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Abstract

A High internal phase emulsion (HIPE), contains a high volume ratio between two
immiscible liquids which form an emulsion comprising of a droplet phase, and a
continuous one. The water volume ratio has to exceed 74% to be classified as a HIPE.
When the cotinuous phase is a polymerizable monomer, a porous polymeric material
can be created by emulsion templating of the HIPE to create a highly porous foam
called a PolyHIPE.

This thesis will address the growing need to manufacture complex 3D tissue
engineeriig scaffolds from synthetic biocompatible polymeric materials. The
PolyHIPEs inherent porous nature is an attractive material for this application. The
highly porous interconnected network of the PolyHIPE architecture can provide the
basic cellular supportporosity and interconnectivity for cell ingrowth and
nutrient/waste removal. The ability to tailor these features by altering the conditions
of the initial emulsion, or adjusting the monomer formulation means that the scaffold
can be tuned to control tieell material interaction and mimic the native physiological
environment of t he <c el |-saprolatibne (PALe lvased o p me r
PolyHIPE opens up another material that can be used for this application, and may be
more suitable for future celllsed studies.

In this thesis | demonstrate the incorporation of both additive, and subtractive
manufacturing techniques to the PolyHIPE material. This is used to introduce a
secondary, macroscopic level of porosity on top of the inherent 4pamasity fran

the templating of water droplets. Projection and scanning stereolithography
polymerises the HIPE in a layby-layer fashionto produce bespoke porous 3D
scaffolds. Laser etching is used to introduce a macro porosity within a PolyHIPE sheet,
this is a tehnique that can be adapted to a range of biomaterials for a high throughput
fabrication process. The underlying methodology, characterisation and logistics of
using these advanced fabrication techniques to customize the PolyHIPE into novel
bespoke poroustructures is demonstrated. This method of processing the HIPE has
not previously been reported on in the literature to the best of my knowledge, therefore
the characterisation presents the groundwork for this structuring methodology for the
PolyHIPE.
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The first section of this thesis | introduce the stereolithogi@fdbrication of the
PolyHIPE material. This is a hybrid technique where the micro porosity is dictated by
the initial emulsion conditions, such as water volume ratio, and the macro structure is
dictated by the selective polymerisation of the HIPE. Adjusting the laser intensity has
an effect on both the size and structural stability of the polymerised structures, and a
fabrication time for basic structures takes only seconds. Proof of concepisdese
initially fabricated to demonstrate this approach and characterise the processing
parameters. The PolyHIPEs internal morphology is unaffected by the

stereolithography fabrication process over its bulk polymerisation counterpart.

The second sectmofocuses on the identification, characterisation and elimination of a
surface skin effect that forms around the outside of the polymerised PolyHIPE
surfaces. The generation of the surface skin was experimentally shown to occur during
the washing stages ake outer surface collapses upon itself. The underlying
mechanism behind this comes from the gradual scattering and decrease in
polymerizable energy of the Ultraviolet Light (UV) as it is absorbed.

Separate polymerised regions that overlap formed cangeatidges from this UV
scattering effect and the addition of a light absorber is shown to significantly increase
both the surface porosity and increase the achievable resolution of the

stereolithography approach.

The mechanical properties of the PolyHI&®E tailored by altering either the monomer
blend or water volume ratio. This demonstrated the tunability of the PolyHIPESs so that

it can potentially be tailored for specific cellular applications.

Finally the last chapter focuses on the methodical dpwetot of a PCL based
PolyHIPE. This is the first example of a photocurable PCL PolyHIPE in the literature
to my knowledge. This section is presented as a systematic methodology to identify
the key emulsion stability parameters for a stable PCL based emulsbugh
experimental means, and tailor them to increase emulsion stability. A blend between
the PCL and thiolene was initially used as a stepping stone for the pure PCL PolyHIPE.
The emulsion stability was found to be highly sensitive to a solvent kdsnalell as

a particular surfactant. The protocol for a stable PCL based HIPE was eventually
established for the now routine development of a PCL PolyHIPE.
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Outreach Scheme: collaboration with local artist Kate Sully

Figure 6: The localartist drew inspiration from my PolyHIREork to create these
sculpturesFalse coloulSEM images of the PolyHIPE are printed the fabric.

3D printed porous spheregereproducel using a3D file | obtainedby imaging

the PolyHIPE using anicro-CT. These printed PolyHIPE spheres were spray
painted and incorporated into the sculpture.
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organic phase of the emulsion. Image taken from [29]...............ccovvveeeeee 30
Figure 10: a) 75% water 5% surfactanh)(75% water 15% surfactant antj 0%
water, 15% surfactant. SEM images taken from [34).......cccccooniiiiiiiinnnnnnn. 32
Figure 11 SEM images of the different microstructures formed with the polymerised
emulsion with different ratios of the oihd surfactant [32]..............ccceeviiiiiiienn. 34

Figure 12 The different destabilising mechanisms for the emulsion from.[5].37



Figure 13 Photographs of two emulsions to show the effect of the electroly®€&M

on emulsion stability. Both emulsions are 91% droplet phase with sibfactant.
Images taken from [40].......ccoovviiieiiiiiiiiii e e A0
Figure 14 Left, computer generated image of the scanning stereolithography
techniqueRight, a schematic of the projection polymerisation technique [43}4
Figure 15 Schematic of the microstereolithography experimesgtup for the direct
laser write structuring of the HIPE. The Arrows show the laser direction. The
corresponding photos are shownFigure 16. A, microchip laser. B, Pellin Broca
Prism. C, Shutter. D and E Galillean beam expander. F, adjustable piGhoiaror.

[ TR0 o1 T=ox 1= TP PPRPPR 50
Figure 16 A, microchip laser. B, Pellin Broca Prism. C, Shutter. D and E Galillean
beam expander., in hole. G, mirror. H, objective.............ccccvviviiiieenne e, 51
Figure 17: (A) Schematic of a water in oil emulsion showing a 2D representation of
the water droplets surrounded by the oil ph&Bg¢.SEM image of the polymerised
PolyHIPE structure (EHA75) showing where the oil phase has polymerised around
the water droplets. Red aws are pointing towards the interconnecting windows
between the pores, and the polymer cured between 3 adjacent water drapldi8.
Figure 18 SEM images of a polymerised PolyHIPE square with different
magnifications. A and B), Initial square structures of PolyHIPE, shows the Top
view of the square with a more open surfdgeside view of the PolyHIPE square,
the side appears to have a closed outer surface............cccceevvieeeeeceeiiieeeeininnn, 60
Figure 19 SEM image of PolyHIPE with surface skin 80% porous, EHA formulation
UV cured at 355 nmA, an overview of theracked PolyHIPE square structure shown
in Figure 18 B, a close up of the internal porous morphology within the original
POIYHIPE SQUANE.........eiieeiiiei ettt eeees e e e e e e e e e e e e e ee e e nnsannnees) 61
Figure 20. PolyHIPE lines polymerized with increasing laser write speed. EHA 80
HIPE formulation usedA, direct laser write speeds of5mm/s in increments of
1mm/s from left to rightB shows imageé\ from a different angle to show the surface
shapeC, internal morphology of the PolyHIPE linB, the destabilised polymer line
written at the higher write speed...........ccooo e, 62
Figure 21 SEM images of a 3D printed square. PolyHIPE squareB, broken off
section of the PolyHIPE line adhered to the gl@ssop surfaceD, side view......63
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Figure 22 example of a printed grid. Top left crossover of two lines, top right grid
array, EHA80 HIPE formulation regular grid pattern Bottom left shows the
overlapping regions. Bottom right side view of the lines to show surface......64
Figure 23. (A) An overview SEM image of a slowly polymerized square structure and
faster polymerized grid lattice around B)(Close up of the square showing where an
air bubble or large water droplet created a concave de&ctpp view of the grid
lattice, O) open porosity can be seen on the side of the grid lattice.lines......65
Figure 24: Schematic setup of the projection rig to produce the PolyHIPE tubes. The
DMD stands for Digital micro mirror device. Image from [43]. The Laser is expanded
and collimaed before being reflected off the DMD. The reflected light, in this case a
circle, is reflected down on top of a HIPE, where a copper stage 500 um below the
HIPE surface to ensure the initial exposure adheres to the stage so that it can be drawn
into theHIPE during the polymerisation proCess.............c.uuvvvvvviieeeeeevennnnnnn. 68
Figure 25 SEM images of PolyHIPE tube#A &B) 90% EHA overview and close

up on porogy. (C & D) 80% EHA PolyHIPE, a surface skin can be seen around the
outside of the tube IN IMAadR ... e 68
Figure 26: SEM images tfie PolyHIPE tubes, (A) 75% EHA (0.6 mm/s speed and
75mW power. (B) 90% EHA (z speed 0.9mm/s power 90mW. (C) 80% EHA (0.8mm/s
power 90mW. (D) 90% EHA (0.9mm/s, power 90mW at increased magnificaton.
Figure 27. SEM images of PolyHIPE tube# ) Section of 75%IBOA PoMlIPE tube,

(B) Top section of 75% IBOA tube showing top part of closed outer surf@ge, (
outside surface of 75% IBOA tube showing partial closed surfBjenside surface

of 75% IBOA tube showing a more open porosity. IBOA 75 tube (z speed 0.6mm s

power 75mW) DOttom FghL..........cooie e 71
Figure 28: SEM images of bulk cured PolyHIPEAY EHA75; B) IBOA75; (C)
EHASO; (D) IBOASO; (E) EHA90; (F) IBOAOD [43]....cvcverereeerecierecieeeeeeeenaneae, 73

Figure 29: The average void diameters of the PolyHIPE produced from Bulk
pol ymeri sati on NeasuteMents falgmftom 86MdmageS Average
void diameters of conventionalla n d -aur8d_PolyHIPEs measured from SEM
P T ST I ) OO SUSPPPRR 74
Figure 30 (A) EHA90 bulk cured; B) EHA90 being compresse@€) EHA90 after
compression of image; (D) EHA90 PolyHIPE tube;E) EHA90being compressed,;
(F) EHA9O0 after compression of IMa@e...........coouvviiiiiiiiiiiiccin e 75

10
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Figure 31(A) Bulk polymerised IBOA90;E) Bulk polymerised IBOA90 under load
showing negligible sample deformatior©)(Projection polymerised IBOA90D)|
Projection polymerised IBOA90 under load, notettiiee has been crushed.....76

Figure 32 Top, the scaled down tensile specimen used for the extensometer testing.
Bottom, original tesile specimen derived from American Society for Testing and

Materials (ASTM) standard D63B0. The axial dimensions were kept the same to

have the same Ccross sectional area..............oooeiicieer e 77
Figure 33 Stress strain plot for EHA25 IBOA75 PolyHIPE with 80% water volume
7= L[ T TR 1.7

Figure 34 Left, PolyHIPE with multiple lines laser cut, each with a different power
and speed. Right, Microscope images of the csestion of the highlighted region.

The left part shows the gradual increase fre@0datts with a 10% scanning speed.

The right section shows3 passes at 8% laser power e.g. 1 pass, 2 passes, 3 passes 4
passes and 5 passes until the laser has fullyoauidh the PolyHIPE................ 80

Figure 35: Top, cross section and bottom view of the top sectidfigare 34. In this

section the S1fefers to the use of 10% laser speed throughout all the lines in this row,
the software does not specify an absolute value for speed. The laser power increased
in increments of 10% to 40%. This should correlate tb6Watts laser power
(increments of 4wad). The middle image has been laser cut to give a flat surface for
imaging with the microscope. The bottom image shows where the sample has burned
because of the high laser power. Disregard the diagonal line in the top image as this
Y e L =T (o PSP 82

Figure 36 Top, middle and bottom section from the second section dowrFigume

34. The difference between a single pass and muligdses can be seen in the quality

of the line straightness in the cross section image, and the difference between a single
pass and multiple passes in the bottom image............ccccooiiiiieeciiiicciceeee 83

Figure 37: Top and cross section light microscope image of the laser cutting speed
50% and 1660% laser power. A wavy line can be seen on the top surface, and an
uneven cut through the PolyHIPE on the bottom iag...........cccccoeevivieeeeeens 84

Figure 38 Scatter graph of the laser speed and the cut depth of the PolyHIPE ablated
T U UUURRPPPRRP 84

Figure 39 A scatter graph showing a gradual increase in the laser power at a low

11
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Figure 40 A & C, SEM image of the PolyHIPE interface that has been cut using a
scalpel bladeB & C, Cross sectional SEM imagf the laser cut interface........86

Figure 41. SEM images of the PolyHIPE that has been laser etéheaverview of

the top surfaceB, the open pored nature can be seen from this aigkde viewD,
multiple laser passes together with the cutting depth shown. An open porosity can be
seen from all the IMAJES..........vuiiiie e 37

Figure 42 A schematic drawing of the circular sheet of PDMS and glass slide used
to create a temporary O6well 6 to house th
laser patterns used in thchapter are shown on the bottom two drawings. These
include the 2mm long lines and the pulsed grid artay...........cccccvvvvvieemeeeneeee. 92

Figure 43 SEM images of 2mm lines of HIPE cured at a stage speeds of 0.5mm/s to
4mm/s to produce small lines of PolyHIPE. EHA 80, 1 mW power. The lines have
been cut in half to expose the internal morphology, and to view the surface skin. A
schematic drawing to illustrate the UV light scattering within the HIPE during the
polymerisation stage. The solid lines in the top schematic shows the polymerised
region, ad the dotted region surrounding them is the partially activated region. The
bottom schematic is the resulting PolyHIPE after the washing stage where the non
polymerised and partially activated regions have been washed.away........... 94

Figure 44 A, Close up of the Top and side of the 0.5mm/s PolyHIPE line shown in
Figure 41.B, Surface skin shown around a PolyHIPE line that has partiaygloed

from the glass surfac€, a close up of a defect in one of the PolyHIPE lines showing
the internal and outer MoOrphology..........ccooviiiiiiiiiieee e 96

Figure 45 SEM images fronfrigure 41and the corresponding drawings showing the
formation of the excess polymerised regions between the PolyHIPE lines. These also
correlate to the light microscope imaged-igure 46. Bottom Left, a drawing the
show the overlapping partially activated regions of the polymerised PolyHIPE within
the HIPE.Bottom Right, The PolyHIPE and the excess cured region between two
separate points that remain after the washing stages........cccccccvviiieaennnl! 98

Figure 46. SEM images of the elastttHA80 HIPE formulation.A-C) overview and
closeup of the PolyHIPE lines cured on top of a glass coverdli® €) Side view

Of the liN@ INLEITACE........cco i e e e e e e e enes 99

Figure 47: Time lapse light microscope images of the EHA80 PolyHIPE lines cured

and washed in acetone and imagedew@nute as it dried. Scale bar 500um.101

12
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Figure 48 Schematic picture of the weakly polymerized region surrounding the
denselypolymerised one, the contours show the density gradient of the monomer
radicals. Pre and post washing is shown where the weakly polymerized regions have
been washed aWaYy [S6].........uuw i 103

Figure 49 SEM image of a section of a 1B0lb array of the PolyHIPE on top of a
glass coverslip. The laser was pulsed in 0.01second increments 120 times until the
laser pulse was 1.2 seconds. Overcuring and bridges can be seen between the
PolyHIPE spots. The bottom section was cut off by therlgsssing over PDMS
holding the HIPE WelL.............uuriiiii e eeeeis e 104

Figure 50: Side SEM images of the pulsed PolyHIPE dots sediigare 48. A and

B shows the overall side view of the grid arr&y.a few of the bulb like PolyHIPE
dots.D, A close up of the surface skin surrounding thpepart of the PolyHIPE bulbs,

and some open porosity at the polymer glass interface...............ccccveee. 105

Figure 51: SEM images of the ribs that have formed between adjacent PolyHIPE
spots. These bridges have been formed solely by the overlapping of the partially cured
regions.A showsan overview of the sampl® shows a thin bridge that has joined

two PolyHIPE bulbsC shows a thicker bridge with a skin connecting it to the glass
S0 = ol PRI 106

Figure 52 SEM and light microscope images of the EHA80 HIPE formula#gn.

close up of the bridges seerFigure 48 B & C, SEM images of a repeated gridagy

of PolyHIPE with connecting bridges, here the UV pulse duration was kept constant
and the spacing was gradually decreased between the different exposed Egions.
light microscope image of the Pulsed PolyHIPE with connecting bridges....107

Figure 53 Schematic of ta sub activated regions around the PolyHIPE, the arrows
represent the UV light scattering from their initial point of exposure, the solid line is
the polymerised PolyHIPE and the dotted line represents the outer region of the sub
activated polymerA & C, UV exposed region in the HIPE with partial overlapping

of the partially cured regions and resulting polymer bridges formed betweenBhem.

& D, Large amount of overlapping between the partially activated regions with a large
amount of excess crosslinkingtiveen them............cccooooviiiiccciii e, 108

Figure 54 Left, side schematic of the original polymerised PolyHIPE bulbs within
the HIPE, arrows shows the Uight scattering and the dotted line shows the sub

activated region within the HIPRight, the resulting PolyHIPE bulbs with the excess

13
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crosslinked polymer bridge formed between them. The blue base is the glass coverslip
which the PolyHIPE bulbs atached tQ................cccooiiiiiieeee s 109

Figure 55 Two light microscope images showing the effect of adding 1wt% Tinuvin

to the HIPE.Left: an array ofPolyHIPE bulbs produced with a 0.85 second dwell
time. The distance between pulses was reduced by 10 um after eachRgisge.

1wt% Tinuvin added to the emulsion, 0.8 second pulse duration with a decrease in the
spacing by 10 pm after each pulSe...........ooovviiiiiiiiiien e 112

Figure 56 Scatter graph of the distance between PolyHIPE spots before they started
to touch. Normal PolyHIPE vs PolyHIPE with 1wtPtnuvin added to the oil phase.

Figure 57: Light microscope image of the pulsed PolyHIPE dbést image EHA80
PolyHIPE.Right, image with 1wt% light absorber added. Both samples had a pulse
duration of 0.2 seconds, at 1mW laser POWEL..............covvvvvvieemeeeeeeeeeeeeeniinnnns 114

Figure 58: SEM images of PolyHIPE with surface and without surface skinT{vo
PolyHIPE dots with excessasslinking between them and a surface ska),sfngle
PolyHIPE point with surface skinC§ Two PolyHIPE spots with increased open
pored surface from the addition of 2wt% TinuviB) (PolyHIPE line with an open
[OT0T (=10 I STU T =Tt = H 115
Figure5 Schematic of the temporary HIPE 06wk
the polymerisation stage. The laser is scanned in horizontal and thtections to
produce the PolyHIPE lines that make up the woodpile structure. The position of the
woodpile structure on the glass coverslip is shown.............ccocoovvvieeee e, 121

Figure 60: Computer generated image of the laser scanning over a photocurable
liquid. The previously cured layesan be seen. A woodpile structure can be seen
submerged in the uncured monomer solution, and the laser only polymerises the top
surface by sequential SCaANNING..............uuuiiiiiiiecee e 123

Figure 61: Light microscope image of the woodpile structure patterned using elastic
PolyHIPE EHAB80 formulation. In images A B the top PolyHIPE lines have only
attached to the previous layer at its base. Image C shows a higher amount of over
curing at the interface between the horizontal and vertical PolyHIPE lines. This is a
similar effect seen previously Figure 21 ... 124

Figure 62: Four light microscope images of the same woodpile structure (PolyHIPE
EHAB80). The objective was focused at differenghés with different light exposures

to highlight the depth of the structuré)(Underside lighting at an angleB)(Top

14
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illumination at an angle,Q) Underside light, D) Top only light. Scale bar is 1mm.

Figure 63 SEM images of a PolyHIPE EHAB80 2 layer woodpile structArea
surface skin can be seen on the side of the PolyHIPE B)éRhe base layer has a
high amount of xcess polymer that has cured againsCit.close up of the open
porosity on the top of the lineB, An overview of the sample......................... 126
Figure 64: Light microscope image of three woodpile structures with an ever
decreasing space between the lileslmm spacingB, 640um spacingC, 420um
spacing. In imag€ the PolyHIPE lines have increased in size and the central regions
of the scaffold have been extensively over cured............ccccceeeiviceeevvivnnnnnns 127
Figure 65: SEM images of a refined Woodpile structure EHA80 formulatfom
gradual zooming in on the POIyHIPE [INeS [G3]-.......cuuviiiiiiiiiiiiieeniiiiiiieeeen 128
Figure 66. A PolyHIPE woodpile structure after it had been washed in acetone and
air dried. The overall structure has contracted from its original square shape. The top
surface has been pulled inward caused by the velime=d contracting during the
drying stages. The base layer has had minimal contraction because it is adhered to the
glass surface. This can be seen on the far left hand.side............................ 129
Figure 67: PolyHIPE disk fabrication for cell culture using EHA80 formulatioh) (
silicone sheet with wells cut oB) Silicone attached to 13mm glass coverslip on top
of a glass slide and 40ul of HIR&petted into the well,&) Polymerised PolyHIPE
discs on top of glass coverslip§-F) Polymerised PolyHIPE on glass at different
angles to show size and thiCKNESS............ccooiiiiiiiiee e 131
Figure 68 MTT assay of fibroblasts grown on the PolyHIPE discs at days 1, 5 and 7,
70% etoh and V sterilised samples. The absorbance can be seen to increase over the
course of 7 days on all the samples and tissue culture plastic..................... 133
Figure 69 Immunofluorescence micrographs of PolyHIPE woodpile scaffolds. The
MG63 cells were stained with DAPI and PhalloiiiifC a) Acrylic-acid coated
woodpile scaffold with a greater amount of cell attachn@ntonrcoated woodpile
scaffold wih a few cells attached to the surface............cccuvvviiiccciiiiiiiiiinnns 136
Figure 70: SEM images of EHA80/IBOA8O/EHAS80 PolyHIPE layers that were each
cured sepately. The boundary between the layers can be seen in all imagé86
Figure 71: Chemical structure of the Trithil...........cccooiiiiiieen 144
Figure 72 Chemical structure of Polylactic acid (PLA)..........cccoeeevveiiiiicannnnn. 144
Figure 73 Chemi cal s t-capuotactane) €PCL).£.....P.o.l..y....145)
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Figure 74 PHBV PCLthiol PolyHIPE sample preparation. The silicone is
represented as blue, and the PHBYV sheet as grey. The PDMS disc was larger than the
el ectrospun one so that i1t temporarily ac
this enabled th&€DMS to effectively house the HIPE within the well before it was

(010 1Y/ LT £ EST=To S RPPTRP 160

Figure 75 Ratio of monomer to chloroform fdhe thiolene PolyHIPE preparation.

The 1:1 ratio produced the most stable emulsion. 1:2 ratio produced an emulsion
however it cracked significantly upon drying. When using no solvent the thiolene
instantly separated into spherical droplets suspended wwatex phase. A 1:4 ratio
between the oil and water was used i.e. 80%..............ooeviiiiccee e 163

Figure 76: PCL/Thiolene PolyHIPE sample&, Picture shwing the flexibility of the
material. B, SEM image of the PolyHIPEs morpholody, light microscope image

after gold coatingD, SEM image ofc. A&B are sample M17_S1, C&D are sample

Figure 77: wet and dry PCL/Thiolene PolyHIPE showing the level of shrinkage
caused during the drying stages m17 S1 with the addition of 0.8 g surfactals
Figure 78 Light microscope image of the PCL/Thiol PolyHIPE with separation on
the top surface. The large voids were caused by the emulsion separating &eihgas
photopolymerised. This had the same formulation as M17..S1................... 165
Figure 79 1: An example of the PCL/thiolene emulsion (wihloroform as the
diluting solvent) A, the addition of 4ml water with some separati®nthe emulsion
starting to separate out after agitation was stopped. A layer of water can be seen around
the inside of the glas€, the same emulsion with the additiof 0.35g toluene and
more mixing.D, the emulsion after the addition of a total of 8 ml of water....167
Figure 80 Different images of the PCL/Thiolene PolyHIPE with corresponding
formulation shown in M19_S2 iifable 4. A, Z-stack confocal image of the side
surface ofhe PolyHIPE, multiple scans were taken and compiled to give a 3D view
of the surfaceB, SEM image of a crossection of the PolyHIPEC, confocal image

of a thin section of the PolyHIPE to give an indication of the pore sizes......168
Figure 81 PCL/Thiol PolyHIPE blend (M19_S4) imaged with light microscope and
Scanning electron microscop®, Light microscope image top surfa&& C, gold
coated light microscope imagB, light microscope image under ligfE&F SEM

images of the PolyHIPE shomg the same regions as the imaBe& C. ............ 169
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Figure 83: The Soxhlet extractor with the PCL/Thiolene PolyHIPE being washed in
ethanol. The soxhlet had to be wrapped in foil to prevent the ethanol condensing in the
glass tubes before it reached the main chamber. When a finite amount of ethanol fills
the main chamber itself empties into the round bottom flask attached below to repeat
TN PIOCESS.. ittt amnn 169

Figure 84: Different components of the PCL thiolene PolyHIPE in a MTT asiay.
Thiolene and the crosslinker TMPTA was photocured directly into-thelléplate B:
PCL-Thiol blend. C: PCL only. D; PCL thiol blend PolyHIPEE: PCL-thiol
PolyHIPE after 2dours wash CyCle..............ooovviiiiiiiicreeeeeeee e 171

Figure 85 Confocal image of fibroblast cells growing on RCThiol. Nucleus is
shown as Blue with thstain DAPI (only faint blue dots were seen). The red shows
the cells factin from the phalloidistritc stain. Both samples were from 1 week in

(o B ]| = PP 172

Figure 86. PicoGreen assay of the human dermal fibroblast cells on the PCL/thiolene
PolyHIPE up to 5 days. The blank control used was tissue culture plastic with no cells.
The HIPEs is the PCL/thiolene material and the controltisage culture plastic with
fibroblast cells. Work done in collaboration with Lindsey Dew...................... 172

Figure 87: SEM and light microscapimage of the PCL/thiolene PolyHIPE used for
cell culture (sample M19_S2) & B, SEM images of different sections of the
PCL/Thiolene PolyHIPE, the material shrank during the drying procgs&ight
microscope image of the material with a light shiningits side to highlight the
porosity.D, image showing the flexibility of the material...........................cee.. 174

Figure 88 Fluorescent confocal images of human dermal fibroblast cells growing on
the PCL/Thiol PolyHIPEA-C. Cells were stained with Phalloidin (TRITC) (Red F
actin) and DAPI(Blue Nucleus), the scaffold has a slight blue fluoresceDced
live/dead stain of human dermal fibroblast cells within one of the large voids on an
auto fluorescent background.............ooooi i 175

Figure 89 SEM images of the PCL/Thiol PolyHIPE with a PHBV fibrous layer in the
middle. A & B), side images of the scaffolB, the attachment of the PolyHIPE to

the PHBV. C & D) The underside of theHBV with only one side with the attached
0] 1Y 1] O 176

Figure 90 Confocal images with fibroblast cells growing on both sidehe PCl-

Thi ol Pol yHI PE for 5 days. Cell s on one
Red to track the fibroblast cells to see if they passed through the PHBV barrier layer.
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A, crosssectional image of the scaffold with the PolyHIPE and electrospyard
highlightedB, fibroblast nuclei can be seen surrounding both side of the tri I@yer.
andD shows the side regions around the outer edge of the scaffold to show the red
stained fibroblast cells had not passed through the barrier layer. The retblspeen
labelled in the images B, C and.D...........cccooiiiiiiiiii e eeeeeeeeeeeeee e 177
Figure 91 A PCL based emulsion gradually separating out into two phases ever th
course of a minutéA, the initial emulsion after mixind3, the emulsion can be seen

to separate out, spherical emulsion beads can be seen in this@htadly. separated

out into two phases. Emulsion formulation, sample 2 fiahle 5..................... 184

Figure 92 An example of a stable W/O emulsion and an inverted O/W Ané&

stable W/O emulsiomB &C show an O/W emulsiorD, the polymerised particles
from the O/W emulsion on a glass slide. The W/O emulsion was very viscous while
the O/W emulSion Was VEIY FUNMY............ccoveeeriuuuiimmmeeeeeeeeeeeennnnnne e smemnennes 185

Figure 93: The sample (Aug5_S10A-C, gradual separation of the oil and water
phases over a minut®, The polymerised scaffold after remixing.................. 186

Figure 94: This is the photocured material frofigure 90. The sample name is
AUG7_S1. A very small degree of interconnectivity can be seen, and there are a few
spherical nofporous beads present in the POreS............ccuvvvvvviiicceeeeveeeirinnnns 186

Figure 95 Images of the PCL PolyHIPE before and after drying when insufficiently
exposed to UV lightA andB, pictures of the PolyHIPE before and after dgyiThe
middle region has a yellow like appearance caused by the collapse and solidification
of the emulsion, this inner surface is rigid to the to@SEM image of the collapsed
region.D, An overall SEM image of the material..........cccccooviiiiiiianl 188

Figure 96. The sample formulation Aug21_S7, PCL PolyHIPE after several UV
passes on either side of the matefalp, The elastic nature of the matdris being
demonstrated by crushing the sample and it returning back to its original shape.
Bottom, SEM images of the corresponding PCL PolyHIRE.......................... 189

Figure 97: 5wt% surfactant 60°C PCL PolyHIPE, 4ml water.B, 6ml water. The
emulsion rapidly destabilised after the mixing was stopped and during the
polymerisation stage in image B..........coooo e 193

Figure 98 Two rows of SEM images (25X) of the PCL PolyHIPE with 10wt%
surfactant mixed at 50 and €L From left to right the water volume added increased
from four to eighiml. ... 194
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Figure 99 Two rows of SEM images (25X) of the PCL PolyHIPE with 20wt%
surfactant mixed at 50 and €0 From left to ridnt the water volume added increased
from fOUr t0 @IgNt Ml.....eee e 194
Figure 100 Two rows of SEM images (25X) of the PCL PolyHIPE wiwt%
surfactant mixed at 50 and €D From left to right the water volume added increased
from fOUr t0 @IgNt Ml.....eeeie e 195
Figure 101 PCL PolyHIPE showing the difference between different water volume
ratios with 30wt% surfactant at different water volume ratios. A: 1:8 water volume
ratio with the corresponding SEM images in C & D, the emulsion formed a W/O/W
emulsion, and the additiori more water no longer resulted in a continuous emulsion.

B shows the 1:6 oil to water ratio on top and the 1:8 ratio oil to water on the bottom.

Figure 102 Two rows of SEM images (100X) of the PCL PolyHIPE with 10wt%
surfactant mixed at 50 and €D From left to right the water volume added increased
from four to @ight Ml..........oeiiiii e 198
Figure 103: Two rows of SEM images (100X) of the PCL PolyHIPE with 20wt%
surfactant mixed at 50 and 60°C. From left to right the water volume added increased
from four to @ight M. e 198
Figure 104 Two rows of SEM images (100X) of the PCL PolyHIPE with 20wt%
surfactant mixed at 50 and 60°C. From left to ritpet water volume added increased
from fOUr tO @IgNT M. 199
Figure 105 Histogram showing the pore size against its frequench&o60°C PCL
PolyHIPE with the increase in water volume for different surfactant concentrations
10Wt%, 20WEY0 AN SOWEAD....evvviiiiiiiiieiiiee e e simmme e e e e e e e 200
Figure 106 9 SEM images showing the effects of increasing the surfactant
concentration from 1:30wt% with the PCL PolyHIPEs prepared at 60°C.....202
Figure 107.4 ml water PCL PolyHIPE with different ratios of surfactat.10wt%.

B, 20wt%.C, 30wt% at 60C. An increase in the interconnectivity and decrease in the
pore sizes can be seen from the 10wt% surfactant PolyHIPE..................... 204
Figure 108 Histogram diagram showing the pore size against its frequency for the
60°C PCL PolyHIPE from increasing the sutéat concentration within each water
VOIUME TALIO....cceieeieeie e eeeer e e nnne e e e e 205
Figure 109 Box and whisker diagram showing the pore diameter and the Ni&yiab

above and below the upper and lower quartiles with respect to the surfactant

19



concentration (10, 20 and 30wt %) and the respective water volume ratios within each
surfactant concentration, 4, 6 and 8ml............ccccooiiiiiieeci e 206

Figure 110 PCL based PolyHIPE with increasing surfactant concentration frem 10
20wt% using, 8ml wate#\-C were mixed at 6C. A, 10wt%.B, 20wt%. C,30wt%.
D,30wt% at 50C. The surfactant causs a decrease in pore volume freB0d 0%,
however the 2B0wt% has an incrase in pore volume. The same formulation®@t 50

has a more intermitent pore size. This suggests that temperature is having a significant
effect on the pore volne as well as the surfactant concentration.................. 207

Figure 111 SEM images of the chosen PolyHIPE formulation that will take forward
for future work.A 20wt% surf 8ml 58C. B, 20wt% 8ml, 60C. C and D 20wt%

surfactant 8 ml 60T at 200x magnification.............ccccovviivirieeeieeee e 209
Figure 112: A andB, 30wt%surf 6 ml water, 50°C col@ andD 20wt% 4ml 50 °C
(070 [o PP 210

Figure 113 SEM images of the PCL PolyHIPfroduced at 3% in a bulk batch,
10wt% surfactant, with 80% water volume was used. The HIPE was prepared using
3g of PCL, 3g CHGland 1.8 g toluene. PolyHIPE samples were carbon coated prior

to imaging. ImageéA shows some PCL particles that have formetthiw one of the

larger poresB i D show the PolyHIPE at different magnifications................ 211
Figure 114 PCL PolyHIPE with 0.15g toluen bulk cured at 3&.................... 212
Figure 115 Histogram diagram for the pore size distribution of thé BPprepared
PCL PolyHIPE shown ifrigure 113.........cccoooiiiiiiiiiiiiiieeee e 212

Figure 116: SEM images of the Porous PCL PolyHIPE be#d® PCL PolyHIPE
beads pwduced by injecting the emulsion into a flowing tube of watea few beads

with a small degree of openness on the outer suBa@esingle beadC, side section

of one of the bead®, Porous bead that has been cut in half. A high degree of porosity
can be seen within the material...............ccoooviiieee e 214

Figure 117 SEM images of PCL porous beads. A, a fractured PCL bead showing the
internal porosy. B, a sectioned PCL PolyHIPE bead (70um slice) to show the internal
(10T {0171 Y7 PP 214

Figure 118 SEM Stereo image pair of &olyHIPE containing 4.7%
styrene/divinylbenzene (50/50) and 2.1% sorbitan monooleate. Image taken from [29]

Figure 119 Pair d SEM stereo images of the EHA 75% PolyHIPE with 5wt%

surfactant. Both images were taken at a different angle with the SEM to give a different
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perspective of the same region. The depth of the large pore and size of the pore behind
it can be seen very cléamwhen viewed as a stereo image, this perspective is not shown
when it is only viewed as a single SEM image. Stereo image created using StereoPhoto
Maker (http://www.stereo.jpn.org/eng/Stphmkr)..........cccooooiiiiiiiicce e 222

Figure 120 Pair of SEM stereo images of the PCL PolyHIPE cross section. These
images are darker than the previous ones because the filament needed to be replaced,
and the samples werarbon coated instead of being gold coated................. 222

Figure 121 SEM images showing the scale bar for the SEM imagé&sgure 119
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1. CHAPTER ONE: Literature review of the PolyHIPE
material

Emulsion templating involves preserving the internal shape, and structure, of an
emulsion to produce a porous polymer. This fabrication technique requires a thorough
understanding of the emulsion conditions and the respective parameters. These have a
significant effect on the properties of the final material. The subject of emulsion
templating has been wealocumented and there are a number of excellent reviews
about the PolyHIPE material Silverstgi, Pulko et al[2], and CameroifB]. These

reviews offer both a comprehensive review of the PolyHIPE materials and
applications that will be outside of the scope of this thesis.

An emulsion is defined as a liquid containing two immiscible liquids; sucil asd

water, wherein one of these liquids is in a dispersed phase within the continuous one.
In this thesis, the word continuous will be used to describe the liquid phase that is fully
connected throughout the entire emulsion, and the discontinuous iphased to
describe the suspended droplet phase; these droplets are isolated from each other

within the emulsion as these are surrounded by the thin film of the continuous phase

The stability of the emulsion is dictated by the interfacial tension bettheeasroplet

and continuous phase, and this relates to the total interfacial area (the outer surface
area of the droplet phase that is in contact with the continuous phase) of the droplet
phase. The two liquids are immiscible, and the reduction in thisceugirea of contact

is a thermodynamically driven process, this is achieved by an increase in the average
droplet size, which causes a decrease in the interfacial area. The emulsion stability is

dependent on its ability to resist this destabilization.

The stability of an emulsion is brought about by using an emulsifying agent. An

emulsifying agent is an amphiphilic compound which contains both hydrophobic and
hydrophilic ends which enables it to orient itself at the oil/liquid interface thereby

preventirg the two phases from contacting with each other. It forms a barrier between
them, and is an essential requirement for the stability of the emulsion. The emulsion
stability is also dependent on a range of factors namely interfacial tension, viscosity,
volume fraction ratio and temperature during both the emulsion formulation and the

temperature of the polymerisation stage for making a PolyHIPE of the emjkion

22



Emulsions have beedlassified intotwo types depending on which phase is the
continuous or discontinuous phase waterin-oil (W/O) or an oitin-wateremulsion

(O/W) depending on which is the droplet ph#ke A W/O emulsion will contain

water droplets suspended in the continuous oil phase, and O/W is the opposite. In an
W/O emulsion th@il phase is in turn referred to as the organic phase and the droplet
water phase as the aqueous one. Splitting of drofilets larger to smaller ones
requires energy input and this is provided by the mechanical force from a stirrer. The
mechanical force from the stirrer provides the stress energy to deform, and
subsequently breakup the droplets into smaller fBles\s the droplets get smaller,

more energy is required to break them up hence more shear energy required. Viscosity
plays an important part in the dropfermation as the greater the viscosity the more

resistance the fluid will have against being broken up.

It is often difficult to visudly determine the emulsion type, saidution test can be
usedto do so An easy method to determine the emulsion fgpe add it towater. If

a W/O emulsion is added to water then the emulsion will form emulsion droplets
suspended with the water, which is referred to as a W/O/W emwigi@neas a O/W
emulsion will spread outn most cases the emulsi@white. The viiteness of the

emulsion iscaused by the suspension of droplets scattering the light

Emulsion templating is atructuringtechnique were the continuous phase of the
emulsion is polymerise@rounda nonpolymerisable droplet phade produce a

porous foa like materia[6].1 n t hi s process the dheopl et s
pore formation, and are subsequently removed afterwards to leave behind the hollow
voids[7]. A review on the range of different W/O and O/W emulsions that have been

used to create these porous foams from a variety of different materials can be found in

the feature article by Pulko at[2]. If the continuous phase containpalymerisable
monomeric solutionThen upon polymerisation the name of theoguced porous

material will be reflected in the original name for the emulsion used to create it.

The acronym PolyHIPE refers to porous foam created by polymerisation the
continuous phase of a higiternal phase emulsion (HIPEHhe emulsion is classéd

as being a high internal phaseewhen the dromt fraction exceeds.74[8], although

this can be as high as9@ [9] as the classification for HIPE has to be above 74% of

the droplet phaseThe HIPE has very high ratio of its water to oil phase, and the
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emulsion type and subsequent classification is determined byahis. Low and
medium internal phase emulsions LIPE/MIPBEsow/Medium Internal Phase
Emulsionshave water volumes less than 30wt% and betweefd3@% respectively

[2, 10]. The 0.74 minimum droplet ratio requirement is ii@ximum packing density

of uniform nondeformablepacking of spheres, above this percentage the water
droplets are deformadto norruniform polyhedronswhich results in a more efficient
packing density11], and also increases the viscosity of the emuldibrs polyhedral
shaped water droplet has hesbserved experimentallyhen the HIPE waBozen in
liquid nitrogento preserve the morphologyf the emulsia at the gel point of the

polymerand then imaged by cry®EM[12], and is shown ifFigure 7.

Figure 7: (A) SEM image of a nopolymerised styrene/DVB HIPE fro@ameron et dlL2]. A frozen

polyhedral shaped water droptetn be seen in the centre of tinlmge. The drawings B an@ represent
different droplet deformations caused by the packing arrangement of th¢13[PEB) A Rhomboidal
dodecakdron,(C) A tetrakaidecahedron

1.1.1. The PolyHIPE material

Thefollowing sectionof this Thesis will focus on the PolyHIPE as a material and then
the emulsion aspect used in the templating process used to create it. The main factors
used to control the morphology will be discussed, and then the logistics behind the

initial emulsion apect.

I will start by defining the terminology that is used in this thesis to describe the
PolyHIPE morphology. By voids or pores | am referring to the large spherical spaces
in the PolyHIPE that are created by the water droplets from the initial emulsgien
hollow gaps in the polymer that connect the adjacent hollow spherical voids are called
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connecting windows, when discussing the level of interconnectivity between the pores
| am referring to these connecting windows. When | use the word morpholagy; |

broadly referring to the pore volume, size, degree of interconnectivity and the overall
packing arrangement of the PolyHIPE. An understanding of the parameters that
influences all of the above features are required in order to both control, and

manipulde them for specific requirements.

The rapid change of state from the liquid monomer to a rigid polymer upon
polymerization preserves the morphology of the initial HIPE up until the gel point.
Therefore the prprocessing conditions of the HIPE templatetate the final
morphology of the PolyHIPIS]. The emulsion is a liquitiquid system where one
phase exceeds 74%, so by this nature the emulsion can easily poured and solidified
into a variety of moulds prior to solidification. The remaining aqueous droplets are
simply removed during post processing steps such as washingtaldessolvent and

then evaporating off the remaining solvent.

1.1.2. Thermal polymerisation of the PolyHIPE

PolyHIPEs can be created by thermally polymerizing the continuous phase of the
HIPE. A variety of organic monomers have been used in this way to create PolyHIPES.
The majority of publications use the monomers styrene and divinylbe{&jeid].

The PolyHIPE is formed from the polymerisation of the aromatic hydrocarbon styrene
(STY) oftenwith the crosslinking agent divinylbenzene (DVB), a radical initiator and

a suitable emulsifier; Span 80 being the most common surfactant used for these water
in oil emulsiong1]. Other acrylates have been incorporated into the PolyHIPE as a
blend, including Zethylhexyl acrylate (EHA)3] [11] [14] [15] and the popular
aqueous soluble initiator potassium persulphate is mostly &sedexample, the
monomer EHA has been used in 2013 as monomer bfendthe thermal

polymerisation of the PolyHIPE with the initiator sodium persulphate (NHRE)

All these monomes are water immiscible and have been shown to be rigid enough to
support the growth of cells. Acrylic acid (Aa) has been incorporated into the droplet
phase to adjust the functionality of styrene based PolyHIPEs to improve the cell
attachment6]. EHA has been shown to reduce the brittleness of the polymeric
material [6], the hydrophobic EHA monomer also lowers the interfacial tension
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between the two phasevhich creates a smaller void diamdi]. The polymerized
version Poly (2ethylhexyl acrylate) (PEHA). is regarded dsi@compatible polymer
has been blended with PCL to be used in tissue engineering based appl[d¢&jions
Nevertheless the styrene and EHA/IBOA materials have adagradable carbon
backbone andan only be used fan vitro applications. Pickering PolyHIPEs have
also been thermally cured, often the water soluble thermal initiptiigssium

persulphate (K5:Os) is used as the radical soufd8].

1.1.3. Photo polymerisation of PolyHIPE

The first example of a PolyHIPE material being produce by photocuring an acrylate
based monomeric HIPE in the literaturasnin 20048]. This study used a blend of

the monomers-2thylhexyl acrylate (EHA) and isobornyl acrylate (IBOA), with the
crosslinking agent Trimethylolpropane triacrylate (TMPTA) to controlefasticity

of the material, finding that 10wt% IBOA had a more elastic nature whereas 40wt%
IBOA had a brittle one, similar uses for these two monomers have also been reported
for the PolyHIPE preparatiofl9]. The crosslinker Trimethylolpropane triacrylate
(TMPTA) is used to increase the degree of crosslinking with these monomers and
Span 80 as the surfactdBt. The surfactant Hypermer B246 has also been used to
make emulsions of these acrylate based monof@érs20] including degradable
PolyHIPE[21]. The addition of EHA is known to increase the elasticity of the polymer
matrix [22]. The fast rate of polymerisation of the PolyHIPE has been useddtec
porous beads using a water in oil in water emulsion (W/O/W) using EHA as part of

the monomer blenf23].

Photocurable PolyHIPEs can be polymerised witmmatter of seconds as opposed to
their thermally cured counterparts, which can take up to 24 hours to polymerise
depending on the thermal initiatft9]. Despite the HIPE being a white opaque
material, thick sheets up to 35mm deep have been UV polymerised, this is achievable
because the free radicals are able to propagate through the ernfil@ioif his fast

cure time period means that less stable emulsions can be cured that might destabilise
with the increase in temperature, this increases the range of materials for HIPE
templding [19, 21, 24] The transition from thermally cured to photo initiated requires

changing the radical initiatdi25]. The photocurable process can be used at low
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temperatures, and from a material perspective, it opens the possibility tovice a

range of new materials for the preparation of the PolyHIPE structure.

1.1.4. The initiators locus of initiation

The location of the initiator has a significant effect on the morphology and
interconnectivity of the PolyHIPEL5] [18]. The example of a W/O emulsion where
the crosdinkable organic phase is the continuous phase (oil phase) will be used to
illustrate the difference. A schematic illustrating the effect different loci of initiation

is shown inFigure 8 from thepublication by Robinson et §6].

The solubilityof the initiator will determine the point of initiation for the crosslinking
reaction, and depending on what the solubility is, will determine the level of
interconnectivity between the adjacent pores. By comparing the difference between
the respective vaimes between the two phases, the organic phase is the minor one
and the droplet phase; with its high volume percentage of the total emulsion, is the
major one. In two emulsions a set amount of initiator can be added to either the organic
or droplet phaséel'he organic phase, with its lower volume of liquid, will reach its gel
point more rapidly during polymerisation and have a greater amount of
interconnectivity if an oil soluble initiator is used, as opposed to a water soluble one.
Water soluble initiatoraill initiate the crosslinking reaction from the water/monomer
boundary and then propagate throughout the monomer phase. This will create an initial
strong barrier film between the adjacent droplets which will be more resistant to the
polymer contraction qocess that has been shown to causes the interconnectivity
between the pores. Therefore as a result, a closed pored PolyHIPE will be created. The
organic phase initiation on the other hand will polymerise to a greater extent in the
boundary between 4 watdroplets, which will cause the monomer to contract during
the polymerisation process, this contraction will also be pulling on the thin film
surrounding the water droplets, causing it to be pulled apart, creating a more

interconnected PolyHIPE morphology.
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Figure 8: Schematic drawing of the different mechanisms forming the PolyHIPE based on the loci of
the initiator.Right: organic phase initiatot,eft: droplet phase initiator. The red indicates the initiator,
yellow the photourable material, angreenis the initial regions that are crosslinked by the initiator.
The organic phase initiation causes more interconnectivity as the contracting polymer tears the thin film
connecting adjacent droplets. paper fi@®i.

The effect of the solubility of the initiator has a significant effect on the morphology
for thermally initiated Pickering PolyHIPEs. The organic phase initiator such as
benzoyl peroxide (BPO) caused coalescence of the emulsion before the monomer is
fully polymerised, the slow polymerisation reaction cannot lock the morphology quick
enough, and resulted in a degree of destabilisation of the emulsion during the
polymerisation reaction, leading to droplet coalescgdi®. The water soluble
thermal initiator Potassium Persulphate KPS, in the Pickering HIPE results in a more
PolyHIPE morphology.

1.1.5. PolyHIPE interconnectivity

The PolyHIPEs interconnectivity was found to occur when the material started gelling,
which suggests the interconnecting windows are formed as the monomer contracts
during its polymerization from the liquid state to a solid one. This was observed
experimentally by imaging the transition of the isolated droplets to an interconnected
foam, this was achieved by freezing the HIPE at different time points of the

polymerisation reaction as it forms the PolyHIPE, these samples were imaged using a
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Cryo-scanning electron microscogé2]. The monomeric film is thinnest in the region
bet ween adjacent droplets, and at this

the contraction during the polymerisation process.

An alternative theory has been presented for the inteemtimg pores. Bismarck et al

[27] argued that the interconnecting windows are formed by a mechanical effect
during the post processing conditions, such as the solvent wash and drying conditions.
And that the films remain intact durinige polymerisation stage. There are a range of
factors that affect the interconnectivity, such as the water volume fraction, surfactant
concentration and the nature of the polymer formation. Silverstein has imaged a
PolyHIPE structure that has not beeredror washed in the Soxhlet extractor, and has

a porous interconnected structure, indicating that the interconnectivity was created
during the polymerization procefkb] and not by post processing. However, in my
opinion, there will be examples where the post processing can introduce additional

interconnectivity within the PolyHIPE.

1.1.6. The effect of water volume on thé?olyHIPE

The internal phase volume ratio (the volume of water added to the emulsion), is an
important component that can be controlled to tailor the final porosity and
interconnectivity of the PolyHIPE, and is a classic example of how therpoessing

conditions of the emulsion dictates the PolyHIPEs morphology.

Water volume plays an important role in the open or closed interconnectivity and the
PolyHIPEs density28], generally speaking, a lower water volume will produce a
closed pored high density structure, and increasing the water volume ratio can be used
to create a very lowensity highly interconnected foam. A HIPE can be created with

a water volume ratio up to 99%, although the resulting PolyHIPE was very fragile and
collapsed during the drying process, but a 98.5% PolyHIPE was stable enough to

survive the drying proceg$9].

In relation to the water in oil emulsion, i.e. droplets of water suspended around a
continuous film of oil (the organic monomer). When the water volume ratio is
increased, then the finite amount of the oil phase will be stretched around an increasing

surfece area of the water droplets. As long as the emulsion stability is sufficient
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enough, this will result in an ever thinner monomer film surrounding the droplet phase.
This effect is highlighted in the schematic shawfigure 17 andFigure 9 andwhich

was taken from the publicatiof29]. This thin film will increase the final
interconnectivity of the resulting PolyHIPE, this is because it is more prone to the
effects of contraction as the monomer is converted to a polymer, thus resulting in more

connecting windows between the adjacentlsfl?2].

TOUCHING BUBBLES WITH THIN LAYER INTERFACE
(Water —in— Qil Emulsion)
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Figure 9: Schematic drawing showing the effect of increasing and decreasing the organic phase of the
emulsion. Image taken frof29].

The difference between a low organic volume and a high one is shown alfaye én

9. Lowering the organic volume has the same effect as increasing the aqueous volume.
A transaction from the spherical water droplet packing arrangement to a more
payhedron shaped one can be seen in the figure, as well as a decrease in the thickness
of the organic phase separating the water droplets. The corresponding SEM images

from this schematic is shown lrigure 17.

1.1.7. Surface active agents: The Surfactant

The surfactants main role is to reduce the interfacial tension of the emulsion; this in
turn enables a smaller droplet size that can be supported, and dssential
requirement for the emulsion stabilifs]. The surfactant is the most important
component of an emulsion. An emulsion between two immiscible ligards
inherently unstable due to the surface tension, which can lead then to separate out into
two separate layers of liquidhis separation igdriven by the interfacialtension

createdbetween the two liquids, as theo liquids do not want tbe in contact with
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each otherThe surface tension of water arises from the hydrogen bindiatgr
molecules are more energetically stabilised in the bulk apad to on the surface.

A surfactant reduces this tension enabling a uniform wetting over the surface.
Decreasing the size of tispherical droplets ian emulsion increases the surface area
of contact between these two liquids and therefore increasemtiisions interfacial
tension, which leads to a higher degree of instab#ityntually leading to separation
into the two layerspil and water To prevent this phasseparationsurface active
agents are incorporated into the emulsiotdth increase hie stability and prevent
separationby essentially creating a barrier between the phaseseasing the
surfactant will increase the stability only to a certain extent, as too much will cause

the surfactant to selissemble intonicelles.

The surfactanis an amphiphilic compoundt is a molecule with &aydrophobictail

(water hating) anttydrophilic heaelyroup(water loving)thatallowsit to adsorband
accumulate at theterface between the two liquiffs]. The addition of the surfactant
reduces the interfacial tensiaor lowersthe surface energpetweerthetwo liquids

by acting as a barrier preventing the two phases from coming in to contact with each
other Generallyspeaking the higher tr@mulsion stabilitythe smaller the achievable
droplet size[30]. The surfactant stabilises the continuous film that surrounds the
droplet phas¢31]. For both O/W and W/O emulsiondye only difference in relation

to the surfactant is its orientation, due to its hydrophobic and a hydrophil[g]lend

If the initial emulsioncontains a large amount of surfactant then its removal after
polymerization can be difficult, and residual surfactant could remain. One alternative
is toformulate an emulsion which ssabilised by particles that arrange themselves at
the interface betwan the two liquid phase to prevertalescencehese are known as

a Pickering emulsiofi8]. In this emulgon the particles act as surfactants by migrating

to the interface between the two phases.

1.1.8. Effect of the surfactant on the PolyHIPE morphology

When HIPE templatingis usedto produce porous PolyHIREthe component that
determines the interconnectivity fee surfactant concentratiomore so than the
volume of water For examplea closed pored PolyHIPEan becreated using a low
amount of surfactant, despite having7@onominal volume of wat€32].
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The type of surfactant is very important for determiniing emulsiors stability, its
morphology andts interconnectivity[33]. Surfactant concentrations betweef6%
produces a closed parsystem, whereas-50% concentrations will fon an open
pored structurén the resulting PolyHIPEL2]. It is alsoobserved that increasing the
surfactantconcentration producedmaller pore sizesand an increased level of
interconnectivity[34] [2]. This effectis attribued to the increasethinning of the
polymer filmsurrounding the droplet phase as the surfaetaotunis increased. SEM
images of this can be seen in the bekigure 10.

’.

Figure 10: a) 75% water 5% surfactanfb) 75% water 15% surfactant arfd) 90% water 15%
surfactant. SEM images taken fr¢84].

The effect of increasing the surfactant frorh3% can beeen irFigure 10[34]. The

SEM imageq@a) and (b) show the effect of increasing the surfactant conceotrat

from 5 15% on the PolyHIP&interconnectivity when the water volume ratio is kept

at the same 75%. Image C shows the effect of also increasing the water volume to 90%
as well as the higher 15%rgactant. Imagéc) has a higher level of interconnectivity

and porosity than compared to the other two images.

Increasinghesurfactanin the HIPE increases the interconnectivity of the PolyHIPE
Figure 10. The increased amount afurfactantcan support a thinner monomer film

surrounding thelroplet phase this thin film ismore prone to contractipmnd thus
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tearingduring the polymerisation stag8]. Increasing the surfactanbncentration

will lower the interfacial tension more thuscreasing the stability of the emulsion.

This increased stability means thasraaller droplet size can be supported and will
result in a smaller pore size in the resulting PolyHI8&ncreasing the surfactant
concentration will decrease the pore diameter as the emulsions stability is increased
[3]. Nevertheless there is a finite amount of surfactant that can be added to increase
the emulsion stability, as anything abové/sWill produce a weak porous material

[3]. It has bea reported upon that the surfactant has a greater effect on the pore
structural than the droplet phase volume ratio with a styrene/divinylbenzene PolyHIPE
[32]. This is because the surfactant ratio will affect the way the oil surrounds the water
molecules. The surfactant and monomer in the continuous phase are noteswiubl
water but are miscible with each other, so their ratio will be important in determining

the final structure of the foam produdéa].

This studyrepors that there is a limited range of useful monomer/surfactant
formulations for their 1:1 ratio of styrene/divinyloenzene monomer mixture foams,
with 20-50% surfactant being the most useful for the porous structure. Nevertheless
the optimum surfactant ratioilvhave to be experimentally determined for any other

monomer ratio used.
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Figure 11: SEM images of the different microstructures formed with the polymerised emulsion with
different ratios of the oil and surfactdBe].

Figure 11from [32] shows the effect of varying the oil and surfactatcentratioron

the morphology of the final polymerised foams. Low surfactant ratios up to 5% have
a closed morphology, -T0% surfactant foams have a small amount of
interconnectivitybetween adjgent dropletsThisis caused by the thin film retracting
during the polymerisation stage. Thegree ofnterconnectivityis more pronounced

in the B-20% surfactant concentrations, increasing the surfactant ratio above this
caused the spherical porouslwaorphology to gradually form more ofreetwork of
interconnecting struts, which eventually collapsed duringdtlyeng process as the

surfactanivas increased to 7800% ratio, this can be seenFigure 11.

Surfactand such as Span 80 do not react during the polymerisation pr{cgss
therefore any residue amount should be removetihglipost processing stages.
Soxhlet extraction can be used to remove thesgotymerised components such as

the surfactant and salts that could be used imthal emulsion preparatiofi9].
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1.1.9. The HLB scale

Non Tionic surfactantshave beerclassified by their HLB (Hydrophikkipophile
Balance)number.This number relates to the difference between the hydrophilic and
lipophilic ends of the surfactant molecule. The three sections of the HLB relate to the
water (hydrophile), the oil ('t pophil e)
these tvo componentsThe HLB calculation includes the division of the molar mass

of the hydrophilic end, by the molecular mass of the surfactant molecule to get the
ratio between the two. The HLB range is given as a number befw2@i he lower

numbers in the scale (less than 10) represent oil soluble surfactants, these can form
water in oil emulsions (W/Oas they are more hydrophobic. The higher numbers
(greater than 10) are water soluble and can faitim water emulsions (O/\Wgs hey

are more hydrophilic. This list is described in more detail below:

1 - 3: Used create a mixture between dissimilar oils, and as an antifoaming agent
4-6: Used to form water in oil emulsions (W/O)

7 - 9: Good to wet powders into an oil, often usedhavetting agent

81 16: used to form oil in water emulsions (O/W)

137 15: Can be used to create a detergent solution

137 18: Can be used to solubilize oils into water.

The HLB numberrelates to the surfactants solubility, low values correspond with a
hydrophobic surfactant and higher values with more hydrophilic ones, so the table
goes from highly oil soluble to highly water solublénis numbering systens used

as areference guide to determine the correct surfactant that shoukktdo create
thedesired emulsion. As the phase in which the surfactant is most soluble will be the
emulsions continuous phagen example othe different types adurfactants ando-
surfactants areshownwith their respective HLB valuby J.M Williams[35]. For
example, One of the most widely used surfactants is sorbitan monoleate (Sj&@) 80)
for the preparation of a Water in Oil emulsion (W/Qgtb its low HLB value of 4.2.

The surfactant Hypermer B246 has a HLB value of 5.6, both surfactamsaiteble

in water (as low HLB value surfactants are hydrophoBileg continuous phase of the
emulsion is the phase which the surfactant is prefetigrgialuble[12], and the type

of emulsion can be predetermined by the appropriate choice of surfactant. Low HLB
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surfactants reside in the oil phase for W/O emuls[hsand high HLB surfactants

are more water solubtberefore they will create an O/W emulsion.

1.1.10.Soxhlet extraction

Soxhlet extraction is an effective method to extract any residual monomer and
surfactant, as well as any porogen solvent that catlerwise remain trapped within

any closed pores with the PolyHIPE. Nithitanakul ef3&l] demonstrated that the
soxhlet extraction duration affected both the surface area and mechanical properties
of a Poly(Divinyloenzene)PolyHIPE. Soxhlet extraction was shown tohlSbx
increase the surface area by 107%, and that after a 12 hour wash cycle the mechanical
properties of the PolyHIPE was reduced. TEM analysis of samples washed by Soxhlet
extraction have been shown to have an increased surface area by removing tee residu
materials trapped within the pores. A low3lhour wash time was insufficient to
remove this material, while the longerl@ hour time was shown to remove all the
residue material in the PolyHIPE and was shown to be the optimum time for the

highest suidce area and mechanical propertis.

1.1.11 Destabilising mechanisms of the emulsion

The addition of energy into the emulsion can be used to create a smaller droplet size,
the reverse of this process involves the gradual coarsening and destabilisation of the
emulsionwhich eventually leads to the remerging of the droplet paadeeventual
separation of the two phasd@$ere are a variety of different destabilising mechagsism

and pathghat contribute tdhis coarsening and destabilisimd the emulsionthese
areillustrated inFigure 12, thesewill be described in more detail in the following
section.An understanding of the origins behind the emulsion inkalban be used

to prevent the breakdown of the emulsion, and lead to an improvement in the stability.
For example it has been shown that the emulsion can destabilise by Ostwald ripening
even if the surfactant quantity was increaseden though this inease prevents
coalescence of the emulsif8v].
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Figure 12 The different destabilising mechanisms for the emulsion {f&m

1.1.12.0stwald Ripening

Ostwald Ripening involves the gradual increase in the droplet size distribution caused
by the smaller dropletgraduallymerging togetherot create larger one¥he process
involves the migration of the droplet molecules though the continuous phase causing
larger droplets to form at the expense of the smaller [@he®ver a sufficientlyjong
enough time periodhis will eventually lead to the complete breakdown of the
emulsion therefore by preventin@stwald ripening, or by limiting it, a more stable

emulsion can be created.

The driving force behind the Ostwald ripening and droplet drasvthat it results in

a lowering of the systems free energy, this is because it causes a reduction of the
interfacial area between the two phg8dg. The rate of Ostwald ripening is dependent

on the solubility difference between the different sized droplets. Smaller droplets ha

a greater solubility than larger ones, therefore the dissolved matter will diffuse from
the smaller ones to the larger oriB§ this diffusionof the molecules through the
continuous phase causes gradual coarsening of the emulsion. The two droplets do not
need to be in contact for this to happen as the matter is transported though the
continuous phasg1]. This will result in the growth of the larger droplets at the

expense of smaller ones, and is an irreversible prdg8&$sOne method for example
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to reduce Ostwald ripening is to add an insoluble component to the droplet phase that
cannot diffuse through the continuous barrier film. As the smaller droplets gradually
lose their molecules to the larger ones, this component remains in the smaller droplets
and creates a chemical potential differefide

If the oil phase of the emulsion cannot be changed or altered then additional
components can be added to the droplet phase to increase the emulsions resistance to
Ostwald ripening One method is to add an additive to the droplet phase that is
completely insoluble in the oil phase, as other molecules transfer through the
continuous phase to the larger droplets, the immiscible additive will remain behind
and create a concentratioradient against further ripenifg8]. This could be a useful

method to increase emulsistability for biomaterial applications, without altering the

material in the continuous phase.

1.1.13. Flocculation

Flocculation is caused by van défaals attraction between the particles or droplets
into the emulsion, the overall size of the droptiies nothange, but the droplets all
clumpand aggregate together resulting in their-oaiform distribution[5]. This will

occur if there is insufficidrrepulsion between the droplets to keep them apart

1.1.14.Coalescence

As the thin film between adjacent droplets gradually gets thinner and thinner it can
eventually split, this disruption of the film causes the adjacent droplets to merge and
fuse together téorm larger ones, in a process called coalescgsjc& herefore this
process is heavily dependent on any fluctuations within the continuousilihin
between the dropleticreasing the surfactant concentration can reduce the likelihood
of this destabilisation mechanigB¥], and the majority of the emulsion Epgse is by

this mechanism.
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1.1.15.Phase Inversion

Phase inversion inveés a change in the emulsiatassification. A water in oil
emulsion can become an oil in water emulsion. The once water droplets that were
suspended in the continuous phase of the oil, can become the continuousitiinase

a suspension of droplets of oil. There is often an interaethiansition period between

these two extremes where both emulsion types are pfé$ent

1.1.16.Creaming and sedimentation

Creaming and sedimentatioan be caused if there is a density difference between the
two phase$5] and effects thelropletdistribution ofwithin the emulsion, it can be
controlled by subjecting the emulsion to an external f{doreexampleGravity could
canthe droplets to build up on the bottom of the emulsion,lawddensity droplets
could build up on the top surface in a process knoworeamimg. Both of these
geneally do notaffect the size of the droplets, only their distribution within the

emulsion.

1.1.17.Emulsion stability: electrolyte addition

Emulsion stabilityis defined ashe emulsion maintaining its droplet size distribution,
and overall structure over time without any significant change. One wagrease

the stability of the emulsion is dding arelectrolyteto the aqueous phasé&/hen

the electrolyte is added to tlagueous droplet phase it reduces the rate of Ostwald
ripening, which involves the joining together of smaller droplets to form larger ones
by the molecule diffusion through the continuous. The addition of salt decreases the
miscibility between the two pkas, which enhances the emulsion stability and it also
affects the surfactant adsorption at the phase boufi@@fyOver time the emulsion

will have anincreased amount of larger droplets and will result in a decrease in the
scattering and consequently the white appearance of the emualsiecrease in the
droplet size will increase the whisgpearancas the smaller droplets will scatter the

light more.

The addition of electrolytes to the agueous phase has been shown to increase the

stability of the emulsion, its storage stability, reduced coarsening rate and greater

39



resistance to coalescence. Electrolytes such as KEEOK ALClz MgSQy
(magnesiunsulphate ), MgGl and NaCl (Salt) can be uspt].

1 DAY @ 25°C

2.5 W% MgSOy4

Figure 13: Photographs of two emulsions to show the effect of the electroly&0OMn emulsion
stability. Both emulsions are 91% droplet phase with 15% surfactant. Images takgadfom

As shown inFigure 13 increasingthe concentration of thelectrolyte potassium
sulphate(K2SQu), from 10°gto10 g/100 ml caused a significant decrease in the pore
diameterfrom 50 to 5um with the thermally ared RIYHIPE[3].

The electrolyte acts as a-sarfactant between the surfactant molegugghis it acts

as an addition to the surfactant, and further reduces the surface tdingaaddition

of the electrolyte potassiursulphatewith a styrene DVB based emulsion has been
shown to produce a 10 fold reduction in the pore [@3g One of the theories behind

its ability to increase the stability of the emulsion is that it affects the surfactant
packing at the interfacdg0], this would cause a reduction in interfacial tension and

consequently increase the resistance to coalescence.

When NaCl is added to the solution is depressesltiugtpoint of the micellesThe
cloud point is the temperature when the surfactant is no longer soluble in the liquid
and precipitates out, resulting in a cloudy appearance, and the addition of the
electrolyte increases the cloud point temperaithesis caused by a saltiAg/salting
out effect, causing a lower solvation of the surfactant as the surrounding water is

removed from the surfactant monolayer [1]. The addition of the electrolyte can have
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an effect by increasing the hydrophobic interactiomhef surfactant molecules, this
relates to the hydration around the surfactant molecBlai$ (NaCl) is also water
soluble, and is more polar than water. When it is added to water it will make the liquid
more polar, which is what increases the polaritfedence between the two phases of
the emulsion [1].The salt ions are associating with the surfactant, and essentially

shielding them more from the surrounding water molecules.
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2. CHAPTER TWO: 3D structuring of PolyHIPEs via
Stereolithography

2.1 Aims and Objectives

The aim of this chapter is to develop and characterise the selective structuamg of
emulsion based aterial to produce porous structures. Two techniques will be
explored: An additive manufacturing stereolithography approach as wed as

subtactive manufacturing laser etchinge This is achieved by:
1. Creating a water in oil emulsion using photocurable monomers.
2. Investigating the effect of bulk and selective polymerisation of the HIPE by
controlling light exposure using both a scanning amdjegtion based
stereolithography system.

3. Characterisation of both the polymerisatimethods in terms of porosity,
potential, limitations anchechanical properties.

4. Post processing the PolyHIPE into bespoke structures by laser etching.

2.2 Introduction

There is an ever increasing range of materials and techniques that can be uthexd with
stereolithographgpdditive manufacturingpproach. This fabrication method involves
the gradual building up of an object by #wdition of material, this ig/pically done
layerby-layer. The technology behind this fabrication process at its heart is very
versatile, and can be specifically tailored depending on the materials requirément
fabrication techniques has become ewsore accessiblelt has found an ever
increasing application in the field of tissue engineef#ig. However the challenge
associated with the majority of the additive manufastutechnologies is that
becomes ever more challenging to produce structuisn the 160100 pm range
[42]. This has been partially overcome with the use of light to polymerise the material,
although as the minimum featurezes decreases then the overall fabrication time

increases.
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In this chapter the combination of HIPE templating and rasteoeolithography
(uSL) will be explored for the production of porous scaffolds. The micro porosity of
the scaffolds is controlled by HIPE templating, while the macro porosity is controlled
by the selective polymerisation of stereolithography. The combination of these two
fabricationtechniques, which has been unexplored in the literature until re¢2bjly
[43], opens up the potential to independestiyicture materials on different length
scales (hierarchical structuring). This work was initiated in collaboration with Neil
Cameron6s group in Durham University whi
[43]. The work presented in this chapter reports on this initial work, and then its
development, optimisation and charaig&tion of the initial experimentabnditions.

The differences in PolyHIPE processing via the spatially controlled polymerisation by
microSL, and the traditionally used bulk polymerisation method for the PolyHIPE
material will be discussed. Finally, tpetential of this material for tissue engineering

based applications will be highlighted.

2.3 Literature Review on the additive manufacturing of PolyHIPE

2.3.1. Stereolithography: an introduction

Stereolithographis a solid freeform techniqu&hichbuilds up @D object h a layer
by-layer process to create an obje®Tb achieve thisa light sensitive photo
polymerisable liquid is exposetb light. The absorption of the light initiates a change

of stage from &quid state to a solid one. Thisaphotochemicateaction in that the
absorption of a photon of light results in a chemical reaction causing the monomer
units to crosslink together to form a solid polymer. This reactiorbeainitiated by

the absorption oblltraviolet light, other light sources can lesedalthoughtypically

a laser light source is used due to its superior beam quality and wavelength uniformity.
Thefabrication procestypically involves exposing either the top or bottom of a small

vat of photocurable resin, recoating the surfacethed repeating thprocess.

The polymerising light can either be scanned across the matggahnning
stereolithography) to create 3D objects in a-lydine fashion, or via a single surface

exposure of a pattern of UV light (projection stereolithogygapwhere the tomr
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bottomsurface is uniformly exposdd4]. Both methods forna 3D objects in a layer

by layerby-layer process

The two different stereolithography techniquéshe HIPE are showm Figure 14

lMAGEE
MIRROR C

]

=

Z-STAGE

BEAM
EXPANDER

LASER

HIPE

Figure 14: Left, computer generated image of the scanning stereolithography techRighe, a

schematic of the projection polymerisation technigi8j.

Projection stereolithography is a faster process in comparison to scanning
stereolithography since a 2D image is projected into the resin compared to scanning
theimage pixelby-pixel. To produce a high resolution structure a very small scanning
spot is required, which will mean that more scans are required to polymerise the same
area. So there is a tradff between achievable resolution and the fabrication time

with the direct laser write method

2.3.2. Stereolithography of High Internal Phase Emulsions

Both HIPE templating and stereolithography offer great potential for fabrication of a
porousmaterial The former produces a porous foam with a very good degree of
control over the porosity by polymerizing the monomer or-pgmmer around

suspended water droplets to form a polymer network. Whereas the latter
(stereolithography) has exceptional control of the porosity by spatially controlled

polymerisation.

The combnation of HIPE templating and stereolithographgldresses the traadf
seen between the fabrication process and achievable resolution, and at the same time

it greatly dereases the fabrication time while maintaining nscapic resolution.
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The preprocesing conditions to create the emulsion can be used separately to control
the micro porosity(1-100 um) while the stereolithography controls the macro

porositybeyond100 pm([43].

In the literatureHIPE templating and additive manufacturihgvebeen combined
together to produce a large gyroid structure of the PolyHIPE rabbsria projection

based methof25]. Computer controllethyerby-layer stereolithographis used to
produce the structurdhe larger user controlled porosity controlled by the HIPE
regions exposed to the initiating light, the spaced between these regions creates the
macroscalgorosity In this studytrimethylolpropane triacrylatefTMPTA) was used

to build 3D structure dPolyHIPEs.To photo curdheseacrylate based HIPEs a photo

initiator (Irgacure 819yvas used

Microfabrication techniques such &wo Photon Polymerisation (TPBan produce
well defined 3D structures with a very high degree of resoluwtigmin the micron and
submicron range. This fabrication techniques bagn explored previously in our
group[45, 46] However there is a traef between achievable resolution and the
speed of fabrication, the TPP technique $gdtehibitively long to fabricateven small
macroscopic objeswith thishigh levelof precision Other techniques such as HIPE
templating rely on the processing parameters to determi@®thechitectureand can
have a high degree of controver apore distribution that is within a controllable
range Large voumes of HIPE can be polymerised and the internal porosity will be
very similar throughout the PolyHIPEherefore HIPEemplatingallows for good
control over porosity and interconnectivity, with the abilityptoduce larger sample
volumes furthermore tle development of theelective polymerisatiotechniqueof

HIPEsfurther increasethe controllable architectuf43].

As a standalone techniqiiPE templating can be used to create a bulk sheet of a
porous foam called a PolyHIPE. This is achieved by using a monomeric material for
the continuous phase of the emulsion, wheah undergo a crosslinking process to
solidify it from its liquid state to a solid one. The mechanism for this can either be
thermal or light initiated, the latter significantly reduces the time for polymerisation
[19].

Bulk polymerisation process does not readily allow for 3D structuring of the 3D foam,

HIPEs are normally set within a mould via bulk curing. Depending on the radical
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initiator used the polymerisation reaction can initiated by either light (photons of light)
or temperature (thermal). For example the thermal initiated reaction involves
transferring the HIPE into plastic tube or mould, and then heated t¢06@r 2 hours

to polymerise it. The entire HIPE is crebsked in a single step process to produce
the PolyHIFE

Photocurable HIPEs were first reported in the literature in 28D6rhe difference
between the htermal and light iniated polymerisationreaction is the initiating
method. The polymerisation reaction remains the same for the monomer to polymer
conversion. Thermal initiators that can be used include AIBN and potassium
persulphateand photo initiators such dgphenyl @,4,6trimethylbenzoyl) phosphine
oxide/2hydroxy-2-methylpropiophenone blerman be used25]

The use of UV light to initiate the photochemipalymerisatiorreaction has distinct
advantages over its thermally cured counterj@ath in terms of the fabrication time;

the polymerisatiornreaction goes from a few hours to a matter of seconds, and itself
allows for less stable materials to be used as the emulsion caeseeved before it
destabilizes, which is very important as an unstable emulsion may destabilise during

the heating pross to polymerize it.

A disadvantage with bulk photocuring of the HIPE is the low depth of penetration of
the UV light due to the high light scattering nature of an emulsion. Indeed, the
penetration depth of the light is determined by the Beenbert law ad the
suspended droplets within the emulsion act as scattering sites greatly reducing the

penetration depth of the light within the emulsion

The aforementioned publications indicate that additive manufactured PolyHIPEs have
an excellent potential in thdefd of tissue engineering amongst other additive
manufacturing methods for the development of a new generation of tissue engineering
scaffoldg47]. The use of photocurable materials is of particular interestragéases

the range of (bio) materials that can be used that were previously unexXpiotieid

emulsion templating technique.

46



2.4 Materials and Methods

2.5 Materials

Monomers isobornyl acrylate (IBOA),-&hylhexyl acrylate (EHA), crosslinker
trimethylolpropane triacrylate (TMPTA) and Photoinitiator diphenyl (2,4,6
trimethylbenzoyl) phosphine oxidel/droxy-2-methylpropiophenone blend were
used without modication from Sigma Aldrich. Potassium Persulphate was purchased
from Fisher Scientific and used without modification. The surfa¢igpermer B246

was purchased from Croda Industreahd the surfactants Span 80 and Tween 20 were
purchased from Sigma Alidh. All materials were used without further purification.

2.6 Methods

2.6.1. Scanning Electron Microscopy

The morphology of thePolyHIPEs was invesgiated using ascanningelectron
microscopy (SEM)a Philips/FEI XL30 SEMoperating at 25 kWvas used to image
themorphology of the PolyHIPE. Samplegremounted on carbon pads adhered to
aluminum stubs and theyold sputtercoatedusing(SC500, emscop&d increase the

conductivity for imaging.
2.6.2. PolyHIPE void measurement

Image J Version 1.44p was used btalculate the average void sizand
interconnectivity from the SEM image# statistical correction factor wassed
account for the noequal fracturing of the PolyHIPE. The fracture will occur at the
weakest areas around the hollow pores and not centmlfyroduce the largest

diameter. The measured images will be an underestimate of the actual pore size,
therefore the measured values are multiplyingfy [@48] to give a more accurate

representation of the pore size. This value is obtained from the average ratio between

the pore size and the measured pore[4i4E[30].
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2.6.3. Glass functionalisation

Piranha solution was prepared using a 3:1 mixture of sulphuric (86ib-98%
H>SQy, Sigma Aldrich)and hydrogen peroxid€@0 wt % soltion in water, Sigma
Aldrich. This is a powerful oxidizing agent aridr our application it has the dual
advantage to remove any organic matter or residue from the glass surface from the
manufacturing stage, as well as exposing surface hydroxyl grois) (for the
functionalization step. 18im glass coverslips were wasted30 minutes irPiranha
solution, tken rinsed in deionised water, th@ashed irmethanoto remove any water
residueduring drying. Thecoverslips were submerged in alkoxysilane coupling
agent solution of 10% -@nethacryloxy) propyltrimethoxysilane (MPTMS,
Polysciences Inc) in Tolueri€igma)to introducemethacrylate groups onto the glass
surface, to which the polymattaches to upon polymerisatigkternative silanes are
available that can be used to coat the glass suif&¢eThe container is wrapped in
foil to prevent light exposure, and left for 24 hodrse treated glass was washed with
a 70% sopropanol solution to remove any excB#8TMS / toluene solution, and

driedprior touse.

2.6.4. Silicone PDMS sheet fabrication

Flat sheets of silicone were produced and used to create temporary wells to contain
the HIPE during the stereolithography procdssilicone elastomer kit (Sylgard) was
used to create these sheets of silicone. The elastomer and curing agémbreeghly

mixed in a 10:1 ratio in a disposable container. This introduced bubbles which were
removed by either two techniqueBhe liquid was either put in a vacuum oven
(Heraeus Vacutherm, Thermo Scientific) or then cy@lech under vacuunto normal
atmospheric pressure doaw the bubbles to the persurface and then pdpem. The

other technique is toentrifuge the siliconéMSE Mistral 1000) at 1000 rpm for 3
minutes, which washe predominantly chosemethod because of its fast speed at
removing the air bubble3he silicone was then poured into a round petri dish and left
for 2 hours at 6% to fully set. A 11mm cork puncher was ed to cut holes into the
sheet of siliconeand a larger 20nm cork puncher around the first hole to give
adequate space to both adhere to thenfiBfunctionalised glass coverslips and the
glass holder slide beneath it.
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2.6.5. HIPE preparation

For the HIPEpreparation the compositierused werbased on the initial publication

[43]. The ratio between the orgammnomeicomponents EHA and IBOwerevaried

to alter the elasticity of the Polymer, EHA is an elastowiegreas|BOA increased

the brittleness of the polymer8], in eachcase the crosslinkingagentTMPTA is

added at a constant percentagetypical HIPE formulation involved mixing the
respectivemonomers EHA and IBOAnonomersin a 50ml glass beaker (Fisher
Scientific) The surfactanHypermerB246 is addedo the monomer miture and
allowed to slowly dissolve, increasing tteamperature and mixingate at this stage
increases theate the surfactant dissolveshd photoinitiator (a 50:50 blend of
diphenyl(2,4,6étrimethylbenzoyl)phosphine oxide and  -hgdroxy-2-
methylpropighenone,) was added at 5% of the organic weight, the weight percentage
was predominately used becausepheto initiatoris very viscousand pipetting out

by volume alone proved to be an unreliable method for reproducibilite mixture
wassubjectedo gentleagitation with an overhead stirrd?rp40, SciQuijp whichis
increased to 35fpm while the wateis added dropwisever 5 minutesThe use of an
overhead stirrer to agitate the oil and water phases is a typical method used to prepare
the HIPE onthe laboratory scalf?]. The resulting HIPE was allowed to stir for an
extra 2 mimites to ensure complete mixing, dhdn transferred to a glass vial wrapped

in foil to prevent premature polymerization.

2.6.6. Bulk polymerisation of the HIPE by UV light

The HIPE was photgpolymeris@ originally using both procedures. ARight
Hammer® 6 variable power UV curing system with LA@&&nchtop conveyor from
Fusion UV Systems Inc.® A 200 W ¢fmercury bulb at 108 intensity settings was

used, here thaitial HIPE preparatiorwas placed into a PTFE cylindrical mould
(20mm, @ = 25mm$ecureetween two glass plates using adhesive tape. This was
then passed under the UV bulbmerougimes using the conveyor belt (3.5 speed
setting). The resulting PolyHIPE samples were washed in acetone for 18 hours before

being vacuum dried at room temperat
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Bulk photopolymerisation was also carried out using a UV belt (GEW Mini
Laboratory, GEW engineering UV) with a 100 W'ctiUV bulb. TheHIPE sample

was passed several times under the UV lamp at 5m/min on both sides. The resulting
monoliths weremmersed in acetone (104, 24h), or washed in &oxhletapparatus

for 24 h with ethanol to remove any residue surfactant on the PolyHIPE s{tfce

The samples were dried in vacuum oven and dried under vacuum afterwards until

constant mass.

2.6.7. Microstereolithography of the HIPE

A schematic of thenicrostereolithographgxperimental setipis shown inFigure 15
and the corresponding photosHigure 16.

SIDE VIEW

SAMPLE

XYZ STAGE

Figure 15. Schematic of themicrostereolithographgexperimental setup for the direct laser write

structuring of the HIPEThe Arrows show the laser directiofhe corresponding photos are shown in

Figure 16. A, microchip laser. B, &lin Broca PrismC, Shutter. D and E Galillean beam expander. F,
adjustablepin hole. G, mirror. H, objective.

To fabricate the PolyHIPE structures a passivelw@iched microchip laser, Pulselas
P-355-300 subnanosecond pulsed was ugédphalas, Gottingen, Germanyjhis
laser emits at wavelengths 1064, 532 and 355nm thraegjudéncy doubling and
tripling, with a 0.5 ns pulse width and maximum power of 12mW at 355nm (16.6 kHz
repetition rateThe 3551m wavelength waseparatefom the 1024 and 532m using

a Pellin Broca Prism (ADBO, Thorlabs, GermanyJFigure 15 part B A shutter
(UNIBLITZ LS6, VincentAssociates) linked to a shutter driver (VIM,

VincentAssociates) was used to control the ON/OFF state of the laser.
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The beam was expanded througBadilean beam expander to ~8 mm beam diameter.
An adjustable pin hole is used to create a circular beam that is reflgctedilver

mirror before focusing through a 2@bjective (Carl Zeiss, EC Pledeofluar 1,
Numerical Aperture 0.3). A 13nmm round coverslipvhich waspreviously surface
functionalized with methacryloxypropyltrimethoxysilane (MPTMS) to provide
surface methacrylate groups which ensured surface attachment of the written structure
was placednto a sample Hder attached to &igh precision xyzstageFigure 15,
(Aerotech ANT130XY base for XYranslation and PRO115 fortranslation) A
temporary well for the HIPE material was created usiljPMS sheet with a hollow

circle cut out to house the aenglip and to create a temporarily water tight seal against
the glass surface. The HIPE was pipetted into the PDMS well and the objective
focused just above thglassHIPE interface. The PolyHIPE lines, square structures
and woodpile structures were falaied using this setup by scanning the laser light
over the top surface of the HIPE. After every sequence of laser scans, the shutter closed
and the stage moved away from the objective to allow me to pipette the next layer of
HIPE into the well, before autaatically returning to the new focal spot at the top of

the HIPE.

Figure 16: A, microchip laser. B, &llin Broca Prism. C, Shutter. D and E Galilldagam expander. F, pin hole.
G, mirror. H, objective

The projection uSL w=d as a laser source a 150 mW, 405nm laser source was used
(Vortran Laser Technology InSacramento, CA, USA). The laser output expanded to
a 5 mm diameter beam and was reflected from a Digital Micromirror Device (DMD)

(Texas Instruments Incorporated, TX, USA), which acts as a programmable mask for
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the projection stereolithography sgi. The image projected from the DMD device

was directed by a silver coated mirror into a cylindrical receptacle containipgdtee
curableHIPE. The receptacle was placed on a computer controlled motorizeid z
translation stage apparatus (Thorlabs Gdmbridge shireUK) to enable building

3D objects with this setup. The laser power was set to 5 mW for the experiments. A
flat-bottomed vial containing 2 ml of the HIPE was placedmh-ghaped copper lip
mounted on a-ranslation stage as writing platm. This copper lip was slowly
lowered in the solution until the HIPE just covered the platform. From this position
the laser was switched on and the platform was translated at constant speed to obtain

a solid objectA schematic of this setup is showrFigure 24.

2.6.8. Laser cutting of the PolyHIPE sheets

Sheets of PolyHIPE were photocured and placed onto the stage of the laser cutter Mini
18 Laser, Epog Laser) the laser power waariedfrom 5% to 40% depending on the
thickness of the PolyHIPENndthe PolyHIPE was exposed to multiple laser passes to
cut through it. The stagspeed was varied from-B)% and adaserfrequerty of
2,500Hz was kept constathroughout The laser cutter only allowed for speed and
laser power to be adjusted as a percentage.

2.6.9. Tensile testing of the PolyHIPE

A BOSE EnduraTEC ELF 3200 extensometer was used, &46@ad cell with an

extension rate of 0.02mm/sec was used to grip the sample. The distance between the
grips was kept at a constant 10mm apart. The force and displacement was measured
to give the Youngd6s Modulus (E),hethe U
Percentage Elongation before Failure. An electronic micrometer (2046F, Mitutoyo)

was used to measure the thickness of the samples accuratmto 1

The Ultimate Tensile Stress was calculated by dividing the maximum applied force

by the measured crosectional area, the initial lengthetween the gripsas kept at a

constant 10mm for all samples. Using tradientof the linear elastic region of the
force displacement <cur ve (tTheequgtionsrelgtitgs Mo d t
t o the Yo wscacdaiondewedshoivrubelow.
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Equation 1: Youngs Modulus Equation
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Equation 2: Two equations that can be merged into equation 1
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Equation 3: Eqn.1 andEgn.2 merged together

The gradient of the foredisplacement curve is the same as the force divided by the
change in length in Eqn.3. Substituting in the original length of the samphar(0
into0 leaves the area remaining. The width was kept ahstant 6nm throughout

all the samples, so the area is simply 6mm* the sample thickness, gesuttijnation
4,
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Equation 4: calculation taleterminegheY oungs Modulus from the gradient of the fordesplacement
curve

2.6.10.Cell culture

Human dermal fibroblast cells wersolated from tissue samples obtained from
consenting patients undergoing either elective abdominoplasty or breast reduction
surgery. The tissue collected was used under the requirements stipulated by the
Research Tissue Bank Licence 12179 and fibroldeks were isolatedby the lab
technician staff. The fibroblast cells were cultured and expandecbiculture flasks

until they were ~80% confluent, then they were transferred to new flasks to continue
the cell expansion. Cell culture was dome tisse incubator hood at 3, 5% CQ.

The cellmediumwas changed every 3 days. Prior to use the cells were detached from
the tissue culture plastic surface by first washing them in 10ml of Phosphate Buffer
Solution (PBS) and then incubating them with #b of trypsin (TrypsinREDTA
solution, Sigma). 1énl of media was added to the flagkich was then tapped several
times against the table edge to detach the cellscdlhsuspendenhedia was pipetted

into a 50ml centrifuge tube and spun at 109 for fiveminutes. The resulting pellet
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of cells was isolated and-seispended in &1l of media prior to seeding the scaffold

with cells.

Sterile scaffolds were transferred to a 24 well plate and washed in PBS 3 times to
remove any remaining alcohd15,000 cells wre seeded onto the scaffolds within a
40 pl media droplet and were left in the incubator for 20 minutes to give time for the

cells to attach to the sample before 1ml of media was added to the wells.

2.6.11.PicoGreenDNA Quantification Assay

A PicoGreen dsDNA asay kit (Invitrogen™) was used on the PolyHIPE samples to
quantify cell viability. The DNA was extracted from the cells by a repeated freeze
thawing cycle, then the DNAvasbound with a fluorescent marker so that it can be
quantifiably determined using #uorescence reader. Comparison between cell
experimentsaredetermined by comparing the fluorescence of the samplegher
intensityindicatesa greater amount of cell&fter cell culture the samplegeretreated
with aTriton X-100 solution in 1%arbonate buffer, then freezeatved three times from
room temperate to-80°C. The PicoGreen protocol was then followed, this involved
preparing 0 0 ¢ |  oEDTA (0:30pasia imwater) then the PicoGreen Dye stock was
dissolved 200 hundred fold in tivgpsinEDTA solution. The fluorescence was measured
at 530nm using an excitation of 480 nm. The fluorescence reader was-aBEHCELX

80 plate reader.

2.6.12.Confocal imaging

For stainingthe cells werdirst washed with PB$o remove any excess media, then
the samplesverefixed by submerging il ml of 3.7% formaldehyde solution onto
the scaffolds and left for 20 minutes. Afterwards the cells were washed twice with
PBS.The samples were submerged in a 1% BSA, 0.1% XG0 solution for 20
minutesToimage t he cel | 6 s submergederd sl oftDARE solutiare r e
from a stock soluBon containing@ & gahdndft inafoil containeifor 20 minutes.

The DAPI solution wa removed and samples washe®BS3 times To image the
F-actin filamentswere stained witlFITC-labelledphalloidin from a stock solution

containing0.5 mg/ml in dimethyl sulfoxide (DMSQ#and left for30 minutesn a foll
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container The sample was washed twice in PBS. The samples were stored in PBS

wrapped in foil in the fridg prior to imaging.

2.6.13.Confocal microscopy

Images were obtained using an upright confocal microscope (LSM81#® upright
laserscanning confocal microscope (Carl Zeiss Microlmaging, Germdimg) light

source was from &hameleon Tisapphiremultiphoton |aer (Coherent, CA, USA)

DAPI wasimagedusinglex=400nma n d =4&Imm(blue). FITC was imaged

usingl ex= 495 nmand} em=519nm (green).3-D images of the cells are produced by
taking multiple images at different heights and stacking them in sequence to form a
3D image.The images were processed using the Carl Zeiss Laser Scanning Systems
LSM 510 software.
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3. CHAPTER THREE: Results of  Scanning
Stereolithography of PolyHIPE

3.1 HIPE formulation

Different acrylate baseddB/HIPE samples were created with varythg monomer
ratios and watervolumes The two monomerg£thylhexyl Acrylate EHA) and
Isobornyl Acrylate [BOA) were choseasthese monomerare both hydrophobic and

the mechanical properties can be altered by varying the respective ratios between the
two monomer$8]. EHA is an elastomer whereas the IBOA monomer produces a more
brittle polymer. EHA based PolyHIPE (EHA 750 &nd 90) refer to the elastic
PolyHIPE formulation with respective porosities of 75, 80 and 90% dictatetidby
monomerto water ratio.The IBOA PolyHIPES(IBOA 75, 80 and 90gare rigid in
comparison to the EHA PolyHIPE formulations The crosslinking agent
trimethylolpropane triacryte (TMPTA) is used in all cases, this is because the EHA
and IBOA monomers armonofunctional acrylatef8], and will not form a high
enough degree of crosslinking on their own to forsoled polymer.

The acrylate monomer blend of EHA, IBOA ai@PTA has been used in the
literature previously to bulk polymerise sheets of PolyH|BE This was the first
example of a photocured PolyHIPEhdy reportedhat increasing the ratio of EHA to
IBOA increased the eldsity of the PolyHIPE, althougimo quantifiable data was
shown.We used the surfactant Hypermer B246, although Span 80 has been used
previously with this monomer blen@]. EHA has been used for thermally cured
pickering PolyHIPE formation with the crosslinker divinyl benzene (DMB]). The
crosslinker increases thatérconnectivity between the growimplymer chains to

create &8D network.
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Table 1: Monomer values for initial stereolithography structuring. Respective @idnd window
diametersd) were measured from SEM images, the standard devidtjomas determined fronaj.

Sample EHA IBOA TMPTA Hypermer Initiator Water Average Std  Average

[mL] [mL]  [mL] B246 [g] [mL] [mL] void [ € n window
diameter diameter
(<D>) (<d>)
[ € m] [ € m]

EHA75 41 16 1.3 0.21 0.38 21 24 9 2.5
EHA80 4.0 1.6 1.3 0.21 0.35 28 23 12 4.1

EHA90 41 1.6 1.2 0.18 0.35 63 20 7 5.4
IBOA75 11 4.6 1.2 0.21 0.34 21 11 4 1.6
IBOABO 1.2 45 1.3 0.20 0.36 28 14 4 1.8
IBOA9O 1.2 4.6 1.3 0.21 0.37 63 19 8 3.4

Table 1 shows thedifferent mixing ratios used for makinthe original set of
PolyHIPESs as well as the average void diameter of the resulting PolyHIPEs produced,
which will be discussed later in the chapiiére crosslinking agemtimethylolpropane
triacrylate(TMPTA) is usedo improve thecrosslinkingand is added to the monomer
mixture in the same percenta@®8%)for all samplesin these experimentfi¢ total

monomer volume for the oil phase of the HW&s set ta ml.

To prepare the organic phatiee relative weights of the monomers were calculated
from the density, and all the mamers were weighed out (density of EHAOS885

g/cn?, IBOA 0.99 g/cmi and Triacrylate 1.10 g/cth To calculatethe volume of

water required for the sabminal porosities the water addition is addespective to

the monomer volume only.e. the surfaentHypermer B24%3-5 wt %) and initiator
diphenyl (2,4,erimethylbenzoyl) phosphine oxidel/droxy-2-
methylpropiophenone blenByt %) are not taken into consideration when calculating
the respective monomer to water ratiblse droplets of water have to be slowly added

to the oil phasevhile it is being mixedo give sufficient time for them to be broken

up into smaller droplets thatill becomedispersed within the oil phask the water

was added too quickiy resultedman Oil in Water (O/W) emulsion; this is where the

oil dropletsare suspended within the water, and the sample was subsequently disposed
of. We require the oil or monomer phase to be the continuous one to produce the

PolyHIPE structure upopolymerisation
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After polymerisation the PolyHIPE is wash&d acetone and then air drielllore
extensive wash cycles have been used in the literature, for example the PolyHIPE can
be washed a&0°C in a 1:1 acetone/wataolution and then sample frozen -&0°C

and freeze dried to minimize sample shrinkg&jeFor our application we found that

washing in a water miscible solvent was adequate foptkigminary work.

Figure 17: (A) Schematic of avater in oil emulsion showing a 2D representation of the water droplets
surrounded by the oil phag®) SEM image of th@olymerisa PolyHIPE structuréEHA75) showing

where theoil phase hapolymerisel around the water droplets. ®arrows are pointing towards the
interconnecting windows between the pores, and the polymer cured between 3 adjacent water droplets.

A schematic of th&lIPE emulsion can bgeen inthe aboveé-igure 17 imageA, and a

typical example of the PolyHIPE morphology is shawmmageB. The red lines show
where the schematic drawing matches up to the corresponding areas of the PolyHIPE.
The interonnecting windows between adjacent pores are created by the thinnest
region of the oiphase between adjacent droplets can be seen, as well as the spherical

voids that were originally templated by the water droplets.

3.2 Scanning stereolithographyof the PolyHIPE

A focused | aser beam is scanned over the
directly onits surface An in house builstereolithographyabrication rig was used for

the structuringexperimentsThis is $iown inFigure 16. UV light from apassively Q

switched DPSS microchip lasercollectedand collimatedthrough aGaussian lens

setup and thefocusedonto a sample holder attachedtoyz high precision Aerotech

stage.
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The emulsion wasriginally housed in daemporary well created usirggveral layers

of adhesive tape with a holeut in the middle this wasadheredon top of a
functionalzed glass oeerslip. The tape created a seal around the coverslip preventing
any material lossand was a cheap and effective method for creating a temporary well
to house the photocuralliPE. Nevertheless this was soon replaced with a1kn

mm thick sheet ofpolydimethylsiloxang(PDMS) with all mm circular hole bored
using a hole puncher, the PDM&sadhered to a glass coverslip ontop of a glass slide
to createa temporary seal around the covepslio housethe HIPE during the
experimentThe glasgoverslipsvere washed in the highly oxidising piranha solution,
and then pretreated with MRIS solutionto functionalisets surfacewith methacylate
groups which the plymerizing polymer thercovalently binds to ensuring firm
attachmento the glass substrateinding the polymer to the glag$s]. The binding

of the PolyHIPE to the glass coverslips madestlimple handlingasierfor the pst
processing washing stagesghich involving submerging the PolyHIPE intoweater
miscible solvensuch as acetone/hich dissol/es all the uncured monomers while the
crosslinked polymer remains unaffected.

3.2.1. PolyHIPE square structures

When these experiemts werecarried out thee were no previous reports on the
stereolithogrphy of HIPEto use as a point @fomparisorfor the initial UV exposure
settings.Therfore for simplicity the initial structures produced wel®sen to be

arbitrary square andlines these are easy to program within the stage software, and
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offer an extra degree of complexibver using juststraight lines.These square
structuresvereimaged bySEM imagegFigure 18).

Figure 18 SEM images of a polymerised PolyHIPE square with diffenesagnifications. A and B),
Initial square structures of PolyHIPE, shows the Top view of the square with a more open suilfy
side view of the PolyHIPE square, the side appears to have a closed outer surface.

Theseinitial PolyHIPE structuresdemonstrated the potential of stereolithography of
PolyHIPE materials, and defined the laserite parameters for more complex
structures. Meinitial square strutirein imageA in Figure 18 have thicker sides than

image B. This was caused by a slower scan speed of the laser causing an increased
amount of polymerisation around the focal spidie PolyHIPEsquaresappeared

white as expectedf a porous foam, as the pores will scatter the ligbtvever it was

only from SEM images seén Figure 18, was it noticed that the outer surface had a
moreopen pored morphologyn the top surface than its sidghich appears to have

a closed pored rough texture

Throughout this thesis | will refer to the closed pore tikeure around the PolyHIPEs
outer surfae as a surface skinThis closed outer pored surface skin has been
mentioned previously in the literature, where the outer surface of thewH®Ehown
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to destabilise to form a surface skivhen it was polymerised againBblyvinyl
chloride (PVC). An op@& surface was observed when the authors polymerised the
HIPE againsPolytetrafluoroethylenéPTFE)[3].

Given that the emulsion cured readil§th thescanning stereolithogaphy setup, the

next questn was whether or not the internal structure of the produced PolyHIPE
squares retaindtk classic PolyHIPE morphology, or if the closed pored morphology
seen on the outer surface occurtiedughtthe materialTo answer this question one

of the larger PGIHIPE squaresvasbrokenand the internal wrphology analysed by
SEM image analysiBigure 19. The internal morphology of the squares retained the
PolyHIPE morphology, and the surface skin was found to be confaszethe name

suggeststo the outersurface.

—

Figure 19: SEM image of PolyHIPE with surface skin 80% porous, EHA formulation UV cu
355 nm.A, an overview of the cracked PolyHIPE square structure showigime 18. B, a clos
up of the internal porous morphology within the original PolyHIPE square.

To produce more complex structures the effect of diffdess@iprocessing parameters
needed to be determined. To do flaseries of lines were scanned each with an
increased scanning spefeoim 1 to 5 mm/sto establisitheeffect of the polymerisation
time onthe internal structure of theoRHIPE. The lines produced at the lowsaran
speeds weraoticeablythick, andas the scan speed increased lthes gradually
decreased in size untiie produced materilad a gel like appearance and no internal

porosity as seen in the SEM imageg§igure 20.

One explanation on the size difference in BayHIPE lines is that the emulsion

droplets scatter the UV light, so a slower write speed will be thicker as a result. The
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collapsed lines with the faster speeds indicates that there is an upper limit on the
achievable write speetmageD in Figure 20. Their collapsed nature mdye due to

there beingnsufficient UV light absorption to fullypolymerisethe monomersit the

fast speedthe mechanically weakartially polymerised monomer would collapse
during the washing stages as it may not be able to support itself. This demonstrates
that oth the quality of thegpolymerise features and their respective size is heavily
dependent on the write speed settiagd the amount of UV lighthese materialare

exposed to

The PolyHIPE lines have a different shape depending on the laser scanning sped, the
slower speeds produced thicker lines than the fasteramditjs can be seen Figure

20. During the polymerisation process the lagasfocused from the base of the glass
slide upwards into the HIPRHhe lines shapeould be attributed to the scattering of

the UV light as it passes into the HIPE. Image C shows the minimal width structure

produced by this original experiment, which is ~100.

Figure 20: PolyHIPE lines polymerized with increasing laser write speed. EHA 80 HIPE formi
used A, direct laser write speeds ofSinm/s in increments of 1mm/s froleft to right.B shows imagé\
from a different angle to show the surface sh&peinternal morphology of the PolyHIPE linB, the
destabilised polymer line written at the higher write speed
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Figure 21 SEM imagesof a 3D printedsquare A, PolyHIPE square B, broken off section of the
PolyHIPE lineadhered to the glasg, top surfaceD, side view.

The internal morphology of the PolyHIPE is maintained at the glass/polymer
boundary, this can be observednrageB in Figure 21. In thisimagethe initial square
structure had aectioncut off to expose the inner morphology of the PolyHIPEe

edge of te PolyHIPE line shown in ImagB also shows small areas where the
monomer hagolymeris@ around half of a spherical droplet, hence leaving larger
pores around the outside of the PolyHIPE square. Some partial surface skin can be

seen around the edges whismot observed at the top surface.
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3.2.2. PolyHIPE: grid lattice

Figure 22: example of a printed grid. Top left crossover of two lines, top right grid array, E
HIPE formulation regular grid pattern Bottom left shows the overlapping regions. Bagtanside
view of the lines to show surface

The initial PolyHIPEstructures, both the lines and sqsdrave demonstrated that the
confinement of thgolymerisationregion can be sufficient enough structue the
HIPEin a spatially controlled mannex more complex grid lattice was produced with
30 um thick linesoverlapping each othén Figure 22. This more complestructure
waspr oduced by scanning the focused UV
then i n the igneThe intarsedting éelidns where thectireel cross
over were thicker than the individual
l ight had to pass over the previously
The thicker regions at the interface between the two lines relatesdedghee of UV
exposureasthe UV light is scattered by the previously cured PolyHIPE lines, which
causes a larger areamdlymerisation This larger overlapping region has been seen
with other stereolithography processleat have produced a similar pati[49].

The PolyHIPEstructuredeterioratescompletelytowards thevery edge of the gt

lattice This can be seenimageD in Figure 22. The surface skin can be seen covering
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the top of these line& provisional explanation for this is that the outer region of the
linesdid nothave asufficient amount of UV light exposust these edges twrosslink

the polymetto the same extent as the rest of the lines.

A combination oftwo squares anthegrid lattice wagpolymerisedover each other to
observe the effect that multiple passes of the laser has on the sasmplell as ta
effect different cured regions would have on each other. thedarge squaresere
structuredthen the grid latticevas polymerisedoverit. There is a large amouof
excesgpolymerisationaround the square structures caused by scattering of the UV
light. This can be seen by the increased degrgmlyimerisationaround the larger
square regions, which have a paltyi closed surface skishown in imagé in Figure

23. ImageB alsoshowsa defecwithin the large linecaused by #&arge water droplet,

this shows the internd?olyHIPEmorphologyis maintainedvithin these structures.

Figure 23. (A) An overview SEM imageof a slowly polymerized square structure and faster
polymerized grid lattice around itB] Close up of the square showing where an air bubblarge
water dropletreated aoncave defec¢{C) top view of the grid lattice [Y) open porosity can be seen
on the side of the grid lattice lines.

An interesting observatian be madés the glass surface surrounding the polymerised
line in ImageD in the aboveFigure 23. There is a small amount of polymer on the
glass surface that uniformly surrounds the cured PolyHIPE time,effectis not
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present around the lines in ima@e This excess cured region only exists around the
lines near the larger polymerised square structure, which indicates that it is either
present because of the excess UV scattering, or another mechanism involving the
crosslinking of the monomer units is tal place. Also a very faint outline of the
PolyHIPE structure can be partially made out in this polymer region on the glass slide,
as if the HIPE has partially cured and then collapsed on itself nearest to the glass
surface, perhaps this is caused bydlassscatteringhe UV lightatthe HIPE/glass
boundary.

3.3 Projection stereolithography of HIPE

One of theadvantagsof using photocurable mononseiior thePolyHIPE production
is that thephotainitiatedfree radicapolymerisatiorprocess<an be tailoredo match
different wavelengths of light, therefore a range of diffelight sources can be used
to polymerisethe HIPEdepending on the experimental rig.

The projectionbased stereolithographsnethod differs to the direct laser scan
approacthin that the laser light is uniformly exposed over the entire HIPE syidiace
opposed to sequentially scanning the laser across the top stitiecmeans thahe
projection methodcan producelarger objects at a faster ratén scanning
stereolithograpy thefabrication time will be dictated by the amount of line passes to

polymerise a set area.

The projection stereolithography sep was used to produce PolyHIPE tubular
structures. Aviolet laser (405 nm) was expanded and projected onto a digitad micr
mirror device (DMD). This digital mirror device has an array of micromsized
mirrors that each correlate to a pixel on the computer software, each of these micro
mirrors can tilt to selectively reflect the light to reflect any 2D im&jgck and whie
images were drawn using Microsoft Paint with the pixels matched to the DMD (1024
by 768) and the images were saved as a monochrome bitmap to ensure only black and
white pixels. Acircle of violet light was selectively reflecteshd projectedonto the

top surface ofa small glass vial of HIPByith a flat metal stagepositioned500um
belowthe top surfacef the HIPE to ensure the polymerised PolyHIPE adheres to the
metal stageA schematic of the experimental setup is shawRigure24. The stage
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is slowly drawn in to the HIPRvith its top surface constantly being exposed to the
violet light. The polymerised PolyHIPE is drawn into the HIPE at a constant rate to
produce thegorous tubes shown irigure 25. The water volume ratio of the initial
HIPE was varied between -B®% and the resultingfructuresare shownn Figure 26.

The increase in the water volume also increased the viscosity of the HIPE which
prevented the surrounding HIPE from filling in the polymerised tube, which created a
6 we | | éffectlwithinethe HIPE vial. This effect was also achieved by either
increasing the laser power @wering the speed of the stage, both of these methods

polymerised the HIPE before it couldl the inner volume of the tube.

The overall shape of the tubes were adpifte controlling the laser power and the
speed of the stage. Typical speeds between 0.05 to 0.8'mmrs used. Increasing
the speed required us to increase the laser pgovaeound 66B0mWin order to ensure
sufficient polymerisationof the HIPE at thee faster speedsA range of nominal
porosities were used for tipelymerisatiorof theinitial PolyHIPE tubes. Thesgere
75, 80 and 90% water volumess®wn inFigure 25 andFigure 26. The RIyHIPE
tubes retained their typicRlolyHIPEmorphology as segureviously in the structures
produce by direct laser writa Figure 19. The thicknessf the tubes was dependent
on thesize of the reflected circle from the DMD, as well aslfiser powerincreasing
the power increased the wall thickness of the PolyHIPEdubéo the light scattering

outwards from its initial point of exposure.
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Figure 24: Schematicsetup of the projection rig to produttee PolyHIPEtubes The DMD stands for
Digital micro mirror device Image from[43]. The Laser is expanded and collimated before being
reflected off the DMD. The reflected light, in this case a circle, is reflected down on top of a HIPE,
where a copper stag®0 pumbelow theHIPE surface to ensure the initial exposure adheres to the stage
so that it can be drawn into the HIPE during the polymerisation process.

q 100 ym
EHA 0.05mms V50 240x S 6 EHA 0.05mms

Figure 25: SEM images of PolyHIPE tube#\ &B) 90% EHA overviewand close up on porosityC(
& D) 80%EHA PolyHIPE, a surface skin can be seen around the outside of the toegeD.
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3.4 Effect of water content onthe PolyHIPE tubes

The PolyHIPE structure is dictated by the-precessing conditions of the initial Hig
Internal Phase Emulsipmand this is especially the case or the water volume. ratio
Increasing the water volumia the initial emulsion increases the porosity of the
PolyHIPE, and thieffect can be seen figure 26. The lowest water volume ratio
usedfor the HIPEwas75%,and it can b@bservedhat the porosity of the PolyHIPE
increasesin a similar amount as the water volume increase from 79%(Bigure

26). Only the water volume ratio is being increased within these samptasll the

other parameters being kept the saifiais is anexpected observation as tekame
volume of the monomer phase will be stretched around an ever increased surface area
of the higher water volumes. This will result in thinner walls between adjacent water
droplets,these will bemore prone to the effects ofonomer contraction during the
polymerisationprocessvhich will result in more interconnecting voidsis is effect

is highlighted by the 90% PolyHIPE tubes havingo&ousstructure with very thin
connecting polymer sygorts. Whereas the 75% PolyHIPibes have a less degree of

porosity, and appedo have more polymer per unit area.

The vscosity of the HIPE proved problematic with both the direct laser write and
projection polymerisation. The HIPE needs to be fluid enough to recoat the new layer
for subsequent polymerisation, or to continuously fill the top surface of the
polymerising structures from the projection based stereolithography. The increased
viscosity of the HIPE due to the high 90% waver volume proved problematic.

In the literature thisssue has been partially addresselliene has been used to reduce

the viscosity of the HIPE in a layéy-layer stereolithography fabrication of the
PolyHIPE[25]. This approach can be adopted to reduce the viscosity of the HIPE
which would improve the recoating of the new layers for more complex strutdures

be fabricated. Furthermore the addition of a porogen such as toluene to the emulsion
should also increase the porosity of the PolyHIPE, which could be more advantageous
for cell ingrowth.
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Figure26: SEM images of the PolyHIPE tubes, (A) 752dA (0.6 mm/s speed and 75mW powg)
90% EHA (z speed 0.9mm/s power 90m\(C) 80% EHA (0.8mm/s power 90mWD) 90% EHA
(0.9mm/s, power 90mVEt increased magnification

3.5 Projection Polymerisation surface skin

The same surface skin effegasobserved mund the outer surface of theliPHIPE
tubesasseenpreviouslyin the direct lasewritten lines seen inFigure 19 andFigure

23. The outer surface of the PolyHIPE tubes bladed morphologwhereaghe inner
surfacehadanopenone this can be seen in image DFigure 25 and the surfaces can

be seen in more detall iFigure 27. It waspreviously stated that the surface skin only
occurs when there is a transition between the crosslinked PolyHIPE and the
surrounding nofcrosslinked HIPE. fiis same transition between the cured and non
cured polymer would exist arounitet outer boundary of the tubes, which could result

in the surface skin effect. €more open pored inner surface on the other hand was
achieve bymatching theate ofpolymerisation andstage speed to ensure the HIPE
cures faster than it can fill the inner region ofthee As a r esfarrhel a 06 we
in the middle of the tuheand the HIPE is curedgainst air and naincured HIPE.
Therefore a tentativexplanation to theause behind the surface skin at this stage

suggests it is formed by th#PE partially polymerizing adjacent tBolyHIPE.
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Figure 27: SEM images of PolyHIPE tube#&\) Section of 75%IBOA PolyHIPE tubeB) Top sectio
of 75%IBOA tube showing top part of closed outer surfa€®, gutside surface of 75% IBOA tu
showing partial closed surfacg)) inside surface of 75% IBOA tube showing a more open por
IBOA 75 tube (z speed 0.6mrmt,power 75mW) bottom right

By varying the stage speed the PolyHIPE tubes can either be produced with an internal
closed surface, or partially open one. This was achieved by altering the exposure
conditions to control whether the surrounding HIPE could fill the inner region of the
tube, or not. A more open internal porosity on the inner surface of the PolyHIPE tube
was observed when it is polymerised against the air, and a closed one when there is a

transition between the cured and raured material.

3.6 Porosity of projection stereoithography-based structures

The method of polymerising the PolyHIPE could potentially affect its porosity.
Therefore acomparison of the pore sizes between thebes produced by
stereolithographyHigure 26) and the bulk polymerised PolyHIPEidure 28) was
made Both polymerisation methodsere found to have similar pore sizathough

it should be taken into account a small degree of variancesdulat be artificially
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introduced dueo errors while manually measuring the poréghe average porosity
was found to be similar between the different water volume ratios. Overall the average
pore size of the different samples were found to be relatively similar despite the

difference between ¢éhvolumes of water used.

The differences between the 75% volume and 90% nominal porosities are determined
by the volume ratio of water added to the initial emulsion. To calculate the porosity of
the PolyHIPE from SEM images. 100 pores were measured usggelJ, then the

average pore measurement was multipliedh®statistical correction factdw) as

defined in[48] [30]. This is used to give a moeecurate prediction to the measured
voids as the assumption is made that the cross section being imaged will not have
intersected the spheres directly through their middle. So the initial measured values

would be an underestimate of the actual valtiés[50].

3.7 Description of the SEM images of thé&olyHIPE morphology.

All of the PolyHIPE samples had a morphology that is typical of the PolyHIPE
structurejexhibitinglarge voids which have interconnecting windows between them.
Analysing SEM images of the cressction of the PolyHIPEs shown that the average
void diametersvere between 85 pum and that this increased slightly as the water
volume ratio increased. The EHA/IBOA 90 had more interconnecting windows than
their 75% counterparts. This was observed in both the projection stereolithography
and the bulk cured samplesd the degree of interconnectivity followed this trend in
relation to the water volume ratio 75<80<90, increasing the water volume increased

the amount of interconnectivity.

The HIPE morphology was preserved byboth the projection and the bulk
polymerisation methodd his conservation of the porosity is importanetsure that
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control over the pore size and interconnectivity is maintained during the

stereolithography fabrication processes.

Figure 28 SEM images of bulk cured PolyHIPEAY EHA75; B) IBOAT75; (C) EHASO; D) IBOASO;
(E) EHAQO; ) IBOA90[43].
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Figure 29 The average void diameters of the PolyHIPE produced Batk polymerisation by UV
lightand ¢ SL. Measur e me nt #verage koidianieters of coSvEntonallymh g e s
¢ S-turedPolyHIPEs measured from SEM imadds].

3.8 Control over mechanical properties

An important advantagef using a monomer blend for the PolyHIPE formation is the
control over the mechanical properties lajtering the monomer ratios. Bgo-
polymerisation ofthe rigid IBOA monomer and EHAlastomer the rigidity or
elasticity of the PolyHIPE can kajusted The difference between these have been
demonstrated by crushing the PolyHIPE tubes with a tweazdrare shown iRigure
30andFigure 31. The high EHA ratio PolyHIPE tubes were very flexible agitirned

to theiroriginal shape after crushinthis can be seen.iifhe IBOA PolyHIPE tubes

on the other &nd werevery rigidand cacked.

To determined the mecahnical properties of the PolyHIPE monomer blends two

different approaches were madBanoindentabn was used to determine the
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mechanical propems of the polymer, and a tensometer to determine the bulk

properties of the PolyHIPE.

3.9 Mechanical Properties of the EHA/IBOA PolyHIPE

Figure 30 (A) EHA90 bulk cured; B) EHA90 being compresse€) EHA90 after compressionf
imageB; (D) EHA90 PolyHIPE tube;K) EHA90 being compressed;) EHA90 after compression
imageE.
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Figure 31(A) Bulk polymerised IBOA90;E) Bulk polymerised IBOA90 under load showing neglig
sample deformation;Q) Projection polymerised IBOA90D) Projection polymerised IBOA90 unc
load, note the tube has been crushed.

3.9.1. Tensile testing of the PolyHIPE

To determine the mechanical properties of Foé/HIPE, dogbone shaped tensile
samples were laser cut fromlbeured flat sheets. The maximum size of the sample
for the extensometer is about 35mm therefore a sdaled versiorwasdrawn in in
CorelDraw X5 and usedhis is shown irfrigure 32. 10 tensile testing dog bones were
cut out for each sample for tensile testing.
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Figure 32 Top, the scaled down tensile specimen used for the extensdestieg. Bottom, original
tensile specimen derived from American Society for Testing and Materials (ASTM) standard 638
The axial dimensions were kept the same to have the same cross sectional area.

NumerousPolyHIPE samplesvere created with differérporosities and monomer
blends to determine the effect of monomer composition and porosity on the
mechanical propertie§lat sheets of the PolyHIPgolymerisedvia a UV beltcurer

and laser cut to the dimensions showrFigure 32. An example of a typicastress

strain plot from these experiments are shéigure 33.

Stress strain plot EHA25 IBOA75 PolyHIPE
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Figure 33: Stress strain plot for EHA25 IBOA75 PolyHIPE with 80% water volume
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To create the normalised load displacement, the original displacement reading was
divided by the starting distance between the grips (10mm) and the load was divided
by the cross sectional ar@@mm) width multiplied by the thickness measured for each
sample This method was used to count for the variances in the thickness between all
the samples produced.

Young's Modulus (MPa) of PolyHIPE EHA/IBOA
compositions with 780% water volume ratio

70.0

60.0
50.0
40.0
30.0
20.0
10.0 l
0 — —

IBOA100% EHA25% EHA 50% EHA 75% EHA 100%

Young's Modulus (E)

o

m75 63.0 47.3 13.7 20 14
80 48.1 28.4 6.9 1.2 1.0
85 28.9 20.6 51 0.8 0.6
90 21.7 15.8 3.7 0.4 0.4

Table22 Youngds Mo d uelativs to e diff&rénanwatgrorasities gf the PolyHIPE and
the ratio of the EHA to IBOA monomef.he t abl e values ar.e the Youngds

The Youngos Mowthitheinsreaseendotletlze svatatr content and ratio

of the elastomer EHA. Increasing the droplet ratio from 75% to 90% with the same
monomer volume, means that the finite amount of the monomer is being stretched
over an ever increasing surface areaatier, which will reduce the amount of polymer

in the same comparative area to a lower water percentage Polywifth would

result in a lower modulus valueBhe decrease in therBoduli as the water porosity

was increased from 75 to 80% has also been reported on in the literature, as well as
[34].The EHA is added to polymers as an elastomer, it increases the elasticity of the
polymer.lt has been reported that increasing the IBOA increases stiffness and reduces
swelling [8]. The pedominately EHA based PolyHIBE have ben reported of as
being a moreslastomeric foanj16], and a snilar trend was observed mable 2,

increasing the EHA concentration decreased the modulus.
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3.10 Laser cutting of the PolyHIPE: A subtractive manufacturing
approach

Laser cutting is a subtractive manufacturing technique which offers some advantages
over the additive manufacturing approach of the PolyHIPE material. From a bulk
manufacturing perspective the main advantage is the speed oftivbiladser can cut

and shape the PolyHIPE with a very high degree of accuracy, a wide range of materials
can be cut or etched, as it is a very versatile techriigfijeLaser cutters have be
reported to produce a finer finish than other conventional cutting techriifjethe
process is nowgontact based and therefore will not damage the sample in the way the

othercutting techniques will52].

Laser cutting is a thermal process where a laser beam is focused onto a small focal
spot. The high amount of IR radiation heats up the material ifotia¢ spot causing

it to both melt and vaporize as it absorbs the lasers efg2fyit can be described as

a thermal ablation process, as the material is removed by its vajori@atthermal

decomposition)53].

Large sheets of PolyHIPE can be readily fabricated and theippxstsed using the
laser cutter to produce a range of bespoke scaffolds by removing the material in a

subtractive approach as opposed to adding it in a layer by layer one.

The PolyHIPE material has a very low density, therefore the thin polymer regions are

highly susceptible to the heat generated by the laser cutting process. Any shape or
structure can be etched within the PolyHIPE with wdelfined open pored surfaces.

The interface where the laser has ablated the PolyHIPE retains its open porosity,
therefore his technique can be used as viable post processing method to introduce a
user defined macro porosity within the PolyHIPE, while maintaining the micro

porosity and interconnectivity.

3.11 Laser cutting of the PolyHIPE material

Flat sheets of PolyHIPE were cted by passing sheets of HIPE under a UV belt curer.
The HIPE was poured into a rectangle mould created by adhering a hollow rectangle
of PDMS on top of a small sheet of glass (10x10cm). This was then passed under a

UV conveyor belt several times whilegdping the sample every consecutive pass to
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evenly polymerise both sides. The UV lamp from the belt curer operated at a high
temperature, only the speed of the conveyor belt could be altered to adjust the level of
UV exposure. A faster conveyor belt speathwnultiple passes was better than slower
passes as the sample would become very hot. A conveyor belt speed of 10 m/minute

was chosen as the benchmark speed.

A range of different lines were laser cut from a large sheet of PolyHIPE to determine
both the oimum laser cutting parameters, and to find the suitable cutting parameters
to prevent sample damage. A range of laser cutting parameters were used to determine
whether a single laser pass at a higher power or multiple passes at a lower power

produces a elan straight cut.

A 40 W CQ laser tube source {B1 um wavelength) was used within an Epilog Laser
system. Cross sectional light microscope images were taken and used to assess the
effect the laser has on the material cutting, and determine the losesptaver to
achieve a straight cut through the PolyHIPE matefibk best cutting conditions
foundwere a combination of low laser power andltiple passes, i.e. 8% power from

a 40W CQ laser (3.2W) with Jepeat passess shown irFigure 34. The lower the

laser scan speed the straighter the cut and the low laser power reduced sample damage

Multiple passes Multiple passes

at 4% power at 8%power

Figure 34: Left, PolyHIPE with multiple lines laser cut, each with a different power and speed. Right,
Microscope images of the cross section of the highlighted region. The left part shows the gradual
increase fromd-20wattswith a 10% scanning speethe rightsectionshows 15 passes at 8% laser
power e.g. 1 pass, 2 passes, 3 passes 4 passes and 5 passes until thefldigecutabrough the
PolyHIPE.
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The laser cutting parameters on the Epilog system were only givepagentage,
therefore the results shown are only comparable for the Epilog Laser cutter used for

this experiment.

The array of lines produced filgure 34were each ablated with a different laser power

and scan speed and was used to determine the optimum laser cutting parameters for
the PolyHIPEThe laser power is stated by the company asggb&nwatts, therefore

| can assume that as a guideline, 10% laser power will correspond to 4Tvattstt

picture shows a sequence of rows with different lines all encased in a box that was
lightly etched on the top surface to separate the differeet tag lines. Every row

was produced using the same scanning speed, this ranged fros0%Mmf the speed,
andthesewere labelled S3:&60. From left to right in each of these rows the laser
power was increased in 10% incremefitse shorter line represts a single laser pass,

and the longer one represents multiple laser passes over the same spot until the laser
had cut all the way through the material. After each row the PolyHIPE was laser cut

in half to create a flat surface to image the cross seatitive laser cut lines.

The right image iFigure 34 shows the gradual change in the level of PolyHIPE cutting

as the laser is passed multiple tinoe®r the same spot. The multiple passes of the
laser at 4% power gradually cut more of the PolyHIPE in each pass until it has fully
cut the material after 5 laser passes. Whereas at 8% power the PolyHIPE was fully cut
with only 2 passes. The multiple pasgrom the 8% laser power created a straight cut

line through the PolyHIPE without the gradual narrowing effect that the single laser
cut passes experienced. The same groove like laser etching has been shown by laser
cutting PMMA[53].

When the laser gradually cut into the PolyHIPE the lines are thicker on the top surface
and gradually get thinner as it goe®ittte PolyHIPE. This is caused by the increased
absorption of the laser power as it penetrates and vaporises the material. The gradual
increase in the laser cut region shows that different thicknesses of cut can be engraved
into the PolyHIPE by simple alieg the laser intensity or scanning speed. This effect

was observed with all laser cutting speeds and powers.

The row S10, is shown in more detailFigure 35. Disregard the diagonal line in the

top imagen Figure 35as this was an experimental error. This section was laser cut at
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a stage speed of 10%, with the laser power increased in increments of 10% until it

reached 40%, this is where the excess aettis high powered slow scan speed has

started to burn the material.

2 mm

Figure 35: Top, cross section and bottom view of the top sectidrigre 34. In this section the S10
refers to the use of 10% laser speed throughout all the findgsirow, the software does regecify

an absolute value for speed. The laser power increasedramients 0fLl0% to 40%. This should
correlate to 4L6Watts laser power (increments of 4waff$)e middle image has been laser cut to give
a flat surface for imaging with the microscopée bottom image shows where the sample has burned
because of the highser power. Disregard the diagonal line in the top image as this was an error.
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2mm

Figure 36. Top, middle and bottom section from the second section down Figane 34. The
difference between a single pass and multiple passes can be seen in the quality of the line straightness
in the cross section image, and the difference between a single pass and pagpkin the bottom

image.

If a single pass of the laser cannot cut through the PolyHIPE it forms an-dpsvde
triangle like cut into the material and tapers into a point. This triangle like shaped
groove etched into the PolyHIPE is known as a ker$. the small section of material

that the laser has burnt away as it cuts into the material. This can be seen in the cross
section image irigure 35andFigure 36. For the latter figure the scanning of the laser

was set at a constant 20% speed, and the paired lines increase from 10 to 50% power.
The single line passes had the smallest cut width. Increasing the laser power or the
number of repeat passes increased the line width. This means that for any specific
dimensional requirements, the variable thickness of the laser cut region has to be taken
into account, otherwise the cut sample will be smaller than the original dimensions

programmed into the software.

Increasing the scan speed created a laser cut wavy line. | am attributing this to the very
fast movement of the stage during the 3§86éedandabove. This effect can be seen
clearly in the figure belowigure 37 where the top and side images of a 50% stage
speed lines were cut. The side vialso shows a distorted line caused by the uneven
stage movement at these high speeds.
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Figure 37: Top and cross section light microscope image of the laser cutting speed 50%50% 10
laser power. A wavy line can be seen ontthesurface, and an uneven cut through the PolyHIPE on
the bottom image

The grapl in Figure 38 andFigure 39 shows the effect of the laser speed and cut depth
within the PolyHIPE material. The higher powered lasmms at the low speed fully ablated

a line through the PolyHIPE (23mm thick) A gradual increase in the laser ablation depth
was observed as both the laser scan speed was decreased, or the laser power was increased

Laser cutter Scan speed vs cut depth
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Figure 38 Scatter graph of the laser speedithe cut depth of the PolyHIPE ablated lines

As thelaser power increased the ablation depth increased for all paraniiers
because the amount of ablation will relate directly tdadker light absorption. There
is a linear relationship between the laser speed and cut depth betw&@¥h 80eed
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