



























































































































































































































































































































































































































































6. Digital Light Processing

. Standard

Specimen Type Measurement Mean value Deviation
R, 577nm
R, 703nm

50pum (ERM on

um ( ) R, 3.35um

R, 3.48um
R, 716nm
Ry 891.66nm

50pm (ERM off) R, 6.16um
R, 7.23um
R, 434nm
Ry 541nm

25um (ERM on

pm ) R, 4.2um

R, 4.4pm
R, 749nm
R, 895nm

25um (ERM off) R, 3.97um
R, 4.18um

Table 12 Surface roughness of DLP planar
faces.

To verify this effect and to evaluate surface roughness, four specimens
were prepared according to, Table 12. The roughness values have their
usual designation (R,=arithmetic average, Rg=root mean squared, R,=mean
peak to valley and R=maximum peak to valley).

In order to understand the effect of the ERM, 3D maps from the
corresponding samples were prepared, Figure 80. The difference between

the two settings is evident.

In Figure 80a) and b) the apparent ‘troughs’ between consecutive voxel
blocks is significantly lower than for when ERM mode is switched off
(Figure 80c and d). Clearly a different texture is observed in the first two
images. This is likely to be caused by changes in the polymerisation
process as the second exposure occurs. Individual voxels are still
discernable but their adhesion at the surface appears to be much better. It is
likely from this evidence that specimens prepared in this way would
display a higher tensile strength due to fewer crack propagation points,

other factors remaining constant.
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6. Digital Light Processing

Figure 80 Surface profiles of DLP planar
surfaces a)50um (ERM on) b)25um (ERM
on) ¢)25um (ERM off) d)50um (ERM
off).(Wyko)
Figure 80c) and d) show clearly the dimple shapes of individual voxels.

The size of these dimples is consistent with the layer thickness selected to
build them. This analysis also permits an approximation for the size of
voxels using this apparatus. From measurements over an array of voxels in
this plane there dimensions are given as 15um x 15pum x 50pm and 15pm
X 15pum x 25um for each corresponding layer thickness. The activation of
ERM mode comes with a time penalty which occurs because twice as
many layer exposures must be completed. Builds with ERM mode

activated will usually take around 30% longer.

DLP Resolution Testing

Evaluation of the smallest feature size that could be built using the DLP
apparatus was made. All tests were conducted at the manufacturers advised
parameter set at 25um layer thickness with ERM on. Figure 81 shows the

result of reducing wall thickness. All of the walls display a thickness error
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6. Digital Light Processing

of £7.5um (the half width of a voxel). At approximately 50um, the walls

are no longer intact and begin to fail. This trend increases until little or no

wall survives at around 25um.

Figure 81 Failure in DLP progressively

thinning walls (Hitachi).
Failed walls can no longer be considered to display fidelity to the design
intent as they are of the order of one voxel width based on the
measurements made in Figure 80. This suggests that there is a good
correlation between the optical resolution and the resolution limited by

material integrity during the build process.

A significant error is apparent in the thickness of these walls even when
thickness is distant from the integer number of voxels used in the exposure.
For example, if the design intent is a wall of width 60um then this is
clearly very close to 4 voxel widths. However, in the case of the 40 or
35um the error is more significant. The image generation software should
select the nearest integer number of voxels so for the 35um a wall a
minimum error of 14.3% based solely the errors introduced by voxel

number alone.

This study defines a limitation of the capabilities of the apparatus.
Although features can be built which are at the optical and mechanical
resolution of the machine the percentage errors introduced by this method
make it inappropriate for some applications. This may be acceptable in
circumstances in which arrays of features are required in which some

variation is permitted such as surface texturing.
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Figure 82 Voxel size and failure of thin
walls.

The failure of walls through ‘pull away’ can also be seen in Figure 82. This
optical micrograph also reveals the voxel geometry as the voxel edges are
subject to a greater degree of polymerisation (through light spillage) during
the build process. It is apparent that the walls fail because they are not wide
enough to endure the repeated tensile load in the semi-cured state which is
invoked by the peeling stage in the build. Walls 3 and 4 have survived the
build process; however they have folded during cleaning or post-build
curing. This is likely due to shrinkage when further cross linking causes

consolidation of the material.

Figure 83 Failure in progressively thinning
spaces between walls (Hitachi).

Further analysis was undertaken to evaluate the limits with regard to

spacing between features within a build. This was achieved by maintaining
a constant wall thickness and varying the space between consecutive walls
(Figure 83). When the gap between walls reaches 80um then the walls

cease to be resolvable.
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Figure 84 Blockage of thin walls through

non clearance of resin a) the design intent

and b) ‘wall merging” (Hitachi)
An enlarged image of this failure can be seen in Figure 84. The separate
walls can be identified but a meniscus feature is observed between walls
indicating a retreat of uncured resin. This presents a further limit to
resolution; namely resin removal in constricted spaces. This effect
becomes a dominant factor when large aspect ratios are required. Walls

depicted in Figure 82d) also display this failure.

Figure 85c) shows a slender extrusion of the text ‘Test’. This demonstrates
a typical fault (which is also observed to some degree in the thin walls)
when building features with a large aspect ratio in the build direction. The
repeated influence of curing shrinkage and stretching (caused by the
peeling stage) has deformed the text and a constriction has occurred. This
is contrast to the design intent which was for a uniform cross section

throughout the height of the text.

The degree of chamfering appears to vary through the height of the thin
walls. It can be attributed to the degree of polymerisation varying through
the height of the wall. At the lower build layers (at the foot of the wall)

more exposures will we experienced to those which follow.
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Figure 85 Assorted micrographs of DLP
features (Hitachi).

From previous it can be observed that the thinnest resolvable thin wall is
close to the theoretical limit of the optical resolution of the apparatus i.e.
voxel size. However, ‘real’ life applications which may call upon such fine

features are likely to be more complex and so limited by resin clearance.

One such example which would be subject to the resin clearance effect is
the manufacture of capillaries. If the design intent is for a circular tube of
inside diameter 100um then this is clearly possible from an optical
resolution stance. If the aspect ratio of the capillary is significant
(Iength/cross section>50) then cleaning uncured resin from the void proves
to be impossible despite mechanical agitation, ultrasonic agitation and
forced purging. This is attributed to visco-elastic effects displayed by the
resin within the capillary. This occurs as liquids are confined in capillaries

they display both viscosity and eleasticity.

Therefore the cleaning of fine and enclosed features must be of concern at

the point of design.
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6. Digital Light Processing

DLP for Mass Spectrometry
The flexibility of DLP as a manufacturing process for prototype electrical
devices is now examined, particularly with regard to the tolerances

obtainable and the ability to apply a conductive coating to the RS material.

Quadrupole mass spectrometers (QMS) consist of three main sub
assemblies; an ion source, mass filter and ion detection all mounted in a
high vacuum vessel. Optimisation of a QMS system may require the
geometry of electrodes to be adjusted. This is often a costly process
requiring custom machining techniques. Modifications will be made more
difficult by the fine features and complex surfaces which constitute the

ideal design.

The use of LBMTs deals simultaneously with the cost of manufacturing
prototypes and also allows for the manufacture of geometries which have
been widely reported as ideal [149]. DLP components do not require
custom tooling or custom machining strategies. Therefore they will be
significantly cheaper than conventionally manufactured components for

prototype mass spectrometers.

Digital manufacture also facilitates the integration of new/replacement
components into existing assemblies. Geometrical data can be incorporated
from several sources. For example the design software allows importing of
data points from spreadsheet packages or metrology sources. These can be

converted directly into code for LBMTs.

Ion Source

When a sample is admitted to a mass spectrometer ionisation is commonly
achieved using an Electron Impact Ion Source (EIIS). These use
incandescent filaments to emit electrons and ionise atoms or molecules

present. The filament is commonly located in close proximity to a
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cylindrical mesh cage held at positive potential where ions are accelerated

(Figure 86a).

A prototype EIIS was manufactured using DLP. This was first designed
using a CAD package and built in four main components (Figure 86c¢).
These were intended to mimic the performance of the conventional EIIS
exactly. The elements consisted of: one extracting lens attached to the
cage; two focusing lenses at negative dc voltages to focus ions towards the
QMF and one decelerating lens held at OV to reduce the ion energies
before they enter the QMF. All components were evaporation gold coated

to ensure the surfaces were conductive.

A good aperture alignment and hole precision is required for ion extraction
and focusing. The EIIS pictured in Figure 86b) has exit aperture and Einzel
lenses of diameter 400pm. These were aligned using DLP manufactured
pins which can also be seen in Figure 86b). The mechanical tolerances

upon assembly achieved were of sufficient standard to attempt testing.

In initial tests, without a mass filter, zero ion current was detected exiting
the assembly and it was deduced that the EIIS was not acting as a source of
ions. The reason for this was apparent upon removal of the lenses and cage
(Figure 86b). Due to the proximity of the cage to the incandescent
filaments the cage and the gold coating was significantly degraded due to a

deformation of the underlying polymer.

The filaments must be located close to the EIIS cage to ensure that the
emitted electrons have a high probability of impacting with a sample atom
and thus cause ionisation. This suggests that the DLP process (or at least
DLP in combination RS is not a suitable process for building electron

impact ion sources.
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Figure 86 Prototype DLP ion source for use
with mass spectrometers a) CAD model b)
assembly after testing c¢) Cage plate with
three Einzel lenses.

In light of the results obtained from the EIIS. An alternative spark gap ion
source (SGIS) was proposed. This was intended to use the spark developed
when electrical breakdown is observed, to ionise the atoms of the sample
gas. Although high electrical fields are required to cause breakdown this
would occur at relatively low currents so power consumption would be low

and temperatures reduced.

Figure 87 Prototype DLP spark gap ion
source.

A prototype SGIS with 1mm exit aperture diameter and 500um spark gap

was manufactured as a demonstrator (Figure 87) which incorporated a DLP

mounting to precisely locate and electrically isolate a probe pin.
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Tests to evaluate the voltage required to cause breakdown were made at
various pressures and were found to obey the Paschen curve (Figure 88a).
Ideally the SGIS would operate at as high a pressure as possible so that
power consumption of the entire unit would be minimised (i.e. lower
vacuum required and spark potential minimised). However, if the unit is
operated at a higher pressure, the mean free path of ions is significantly

reduced and the signal detected will be degraded.

Figure 88a) shows the current obtained at various pressures. This test was
performed using a conventional focussing rig without a mass filter and is
intended only to demonstrate ion emission. In this case the ion source did
emit but further experimentation will be required to increase ion emission

current so that low noise mass spectra may be acquired.
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Figure 88 a) lon emission current using the

DLP SGIS b) voltage required to cause spark
discharge for prototype DLP ion source.

One method of achieving a larger ion emission and hence greater detector
signal would be to use a series of probe pins mounted in an annular pattern
around the exit aperture. By increasing the potential at each of these at
controlled intervals with a signal generator a multiple of sparks could be
generated simultaneously causing a higher degree of ionisation and

therefore higher emission current.

Modelling Using BEM
Boundary element modelling (BEM) was performed to aid in the design of

DLP components. A numerical model was used to simulate individual
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mass peaks and complete mass spectra based upon parts to be

manufactured by DLP.

This provided a means by which solid models produced in CAD can be
subject to analysis before actually being built. This allows for design

iterations without the investment of resource in an actual experiment.

ome

b

Figure 89 Typical predicted equipotentials
from an ion source through Einzel lenses.

Modelling is achieved by coupling the CPO3D program [150] with
Liverpool QMS-2 program [151]. The former calculates key values along
the ion path which are used by the latter to give sample spectra. This
approach allows the electrostatic analysis of any profile rod or lens
aperture. Results obtained from this technique are presented alongside

experimental results for mass filters.

This method can be iterated after experimentation if the filter or lens array

is non ideal to investigate the implications for mass spectra obtained.

Mass Filter Design and Manufacture

The sub assembly presenting most potential for manufacture by DLP in
this type of spectrometer is the mass filter. These components do not have
to experience high temperatures and can be tailored when catering for

custom needs such as mass range and resolution.

A prototype assembly was proposed (Figure 90a) which consists of a

housing into which electrodes slide. The housing is designed to push fit

145



6. Digital Light Processing

directly into the existing experimental rig. This permits filters to be quickly

interchanged.

EEmT

1icm

Figure 90 a) Prototype DLP mass filter b)
coated and uncoated rods.

Electrical potentials are communicated to the rods via coated polymer pins
inserted from the outside which serve to further locate the rods. A
comparison of coated and uncoated rods can be seen in Figure 90b.
Regions that are gold in colour (Figure 90a) are regions which have been
selectively gold coated using a masked evaporation technique. Masking
was undertaken using blanks also manufactured by DLP. This

demonstrates the first use of ‘rapid masking’.

The end-to-end resistance of the rods when gold coated was typically 40Q.
By improving the gold coating (or using an intermediate layer) the
resistance can be further reduced, which will give more uniform driving
voltages. This is especially important for miniature mass analyzers where
localised deformations create patches of higher potentials which can
increase ion bombardment heating if electrodes are not smooth enough,

and cause the distortion of ion motion [152].

This assembly (Figure 90a) is further unique in that the rods have a
hyperbolic profile. This is the ‘ideal’ theoretical geometry to create the
optimum electric field between such rods [115]. In turn this means that
lower voltages will be required to operate the filter causing it to be less

power hungry permitting a larger mass range (Eq 6.1).
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The design was created in CAD by importing a coordinate system from a
spreadsheet package. This profile was the optimum for rods of this length

and ry (Figure 93), SO0mm and 2mm respectively in this case.

Figure 91 Prototype mass filters a) rg=2mm
b) r,=0.9mm c) r;=0.4mm.

Figure 91 shows the profiles of three mass filter assemblies produced by
DLP and containing gold coated rods. The largest filter was selected for
testing as it represented the closest model to existing filters for which the

electronic requirements were already available.

Figure 92 Fidelity to design intent of ry,
The aperture size of the filter was considered to measure fidelity to the

design intent. Ideally the finished article would be a perfect representation
of the CAD model. It is characteristic of any manufacturing technique for
this to be impossible. Resolution tests undertaken previously in this chapter
indicate the accuracy of features made within the same build. Clearly the
process of assembly in this case will also affect the tolerance between
components. Figure 92 shows an optical microscopy image of the rod
profile to evaluate rod alignment (Figure 93a) and ry separation (Figure

93by).
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This is especially important for quadrupole mass filters where small
displacements of the electrodes can severely reduce the performance of the
instrument [153]. Measurements indicate that the spacing between rod
peaks in the x direction was 4.06mm=0.025mm and 4.14mm=+0.025mm in
the y direction. This corresponds to an ry average error of 1.5%=0.625%
and 3.5%+0.625% respectively. Circular rod-based filters with rp>3mm

manufactured by conventional means regularly surpass 1% r error.

a) b)

Design intent --------- L
Ax Position in fo l'o"’AI’o

assembly

A Figure 93 Possible errors between two rods

in a mass filter assembly.
The example given in Figure 93 shows two possible sources of error

resulting from shifts in both x and y directions. It is feasible to expect some
rotation about the coordinate axis. Variation in these errors may also be
observed along the rod length. In this situation the filter will continue to
function assuming that Ax is not so large that adjacent rods come into
contact. The error introduced corresponding to Ax in this assembled filter

is negligible compared to the ry error Figure 94.
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Figure 94 a) Location of hyperbola maxima
b) maxima alignment.
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Although these errors are deemed acceptable for the rg=2mm filter, the
proportional error (Ary/ry) exhibited in the rp=0.9mm would be much more
significant. Thus if the maximum absolute 2r, error (+0.165mm) observed
in the rp=2mm filter is transferred to that of the rp=0.9mm mass filter then
this corresponds to a percentage ry error of £9.2% which is unsatisfactory.
This may be reduced by building the entire filter as one part and selectively

coating regions where required. This will avoid errors caused by assembly.

The surface roughness at the face of the rods is also of concern. By
building these components at the minimum layer thickness currently
available with this DLP apparatus (25um) the observed staircase effect is
minimised. Figure 95 shows the face of a gold coated rod. It can be seen
that the surface roughness it consistent with that recorded on planar

samples demonstrated earlier.

FEPeR e P ERs
PR e P 3%

Figure 95 Active surface of prototype DLP
electrodes (Hitachi).

Based on the measurements obtained on this section, it was decided to test
the rp=2mm mass filter in a standard mass spectrometer rig to evaluate its

performance.

Mass Filter Testing

A commercial EIIS with one focusing lens was used to provide ions for
filter testing. The ion cage has cylindrical shape with diameter of 6mm and
length of 10mm (similar to the DLP version in Figure 86). Three lenses
were used to direct the ion into the filter each of 0.3mm thickness and

0.8mm separation between them. The last was a decelerating lens which
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was separated from the top surface of the filter by 0.Smm. For testing the
experimental 2mm mass filter and lenses with exit aperture radius (r.) of

1.5mm were used.

During testing, the DLP mass filter (rp=2mm) was driven at frequency of
3.686MHz. The ion source cage and the extracting lens were held at 4V,
the focusing lens was held at -40V and the decelerating lens at OV. The
electron emission current for ionisation was 0.8mA and operating pressure

was 1.2x10 Torr.

Simulations were carried out for the rp=2mm and EIIS with specified
driving parameters to obtain the mass peak for *He” ions. This data was
used to estimate the resolution that could be expected of the experimental
filter. This is achieved by defining ratios between the dc and rf voltages

that the electronic control unit generates for the simulation.

Optimum resolution (Mn/AM) for peaks in mass spectra can then be

assessed according to;

7
AM 570V r; 6.1)

as described in[115]. In which M,, is the maximum ion mass, 4M is the
width of the peak at mass M,, at 10% of its height, L is the length of the
filter rod, ¥, is the amplitude of the rf voltage applied across the rod and 7
is the extraction potential as ions enter the mass filter. This allows for a
comparison of experimentally observed resolution with that predicted by

modelling (Figure 96).

In an ideal scenario, the ion current should be maximised to yield the

greatest signal. However, in doing so the extraction voltage must also be
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increased which increases ion energies and so reduce the filter’s resolution,

Figure 96.
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Figure 96 a) Variation of ion current for ‘He*
ions using the DLP QMF b) Comparison of

resolution for the DLP QMF rj=2mm and
model results.

The ion motion within the ion source was modelled in a commercial
software package with *He" ions starting their oscillation within the cage at
energy of 0.01eV. The effects of space charge upon the ions in the ion
source and the fringing fields when ions reach the mass filter were also
included. The trajectories of the ‘He’ ions which were successfully
extracted from EIIS (position coordinates, velocity components and ion
energies) were then loaded into the software package developed at the
University of Liverpool, QMS-2 v8. Figure 97 shows a simulated “He*
peak obtained from the QMS-2 program for an ideal hyperbolic re=2mm

mass filter operating in the zone 1 stability region,
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Figure 97 Simulated mass peak for ‘He* ions
oscillating within the hyperbolic DLP QMF
(CPO and Liverpool QMS-2 programs) a)
optimised b) un-optimised.

This predicts a resolution of 5.71 at 10% of the peak height for mass 4.
Optimised data is also included to detail the influence of data processing.

This peak shows a much higher resolution of 16.67.
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Experiments using the DLP mass filter showed that it was fit for purpose.
The experimentally obtained peak corresponding to the model above can
be seen in Figure 98. The predicted resolution is consistent with this peak
which has a resolution of 5.13, a deviation of -10.2% compared to the
model. Testing was continued to investigate mass spectra as well as

individual mass peaks.

Current (A)

Figure 98 Experimental mass peaks for *He*
ions.

The data above is not an experimentally optimised resolution for this

spectral peak but rather a resolution that has been repeatedly obtained.

Commercial Mass Filter
To investigate the performance of the rg=2mm DLP mass filter a test
spectrum was obtained for comparison with a commercially available

filter.

The MKS Instruments mass filter has an ry = 3.175mm and electrode
length of 100mm i.e. double that used for the DLP filter. Lens and
extraction potentials were set according to manufacturer prescribed
settings. This experiment was intended to demonstrate the benefits of the
hyperbolic geometry employed in the DLP mass filter compared to that in
the cylindrical MKS system.

152



6. Digital Light Processing

x10™* x10°*

i a) 15 b) A
'goa =3 ,‘}
s / / N ! ‘
£0° \ [
204 / E
a

00 1 2 3 4 5 6 7 8
miz mz

Figure 99 Spectra for Hy/D,/He mixture a)
Commercial MKS mass filter with circular
rods r;=3.175mm b) DLP hyperbolic mass
filter re=2mm.

Figure 99a shows the experimental mass spectrum for the H,/D,/He equal
concentration gas mixture measured using a commercial QMS with
circular electrodes having both pre-filter and post-filter (ordinate is given
as pressure as standard with MKS software). Deuterium and helium cannot

be resolved. This is also the case for the DLP filter Figure 99b.

MKS DLP
! ; i Relative
Species (Circular (Hyperbolic performance
rods) rods)
H," 3.17 3.03 -4.4%
D, 5.88 5.13 -12.8%
He' 5.88 5.13 -12.8%

Table 13 Summary of peak resolutions (at
10% peak height) for a DLP mass filter and a
conventional alternative

The commercial mass filter produces slightly higher resolutions. This is
largely due to its increased length relative to the hyperbolic filter and also
the pre and post filters. A good correlation between the ratios of peaks
heights (MKS-1:1.59, DLP-1:1.53) can also be observed in Figure 99. This
provides further evidence that the DLP manufacturing technique is well

suited to manufacture mass filter prototypes.
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Conclusions
The performance of components manufactured by DLP has been
characterised. These have been shown to vary significantly from the bulk

material properties quoted by the supplier.

A series of hyperbolic quadrupole mass filters have been fabricated using
DLP and proven to work as mass spectrometers. The technique was found
to be particularly suitable for prototyping mass filters that provide ideal

hyperbolic field or for any other devices with complex geometries.

Compared to other rapid prototyping techniques digital light processing
offers significantly smaller feature sizes, which allows a higher degree of
accuracy both in manufacture and assembly. It also has the potential to
produce a fully integrated mass spectrometer with a single mass analyzer

or with array of analyzers at sub-millimetre and micro scale.
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7. Conclusions

This thesis describes the outcomes of a body of research in which layer-
based manufacturing techniques have been used to process a range of

functional materials.

Novel techniques have been used to manufacture demonstrators/prototypes
which have the potential to be utilised in engineering applications. Within
the processes of refining material, parameter set and design several

conclusions can be made which represent the core outcomes of this work.

A commercial NiTi powder has been processed for the first time via the

SLM technique to produce near 100% dense parts which exploit design
freedoms granted by LBMTs.

These NiTi components have been shown to display the shape memory
effect and have been trained and later actuated to exhibit the shape memory

effect. Furthermore they have been actuated by ohmic heating.

The process of melting by laser and further reheating appears to induce the
presence of the so-called R-phase which is normally consistent with aged
Ni rich alloys. Processing NiTi powders in this way may serve to produce
components which imitate those that have been aged. The presence of

contaminants, however, cannot be ruled out as an austenite stabiliser.

Piezoelectric-ceramic/polymer composites have been manufactured and
been selectively sintered to silicon substrates demonstrating lithographic
deposition techniques combined with laser interaction are capable of

selective deposition.

Selectively sintered regions have been consolidated by laser treatment.

This causes partial sintering and adherence to the substrate. The processed
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regions are typical of components which might be employed by ‘lab on a

chip’ devices.

Piezoelectric-ceramic/polymer composites have been fabricated with the
DLP technique and used to build freeform components. Microscopic
analysis and calculation has predicted that piezoelectric properties could be

of the same order as materials processed by conventional methods.

Material properties and resolution tests have been performed on samples
built by the DLP process. These have been shown to display a high degree
of variance. There is also significant deviation with respect to the

manufacturer’s bulk material quotations.

DLP has been used to manufacture components for quadrupole mass
spectrometry. DLP has been shown to be especially effective for mass
filter manufacture more specifically the manufacture of complex profile
electrodes. Metallisation of the plastic components which meet with
specification have been shown to outperform conventional filters in terms

of both cost and functionality.
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8. Future Work

The outcomes of this thesis present several opportunities for further work.

These relate to further investigations into the effect of manufacturing

parameters upon material properties and the incorporation of

prototypes/demonstrators into new applications.

1. Surface finish, build reliability and tolerances across SLM platforms
are widely reported problems. Processing NiTi was typical of the
process with respect to those factors. To minimise post processing
and hence cost, addressing these limitations would form an excellent
topic of research. This is likely to rely heavily upon laser/material
interaction modeling to optimise the build approximation to the

design intent.

2. Although the SME has been demonstrated for SLM processed NiTi
alloys the degree of SME with respect to manufacturing parameter
set has not been investigated in this work. This presents significant
challenges to prepare a range of material samples to be subjected to a
range of training regimes and later analytical techniques. This will
allow the enhancement of components manufactured in this way for
product applications. Porous materials and meshes can easily be
manufactured by SLM. Shape memory materials in this form would
find several possible application including ‘self healing’ crash

structures or perhaps temperature sensitive filters.

3. The extent of the R-phase present in SLM processed NiTi alloys
requires further investigation. One approach to this would be TEM

and XRD analysis under thermally controlled conditions.
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4. Piezoelectric / pyroelectric pads deposited on silicon substrates can
be employed for sensory and actuation applications. Research into
poling these pads and incorporating similar structures into MEM
type components may be possible. The viability of this is dependent
upon the mechanical integrity and adherence of the piezoelectric

material.

5. Poling of BaTiO3/R5 composites is a subject of ongoing research as
is the implication of ceramic content on the resolution of the DLP
process. Demonstrator builds performed in this study are of a limited
height and the distribution of ceramic content through build height
was not observed to vary greatly. This might not be the case in scaled

up builds.

6. Resolution and material tests were performed on a single
machine/material combination in this study. There are several
competing platforms (SLA, 3DP etc) and material feedstocks
available for each. Thus a true evaluation of machine/material
performance would require manufacturer collaboration. To date
manufacturers of LBMT apparatus are reluctant to issue standardised
results. This is currently under review with the formation of an
ASTM working group [154]. The development of accepted standards
is fundamental to the proliferation of LBMTs.

7. Coated DLP components have been demonstrated to be highly
effective in mass filters for spectrometry applications. There are
various similar components such as ion traps and more complicated
filters which could be manufactured in this way. Youssef et al [155]
predicted an ideal quadrupole mass filter would not only be
hyperbolic in profile but also helical (twisted) in trajectory. This was

proposed in 1971 but has to date not been successfully realised.
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