence of two-dimensional horizontal
cross sections which are in the range of 25-250 micrometers depending on the printing
method. The three-dimensional object is then printed starting at the base, layer by layer
to be constructed as a series of two-dimensional layers according to original .STL file
drawn with CAD software. The result is controlled and dependent on the printing
algorithms and printing settings of the printer. Of course, the material and even the
printing environment affects the results. [1]

.STL format has become the standard format and nearly every CAD system can output

.STL files. CAD image must be 3D representation of a surface in order to print 3D
objects. [11]

There are numerous other methods in the medical field that are used to render 3D
objects, for example laser scanning [1, 11], computerized tomography (CT) and
magnetic resonance imaging (MRI) of which data can be used to create .STL files. With
software added to printing it is possible to make nearly exact copy from the original
scanned object. It can be applied in biomedical engineering for example in organ tissue
scaffolding. [1]

Most of the 3D printer (AM machine) build processes contains the 8 steps represented
in Figure 2. The first step is the designing with a CAD software, second step is the file
conversion. Third step is STL file manipulation where the STL file is translated to
language that the machine understands. For example G-code. Fourth step is the machine

Figure 1. The Illustration of a .STL file to be printed. Modified from source
[1].
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setup: printer must be set up to print. Necessary parameters such as setup for specific
material, setup for infill and settings for machine speed are crucial. Fifth step is the
actual building which can be automated. Usually supervision is only required for errors.
Sixth step is the safe removal of object. Seventh step is post processing of objects. This
may contain special care such as coating or simply cleaning the object. Eighth step is
the application which means the actual use of an object after necessary treatments. [11]

3D printers vary in ways to print material. American Society for Testing and Materials
(ASTM) group ASTM F42 Additive Manufacturing has set categories for different
additive technologies. [11, 12, 13, 14, 15]

These are

1. VAT Photopolymerisation
a. Continuous Liquid Interface Production (CLIP)
b. Digital Light Processing (DLP)
c. Stereolitography (SLA)

Figure 2. A typical 3D printing process from designed CAD model to an
actual applicable object. These eight steps are typically involved in every
additive manufacturing processes. Source: [11].
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2. Material Jetting
3. Binder Jetting
4. Material Extrusion

a. Fused Deposition Modeling (FDM)
b. Fused Filament Fabrication (FFF)
c. Contour Crafting

5. Powder Bed Fusion
a. Selective Laser Sintering (SLS)
b. Direct Metal Laser Sintering (DMLS)

6. Sheet Lamination
7. Direct Energy Deposition

1. VAT Photopolymerisation uses a vat of liquid photopolymer resin. The model
is fabricated layer by layer and an UV light is used to harden the resin in specific
places while a platform moves down layer by layer after a layer is done. [12, 13]

Typical VAT photopolymerization methods are Stereolitography (SLA)
Continuous Liquid Interface Production (CLIP), Digital Light Processing (DLP).
[12]

2. Material Jetting works like a traditional ink jet printer: material is jetted trough
a horizontally moving nozzle to a platform and it is solidified layer by layer and

Figure 3. Principle of VAT Photopolymerisation. Source:
[13].
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cured with UV light. The jetting can be continuous jet or so-called Drop on
Demand approach in which dots are dispensed to print the object with further
droplets added until the object is complete. [13, 15]

3. Binder Jetting is a two material approach. The materials are powder formed
material and binder which is typically liquid. Printer head moves horizontally
and deposits material and binding material in alternating fashion. The excess
material is cleaned and recycled to be used in fabrication of next object. Post
processing of object can increase total time of fabrication. [12, 13, 15]

Figure 4. Material jetting. Source: [13].

Figure 5. Binder Jetting. Source: [12].
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4. The Material Extrusion is the most common method of 3D printing. It is used
in most common household 3D printers. Material extruders consist of a nozzle,
coil of filament and supportive material holding the printer together. The hot
nozzle melts and extrudes filament (usually PLA, PVA or ABS) which is
unwound through the nozzle powered by electric motor. In this thesis work, the
Prusa i3 Mk2 printer represents this technology. [12, 13]

The benefits are cheap relatively low cost of material and printers, ability to
easily optimize the printing settings such as infill and speed of the extrusion.
The speed and the resolution of the printer dictates the results of the printings.
Methods are Fused Deposition Modeling (FDM) which is a trademark, (other
organizations use FFF, Fused Filament Fabrication) [12, 15].  Methods include
also Contour Crafting. [12, 13]

5. In Powder Bed Fusion technology laser or electron beam is used to melt and
fuse material together. A common application is Selective Laser Sintering
(SLS), in which a high power laser is utilized to fuse powdered small particles of
plastic, glass or ceramic into three dimensional shape. The laser scans cross-
sections and selectively fuses material. After each scan the powder bed is
lowered a thickness of one layer. After that, a new layer is formed until
completion of object. Another method in Powder Bed Fusion is Direct Metal
Laser Sintering. [12, 13]

Figure 6. Material Extrusion: Fused Deposition Modeling. Source: [12].
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6. Sheet lamination is a process of laminating sheets together with force. The
lamination can be used with paper, polymer and metal. With paper, sheets are
glued together with adhesive glue and then cut into shapes. With metal sheets, a
rotating cylindrical sonotrode uses ultrasonic oscillation and welds (ultrasonic
welding) metal layers together, using clamping force from sonotrode and
reaction force from anvil and base plate as counter. After welding the sheets are
CNC milled into desired shape. [12, 13]

Figure 7. Selective Laser Sintering, a common application of powder bed fusion.
Source: [11].

Figure 8. Ultrasonic sheet metal 3D printing. Source: [12].
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7. Directed Energy Deposition, also known as 3D laser cladding, directed light
fabrication or laser engineered net shaping, is a process where usually a robotic
arm with multiple axis and a nozzle or nozzles deposits metal in powder form or
a metal wire and melts it on a surface with an energy source such as laser,
plasma arc or electron beam. The result is a solid object.  [12, 13]

2.2 Personalized medicine

Most medical treatments such as drugs have been designed for average patients  [16].
Same medicine can be described for example for a patient with mass of 50 kilograms or
150 kilograms that are both considered just as a patient. This leads to that the treatment
can be more successful with some patients than others. The idea of personalized
medicine is a growing trend to give patients tailored, individualized care. [15, 16, 17,
18, 19]

Also known as precision medicine, personalized medicine takes in account patients size,
weight, metabolism [15] and genetic and genomic information to tailor disease
diagnosis, prevention and treatment.  In other words, personalized medicine offers new

Figure 9. Directed Energy Deposition with metal powder and melting with laser.
Source: [11].
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treatments that are tailored for example diseases such as cancer which can vary a lot
 and the case and condition of disease. [15, 16,

17, 19]

In 2015 former President Barack Obama announced that he is launching the Precision
Medicine Initiative which was declared to be a new research effort to revolutionize
health and disease treating. The stated long-term goals of the Precision Medicine
Initiative are utilizing precision medicine and health care. [18, 19, 20]

National Institute of Health (NIH) is planning a program called All of Us Research
Program which will involve a cohort group of at least 1 million volunteering
individuals who will provide genetic data, biological samples and health information
as an open data sharing with personal open access to each personal
health information. The data is being used to study diseases and disease risk to find
improved diagnosis and treatments.  [20]

In personalized medicine, the amount of medicine and release profile are the key points
that can be affected. In this study the material is thick and not porous so the shape of the
inner cavity regulates the release profile of the drug.

3D printed personalized dosage forms could be especially beneficial for growing
children to optimize the dosage. Also tailored dosage forms could provide accurate
dosing of potent drugs such as theophylline or prednizolone. [15]

2.3 Similar studies

In paper 3D printing of five-in-one dose combination polypill with defined immediate
and sustained release profiles [21] Khaled et al. used 3D extrusion printing to fabricate

aim of their
study was to tailor and manufacture a combination drug a personal medicine tablet with
different medicines for complex medications, eliminating the need for multiple different
drugs.  The polypill was designed using 3D drawing software BioCAD. [21]

The powders were manually mixed using mortar and pestle for 15 minutes, pastes were
mixed. Printable paste for barrier of sustained release was mixed of cellulose acetate
(shell), d-mannitol (filler) and polyethylene glycol as a plasticizer with acetone and
dimethyl sulfoxide. Paste was mixed to a homogenous paste. They also mixed powders
of atenolol, pravastatin and ramipril with ultra-pure water to make a homogenous paste.
The pastes were loaded to printer (Figure 10) ink cartridges. Extrusion was through 500

 tip. [21]
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At the conclusions Khaled et. al
printing of a novel complex geometry five-in- ed that the polypill
is able to deliver five actives via well-defined two release mechanisms: immediate and
sustained release. In paper they also state that application of 3D printing pharmaceutics
could offer a solution for children and elderly people with difficulties of swallowing
multiple tablets. Also special tailored tablets could help patients with allergies. [21]

In paper Fused-filament 3D printing (3DP) for fabrication of tablets [22], the printing
material was other biocompatible and more water soluble commercial ready PVA
(PolyVinyl Alcohol) filament. PVA filaments were loaded with drug: filaments were
placed in an  solution containing ethanol and fluorescein, and stirred for 24 h. Ethanol
turned out to be better than aqueous solvent because the polymer filament did not
dissolve even after 24 h. Fluorescence offered UV chromophore to be used for analysis.
[22]

The CAD software used to design the PVA tablets was MakerWare Software. The
tablets were printed with FDM method using Makerbot Replicator 2x Desktop printer.
Tablet dimensions were 10 mm x 10 mm x 3.6 mm (Figure 11). The infills varied as
seen in Figure 12 A. [22]

Figure 10. 3D extruder used to make 5-in-one polypill and the results of the printings.
Source: [21].
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PVA tablets were mechanically strong and Goyanes et. al. describe that the tablets
were produced with a high degree of repeatability of weight and physical dimension .
The fluorescein drug parts in the filaments were revealed under UV light and the
fluorescein seemed to have distributed evenly (Figure 11). 10%, 50% and 90% infill

fluids in human small intestine with pH 6.8. [22]

Figure 11. A. A CAD image of  PVA tablet dimensions by Goyanes et.
al B. Printed fluorescein tablets by Goyanes et. al. Modified from
source [22].

A.

B.
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Goyanes et. al. state that Fused Filament Fabrication release profiles can be modified by
changing the printing settings and the infill percentage modulates the dissolution
profile. The release profile for 10%, 50% and 90% infills can be seen in Figure 12 B.
[22]

Study Fabrication of controlled-release budesonide tablets via desktop (FDM) 3D
printing [23] involved also FDM printing with drug loaded commercial PVA filament.
PVA was cut into tiny cylindrical pellets with a dedicated pelletizer and then grinded
into powder with a grinder. The drug, which was budesonide, a glucocortical steroid for
treating asthma and for example noninfectious rhinitis [24] was manually mixed to PVA
powder with mortar and pestle. The mixture was extruded with HME method by a
single screw extruder and pushed through a 1.75 mm nozzle to make filaments ready to
be printed with a FDM 3D-printer. Before printing, the filaments were analyzed with

Figure 12. A. Fluorescein-PVA tablets under UV light. B. The dissolution
profile of the tablets in Hank's Buffer. Modified from source [22].

A.

B.
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HPLC (High Performance Liquid Chromatography) method to determine the
budesonide content. Filaments were also analyzed with scanning electron microscopy
(SEM), X-ray Powder Diffraction (XRPD) and Thermal analysis. [23]

The dosage forms were designed with AutoCaD and processed with MakerWare
software. Dosage forms were capsule shaped tablets . [23]

The filaments were loaded to MakerBot Replicator 2X Desktop FDM printer, and the
tablets (or caplets as they refer the tablets in the paper) were printed with layer height of
0.2 mm and set to 100% infill. Caplets (Figure 13) were coated with isopropanol, water
and L100 powder mix.  [23]

In the paper they state that the coating is resistant to acidic conditions of the stomach
and after the coat has dissolved the drug release is sustained through small intestine and
the core continues to colon (Figure 14). The surface erosion and diffusion are the
release mechanisms. [23]

Figure 13. A. Printed PVA caplet, coated printed PVA caplet
and a cross-section of a coated caplet. B.,C. SEM images of
the coated caplet cross-section surface. Image source: [23].
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In paper Hot-melt extruded filaments based on pharmaceutical grade polymers [25]
Melocchi et al. evaluated different polymers and conducted a series of tests with them.
[25]

In study, Melocchi et. al. used fused deposition modeling (FDM) with 1.75-diameter
PLA (L-PLA by company MakerBot). The HME extruder used in the study to prepare
the filaments was a twin screw extruder Haake Minilab II which utilizes counter-
rotating screws and a custom-made aluminum rod-shaped die with a diameter of 1.80
mm. Extruded rods were manually pulled and after that forced through a caliper. [25]

The designing of the FDM printing was done with an adapted MakerBot Replicator 2 by
MakerBot industries. Melocchi et. al. produced successfully pharmaceutical grade
polymers which suited for FDM fabrication. [25]

Figure 14. Release profile of the PVA caplets by Goyanes et. al. Source: [23].
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In paper Coupling 3D printing with hot-melt extrusion to produce controlled-release
tablets a research successfully team fabricated solid-dispersion filaments with API
extruded in a polymer matrix using HME technology. The (typical) process from HME
to 3DP tablets process is represented in Figure 15. They also tested their printings with
three-point bending tests with a control. [26]

As they state in the paper, their main objectives were to study coupling fused
deposition modeling (FDM-) based 3D printing with HME technology to print
controlled-release tablets, to screen different grades of pharmaceutical polymers suitable
for 3D printing based on the HME-
and to study the drug release profiles of 3DP tablets in comparison to those of directly-
compressed milled extruded and physical-mixture tablets.  The used API was
Acetaminophen (APAP).  [26]

In paper Anti-tuberculosis drug combination for controlled oral delivery using 3D
printed compartmental dosage forms: From drug product design to in vivo testing
(Genina et. al) in Journal of Controlled Release, the team created a PLA capsule with
PVA cap. [27] This study is probably the closest to this thesis as it contains printing of
capsules and testing controlled release. However the structure is different and the inner
cavity design is simpler and is not in such a big role.

The fillings were separated into two departments A and B. (Figure 16 A and B.) The
oral dual-compartmental dosage units  (capsules) were designed by CAD software

Figure 15. Typical from HME to 3DP tablets process. Source: [26].
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Comsol Multiphysics and then fabricated with Ultimaker 3 Extended printer (fused
deposition modeling technique) in two steps; first 3D-printing of the capsule and then
hot-melt extrusion of the API (drug-containing filaments). The capsules were inspected
with scanning electron microscopy. [27]

The capsules were sealed with PVA cap to regulate drug release (Figure 16). The drug
release profile of the capsule was characterized by pH-transfer dissolution in vitro.
Pharmacokinetics studies were conducted in vivo in rats. Postmortem studies of the rats
revealed that the capsule was decapped or biofluids dissolute the sealing cap more
aggressively than thought, which of course affected the results and the function of the

 Tests resulted in modified release of the APIs from
the capsule were compared to the free control filaments. [27]

Figure 16. A. Therapeutically relevant capsule and B. Negative control capsule.
C. Ready PLA capsules  with PVA cap. D. SEM image of the capsule filled with
drug filament without a cap. Image source: [27].
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3. MATERIALS AND METHODS

3.1 Properties of PLA

In this study, polymer PLA also known as polylactic acid (CAS name: poly[oxy(1-
methyl-2-oxo-1,2-ethanediyl)]; 1,4-dioxane-2,5-dione, 3,6-dimethyl-, homopolymer)
was used. PLA is a common thermoplastic polymer material used in 3D printers. First
synthesized by DuPont Scientists in the presence of p-toluenesulfonic acid. [28]

PLA is commonly known to be biodegradable, biocompatible, economical and user-
friendly material with good tensile strength after extrusion and a high stiffness ratio. Its
complete fragmentation in compost is 15 days and total degradation approximately 4,8
years at 25 Celsius-degrees [28]. [29, 30, 31] The biocompatible properties are used
vastly in biomedical engineering. The diversity of PLA applications is demonstrated in
Figure 17.

The long degradation time reduces its potential as a biodegradable polymer. However,
the degradation time and other properties of the PLA can be modified by chemical
modification, cross-linking or for example surface modification, combining the PLA
with other degradable polymers or with radiation [31, 32].  PLA is so-called

bioplastic; plastics derived from sources of renewable biomass such as wheat, sugar
beets sugar cane, and corn unlike traditional plastics which are derived from petroleum

Figure 17. A graph demonstrating the diversity of biomedical applications of PLA.
Image source: [30].
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sources are called bioplastics [29]. The economical features and relatively inexpensive
price has grown its popularity among home users and industrial sector. [30]

The cycle of PLA from natural agricultural products to a processed polymer which
degrades over time back to nature with the synthesis can be seen in Figure 18.

Figure 18. The cycle of PLA in the nature and PLA  polymerization synthesis
from lactic acid to poly(lactic acid). Source: [30].
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3.2 Properties of nanocellulose hydrogel

Nanocelluloses which are cellulose nanocrystals (CNCs) or cellulose nanofibrilis
(CNFs) are quite new material widely investigated in pharmaceutical studies and
biomedical engineering It is sustainable material that has potential in many industrial
sectors alongside with biomedical industry for example construction and chemical
industries [33].

Nanocellulose is interesting material because the aerogels and hydrogels are practically
inert and according to in vitro studies, biocompatible [34]. It is a biopolymer made from
natural cellulose, typically wood pulp [33, 34].

In biomedical and pharmaceutical applications nanocellulose hydrogel is freeze-dried to
aerogels which can be utilized in drug delivery as a carrier structure. The release profile
of nanocellulose is presented in Figure 19. [34]

Figure 19. Nanocellulose release profile. MZ is Metronidatzol, NAD is Nadolol, a
heart medicine, KETO is Ketoprotein, BSA is Bovine Serum Album. Modified from
source [34].
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3.3 3D printer

The 3D printer used in the work of this thesis was Prusa i3 (iteration 3) Mk2 Multi
Material manufactured by start-up company Prusa Research by Josef Prusa. Printer
(Figure 20) itself was assembled at TUT. Prusa MK2 is considered as a pioneer of
RepRap project, a philosophy of 3D printing where some or nearly all parts of the
printer are printed with the 3D printer itself [35], and the Multi Material technology it
utilizes with multiple extruders offer significant vantage while printing multi material
prints. The heat bed is clear and the frame structure is sturdy as seen in Figure 20.

the filament rolls have their own stand and roll smoothly when the printer prints.

The slicer software Slic3r Prusa Edition (Figure 21) which can be downloaded from
 [36] is clear to beginners yet suitable for professionals. The UI

itself is very understandable and it makes the slicing easy. There are two options to
control the printer: either from dedicated workstation connected to printer via USB
connector (Figure 20) or straight from the printer interface (Figure 24).

Figure 20. The Prusa i3 Mk2 multi material 3D printer connected to a dedicated
workstation to run the printer Slic3r software.
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Slic3r software is a tool that con  3D models into horizontal layers which
are the G-code printing instructions for 3D printers. It is a non-profit open source
project within the RepRap community. It is based on GitHub where tens of thousands of
people contribute material to keep 3D printing free. [37]

Printer needs room to move its axis and extruders for safety and functionality. Some
materials like ABS polymer can release hazardous fumes when printed so a proper
ventilation and fume extractor arm is needed. Nozzle is hot (typically 215-210 Celsius
degrees when printing PLA), so touching it should be avoided.

The electric actuator powered movement of the extruder and heat bed is explained in
Figure 21. The X-axis is the move of the extruder sideways on metallic rails. The
metallic double railing makes extruder more stable than the single-railed options. Y-axis
controls the heat bed forward and backward from the user point of view. The movement

Figure 21. Prusa Slic3r interface including clear preview pictures of the designed
objects to be printed. Different materials which can be printed with different extruders
are color coded. Image source: [36].
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of the heat bed causes minor stability issues especially with objects with narrow
standing point or base. This can be compensated with proper adhesion. Prusa
recommends a normal office supply glue stick mixed with distilled (or de-ionized)
water. The Z-axis is the vertical movement of the extruder nozzle head, motivated by
metallic screws at the sides of the printer.

Figure 22. Printer working on capsule base. The Z-axis is the vertical axis, the extruder
height. The Y-axis is the forward-backward moving heat bed. The X-axis is the extrude
moving sideways nt of view.

Prusa i3 Mk2 calibrates its extruders and axis movement automatically which makes the
operating of the printer easier for the user.
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As mentioned earlier, the printer has its own interface with LCD display and an
operating knob (Figure 24). With the interface,

Figure 24. Printer user interface, power off. Note the control knob on the right
side of the LCD panel.

Figure 23. A detail of printings and the printer nozzle on a nearly finished batch
of capsules. Notice the cooling fan next to heated nozzle to keep the nozzle
temperature stable.
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filaments can be loaded to extruder or unloaded from extruder. The printer can be
preheated according to built-in ready temperature settings. Printer can function without
a computer as it has a SD card slot from where user can load G-code files directly to
printer. All the axis can be moved separately from interface and even the extruder can
push filament through the nozzle with turn of a knob. Printer can be also manually
calibrated with the built-in interface.

Tables including the full exact printer settings can be found in the appendix A section
along with the PRUSA mk2 manual. The interface and status screen can be seen in
picture below. Nozzle temperature is set to 210 Celsius degrees (first layers are printed
at 215 Celsius degrees) and the heat bed temperature is set to 55 Celsius degrees. These
values are the standard default Prusa Slic3r temperature settings for PLA. As seen in the
picture, the temperature varies with a degree dynamically as the thermostats set the
temperature as close to optimal.

The first printings were printed with completely default settings where the infill was 20
%. Printing time was around 10 minutes. Later the settings were iterated since 20%
infill turned out to be too porous in release tests. The capsules with 20% infill had
random leaking pixels that affected the results. Porous capsules could be good for some
application but when testing and studying the optimal inner cavity shape, porosity

The layer height was 0.25 mm (0.2 mm the first layer height, default). After the infill set
to 100 % the printing time per capsule was doubled to about 20 minutes. The filament
usage for one capsule was about 400 millimeters.

One of the most critical factors during the printing process is the adhesion of the heat
bed. If a capsule tilts, falls or moves during the printing the whole printing or batch is
likely ruined. This not only wastes time but also filament especially when printing large
batches. The printing can be paused but the printing process has to be started all over
again because it is practically impossible to put a failed print back to its original

attach to the object being printed but curls around the hot nozzle
ruining the extrusion of filament to every capsule. To avoid unnecessary material loss or
waste of time the batch size should not be very large. The greatest amount of capsules
printed in one printing was 20 pieces. One finished batch can be seen in Figure 25.

The necessary adhesion was ensured with a common office supply glue stick combined
to de-ionized water. The use of a common glue stick is also a recommendation in Prusa
i3 Mk2 manual.
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Figure 25. Printer interface with power on. Nozzle temperature and heatbed
temperature can be clearly seen from the LCD display panel. This batch
of capsules is nearly finished.
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3.4 The CAD software

As mentioned earlier the CAD software used to design the capsules in silico was cloud
based CAD software OnShape with a student license. OnShape allows user to create
and manipulate 3D objects and the changes to work in progress is saved in the cloud in
real time.

OnShape is an easy and well-designed software. The options and possibility to create
own scripts makes the design possibilities diverse. The created files are saved straightly
to .sls files although there are other CAD file options also such as .dwg. .SLS files are
loaded directly to Prusa Slic3r software and are ready to be printed.

The user interface of OnShape is presented in Figure 26. In addition to ready built-in
tools user is able to make, save and share own scripts and tools. There is also a large
and helpful community and user forum from where user can get help and self-made
scripts from other users and community members.

Figure 26. A screenshot of OnShape user interface. Symbols are logical and clear.
Manipulation of object is easy. Note the dashed line sketch on the background and also
the visible inner structure  at
Parts menu).
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4. RESULTS AND DISCUSSION

4.1 The first printings and leakage tests

The first sketches were simple cylinder with a bottom wall and open head and the

was iterated with outer edge fillets 3 mm steeper and more round 4 mm radius (of which
the one with the 4 mm radius was rounder and therefore chosen later) to gain the

. Both of these options can be
seen in Figure 27.

The first test print, a cylinder with one head open. This cylinder shaped prototype is
presented in Figure 27 B. It was printed with Prusa Slic3r default PLA settings and it
printed out so well that I decided to try to print the best prototype drawing (Figure 27 A,
the third capsule from the left). The early prototype capsule was also visually inspected
and it looked adequate. Printing time of the first print was about ten minutes with
default settings which included 20 percent infill setup.

After printing the adequate-looking capsules they were also printed into half to

Figure 27. A. First set of printings. Capsules printed into half show the wine bottle
shape inside the capsules. B. The first prototype capsule cylinder with an open head.

A.

B.
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demonstrate the inner cavity of the capsules. These printings can be seen in Figure 27.

The surfaces of the printings were adequate: not very smooth but not too jagged. The
grainy surface could be for example sandpapered to reduce or remove excess grains.
The resolution and printing speed determines the quality of the printing as mentioned
earlier.

Next thing to do was to evaluate their leakage. For clarity the color of the PLA was
changed to white. The capsules were filled with blue colored dye which is blue food
coloring (Figures 28 and 29). In the leakage tests the white capsules were strapped to a
magnetic stir bar and spun with magnetic stirrer in clear dish containing clear water. A
digital video camera was set to film the leakage test and the video could be later
reviewed and analyzed. A capture image of the video is presented in Figure 30. The
finished test can be seen in Figure 31.

Figure 28. A capsule is injected with blue-colored dye for a leakage test.

             Figure 29. A capsule filled with blue-colored dye.
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Figure 30. A dye filled capsule attached to a flea (stir bar) spins in magnetic mixer and
releases blue colored dye during first leakage tests. Some undesired leakage can be
seen behind the other end of the capsule.

Figure 31. A finished leakage test.
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In the first leakage tests the capsules that were printed leaked (Figures 29, 30 and 31).
The pinpointing of the reason for leakage was done by changing the infill thickness and
redesigning the capsule walls increasing thickness and inside corner fillets. After
making new prototypes they were also tested in leakage tests. The proposed design
changes were:

1. 1 millimeter raise to the bottom wall (which was 2 mm from bottom to bottom
of the cavity to) 3 mm.

2. Changing the filled radius from 4 mm to 3 mm which raised the thickness
between inner cavity and slope of the fillet

3. Designs 1 and 2 combined: a 1 mm raise to bottom wall and change to the fillet
radius from 4 mm to 3 mm.

4. 1 mm rounding to the inner corners of the
design

5.
design

6. Original design with 100 % infill with printer settings (others were default 20 %)
7. Original design with 100 % infill and 1 mm raise to the bottom wall
8.

design with 100 % infill

These proposed design changes are presented in Figure 32 and Figure 33 along with
their dimensions which can be seen among the rendered shell structure. Of each of
these designs a prototype was printed and tested for leakage. The results and the
designs are presented in Table 1.



33

Figure 32. Designs 1-4 with original 20 % infill. Note the rendered shape of 2 and 3
which are less round than 1 and 4 because their fillet radius is 3 mm instead of 4 mm.
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Figure 33. Designs 5-8 of which 6-8 have the iterated 100% infill.
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Table 1 Results of the leakage tests and evaluation of the design of the capsule.

As seen on Table 1. there were two designs (highlighted with green background color)
that were not leaking: the design number 6 and the design number 7. The design number
7 (highlighted with orange background) looked the most promising option with a few
design changes (raise of the bottom wall with 1 mm just to be sure) and infill settings
were changed to 100 % infill. The complete list of printer settings, printing settings and
filament settings for successful capsules can be seen in Appendix A.

The chosen design was tested in a series of release tests to evaluate the release profile of
the capsule. This also tested the function of the i2nner form of the capsule. The test
series consisted of three 20-piece batches of chosen capsules. Each batches got their
own bottle hole area multiplier: 1 ,  3  and 10

o refer those designs. The radiuses and
other dimensions for the capsules were calculated and drawn with CAD. The designs
can be seen in Figure 34. The formulas for the dimensions of the capsules are:
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,  , ,

where

These designs and their dimensions are illustrated in Figure 33.

Figure 34. Capsule designs to be
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A total of 60 capsules were made for the first release studies. 20 pieces of each with
different batch sizes to determine if printing time/batch size has an effect to release
tests. The batch sizes were 5, 10, 15 and 20. Finished batch of 20 capsules can be seen
in Figure 35. Note the excessive adhesion needed to keep the capsules in standing
position.

The time, extruder used, date, name of the printer and filament consume was measured.
The capsules were packed in Minigrip bags made by Finnish company Amerplast. The
measurement recordings were written on bags as seen in Figure 36.

Figure 35. A finished 20-piece batch of capsules ready to be bagged for release tests.
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4.2 Release tests

In this study we decided to leave the small capsule completely out of release tests
because not only the filling with injection needles or pipettes was hard, the release
profile would have been useless for any medical application. We decided to exclude the
small capsule out of the tests. Medium and large capsules were tested with equipment.

In both test capsules, there are burst phases at the beginning. About 2 milligrams are
released during first hours of release tests. After that the release profile is linear. Larger
holed capsule releases Nadolol more aggressively than medium (Figure 37).

Figure 36. The capsule series printed with different batch sizes to study its relation to
success of the tests. The area multiplier, date, number of batch, printing time, number of
extruder that was used and the name of the person operating printer are mentioned on
the capsule bags.
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The release tests were conducted using digital magnetic hotplate stirrer RT 10 P made
by IKA. The large capsules were completely filled (426 mm3) with gel which included
110 mg of Nadolol (a heart medicine) and the rest (3%) ANFC (Anionic Nanofibrillar
Cellulose) hydrogel.

Phosphate-Buffered Saline, a
balanced salt solution with pH 7 and the temperature was kept constant 37 Celsius
degrees). During the tests 1.5 ml of DPBS-solution was taken to Eppendorf tubes and
measured with UPLC (Ultra/High Performance Liquid Chromatography) at every test

Figure 37. Large and medium capsule (micrograms) release profiles with function of
time (in hours).



40

point. To compensate the loss of DPBS, 1.5 ml of pure DPBS was added to dishes. The
added DPBS was backwards calculated to get the exact results.

As seen from the release profile curve seen in Figure 38. the capsule appears to be more
suitable for implant use than as a medicine. In real life situation, the mass of food
typically moves through large intestine in approximately 18 hours. In normal medicine
use the maximum amount of 3 mg dose released during that time is not enough for
normal medical use. However, the results show that the wine bottle shape actually
works as a retardant for water soluble substances.

Figure 38. API long time release profile with error margins.

In future designs the text can be printed on the surface of the capsule. This makes the
surface unnecessarily rough at this point with equipment used during this thesis work.

4.3 Future aspects

In near future and with more advanced equipment, the surface text option may be good
for clarity. The amount of medicine or the name of the implant can be printed directly
on the surface of the capsule. This makes the laser crafting or other methods
unnecessary when everything can be done with one printing. The CAD design of the
surface text is presented in Figure 39 and a printed prototype can be seen in Figure 40.
Note the rough but clearly readable surface text of the capsule.
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Multi material possibility can be also utilized in capsule printing as seen in Figure 41.
With Prusa mk2 i3 MultiMaterial capsule can be printed with up to four different colors
during one printing session. However this wastes filaments because the extruder has to
create a so-called wiping tower to completely discard the previous filaments from
extruder. This is also time consuming and the new l layers are cooled between the layers
printing when extruder is busy discarding the previous filaments into wiping tower.

Figure 39. A CAD design of a capsule with a surface text on
its side.

Figure 40. A printed prototype of a surface text capsule.
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Future studies include the long time release tests of medium capsules and comparison
between the large capsules.  Application of freeze drying which is used to make
hydrogels aerogels and therefore affect the release profile of the medicine [12] is also
studied in the near future.

The material studies are also needed to determine the biocompatibility of this
application. PLA and its copolymers are applied for years now and are known to be safe
and completely biocompatible, however there is a recent (2016) study that puts the
biocompatibility of PLA combined to medicine into doubt (Ramot et. al). Some of the
possible symptoms include for example common foreign body reaction or
inflammation. [38]

Foreign body reactions may occur with any foreign biomaterial in body [39]. To tackle
this kind of questions the application of PLA as an implant and its biocompatibility and
toxicology must be studied well. As mentioned earlier, properties of the PLA can be
modified. The negative effects can be modified for example surface coating and

Figure 41. Multi color/multi material printing of a capsule. Note the wiping tower block
next to capsule. This is used to ensure clean layers of new material between different
materials. The Color coding of the capsules is one of the future aspects along with
surface text.
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blending PLA with other biocompatible polymers. In future, the biocompatibility PLA
can be optimized with material engineering [31].

 The capsule releases its contents in about a couple of days according to release tests
(Figure 38) so long term harmfulness is out of question if the capsule is removed from
the body soon after the dosage.
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5. CONCLUSION

The aim of this thesis was to print PLA capsules and study the possibilities to utilize 3D
printing for pharmaceutical purposes. The application as a traditional swallowed drug of
the PLA capsule studied in this thesis seems very unlikely because the time the capsule
spends inside the digestive tract is simply too short as the possible dosage is about 1%
of the volume of the drug (Figure 38). However, the capsule studied in this thesis solves
the problem of long term stable delivery of medicinal compounds to bloodstream at a
constant rate without need of any external connections to medical systems. The printed
capsules are in the prototype phase and the shape of the inner cavity of the capsule is
crucial according to the tests.

The invention report for a long and stable release implant device was recently accepted.

The capsules can be used both as an implant and an oral capsule. The capsule is filled
with a drug-nanocellulose hydrogel. The future improvements could be multicolored
capsule, polishing the surface and the text surface. In future, the definition and the
quality of printings will be improved. It is important that the capsule is easy to swallow
and the smoother the surface of the capsule is the easier it is to swallow. Also smoother
surface is better for implant applications too. The toxicology and actual
biocompatibility of the capsule is necessary to be studied before application.
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