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Additive manufacturing device and method

Technical fieid

This invention relates to a stereohthographlc method of additive manufacturing that

' allows for hlgh speed pnntmg of large objects, at fine resolution, and to a device for

carrying out the method.

Background

A typical stereolithographic additive manufacturing device involves a source of
radiation and a means of directing that radiation in accordance wi{h specific patterhs
onto a layer of polymerizable material. The radiation causes this material to polymerize,
i.e., to at least partially solidify. A common type of stereolithographic additive
manufacturing machine utilizes a laser which emits a collimated beam of radiation in
the ultraviolet or near-ultraviolet range of the electromagnetic spectrum. The process of
manufacturing a three-dimensional part with such an additive manufacturing apparatus

may comprise the following steps:

1. A mirror, lens or assembly of optical components is used to direct the laser
beam in accordance with pre-determined patterns. In this type of machine, there is at
least one mirror or lens which may be electronically actuated to move in order for the
optical assembly to be capable of altering the direction of the laser beam.

2. The point where the laser beam strikes the layer of polymerizable material
travels along a scan path such that all ‘regions where polymerization is desired will be
illuminated by the laser beam for a sufficiently long amount of time to cause the

polymerization.

3.~ When each of the desired regions in a ~given layer of material have been
polymerized, an assembly of mechanical and/or electrical components is capable of

- depositing a new layer of such polymerizable material on top the last polymerized layer,

and the cycle repeats.
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Each layer may have a different pre-determined pattern and the laser beam is capable
of travelling along the path required to polymerize each of the regions in such a pattern,
so that three-dimensional objects of varying cross-sections may be produced using the

'advditive manuf»actur_ikng device.

A major disadvantage of the prior' art steréolithograp‘hic method of additive
manufacturing is that‘it is slow. The laser beam must travel along a path so as to
iluminate all regions of the layer of material where polymerization is desired. For a
laser beam having a fixed width and a constant speed of travel, the time required to
print an object increases linearly with the dimensions of said object and the density or
number of features in a given layer. A scanning laser stereolithographic printing device
can achieve a certain maximum scanning speed, i.e., if the printable area is doubled,
the scanning laser would take twice as long to cure one layer of that area.

An evolution of the stereolithographic process described above is one in which the
laser beam and optical assembly are replaced by a Digital Micromirror Device (DMD)
projection device, capable of rendering monochromatic images using electronically
addressable reflectors. Such additive manufacturing devices offer the possibility of
“layer-by-layer" as opposed to "dot-by-dot" printing, i.e. high speed printing. The typical
system comprises what is essentially an overhead projector having a digital micromirror
device (DMD) and a light source which emits at least some ultraviolet Iight.' The
projector projects an image (e.g. white on black background, where white regibns are
illuminated by light which is at least partially ultraviolet) onto a layer of photoactive resin,
such that the white areas of the image will cure as a result of the incident UV Iight.‘
Currently, DMD chips having resolutions of up to 1920x1080 pixels can be
manufactured, thus allowing for very rapid layer-by-layer printing: a single exposure of
a pattern image from a DMD-based projection system can cause polymerization in
1920x1080 (over 2 million) small regions of polymerizable material, whereas a laser-
based system would require the single dot at the end of its laser beam to travel along a
path illuminating each of the 2 million dots individually. ‘ |

The main disadvantage of a DMD-chip based printing method is that the dimensions of
the largest object that may be printed with such an apparatus is limited: If the projected
area is ’enlarged (scaled), there will be two disadvantages:
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1. ‘As the number of addressable pixels is fixed at a maximum of 2 million, the
projected irhage is stretched if a large object is to be printed. To scale the image for a
build size of 1 meter by 2 meters, each pixel would be stretched to occupy-
approximately 1mm x 1mm, which is far coarser tha.n is acceptable for 3D printed

object resolution.

2. The curing time (exposure time required for polymerization to occur) increases
significantly when the projected image is scaled for large build sizes. The light emitted
from the same source (e.g. single bulb) must be distributed over a larger surface area,
i.e. the total number of photons incident on a given amount of photoactive resin per unit

time is reduced whenever the build size is scaled up.

The present invention seeks to overcome one or more of the above disadvantages, or

at least to provide a useful alternative.

Summary

Some embodiments relate to an additive manufacturing device, comprising:

a vessel for containing a material which is polymerisable on exposure to radiation;

a build platform having a build surface, the build platform being mounted or
mountable for movement relative to the vessel; and

a programmable radiation module comprising an array of individually addressable
radiation emitting or transmitting elements, the array being configurable to produce
radiation having a predetermined pattern by selective activation of elements of the
array;

wherein thek programmable radiation module is positioned or positionable to

- irradiate uncured material adjacent the build surface, or adjacent a previously cured

structure on the build surface, with the predetermined pattern without magnification.

Other embodiments relate to an additive manufacturihg method, comprising:

at least partially filling a vessel with a material which is polymerisable on exposure
to radiation; '

providing a programmable radiation module comprising an array of individually
addressable radiation emitting or transmitting elements; |

providing a build platform having a build surface;
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positioning the build platform relative to the vessel such that an uncured layer of
polymerisable material is defined between the build surface and the programmable
radiation module; and o
' irradiating the uncured layer of polymeris‘able material with radiation héving a
predefermined' pattern, without magnification, by selectively activating elements of the

array of the programmable radiation module in order to polymerise the uncured layer

with the predetermined pattern.

The patterned radiation produced by the programmable radiation module allows layer-
by-layer curing of the polymerisable material in the vessel, fhus providing faster and
more scalable production of three-dimensional structures than prior art arrangements
which use scanning lasers. In particular, the achievable printing speed is independent
of the layer thickness and resolution. An inherent problem in many other 3D printing
technologies is the need to strike a balance between desired resolution and desired
printing speed: if a user requires a finer vertical resqlution, e.g. twice as thin layers, the
print job will take twice as much time, as the printing speed is limited by the speed at
which the scanning laser can move. In embodiments of the present invention, making
the layers twice as thin means that each layer can be cured with a pulse of light that is’
less than half as long (as there is half as much polymerizable material by volume
present to be cured). The overall print job duration for the object is therefore
independent of layer thickness. The same principle applies to X-Y resolution, which is
only controlled by the resolution (as measured in dots per inch, for example) of the

~ - -addressable array of the radiation module.

25

30

An additional advantage‘ with respebt to scanning laser systems is the reduction in
moving parts. As there is no scanning laser, the build table is the only component that
is mechanically actuated, resulting in lower costs and greater durability.

Further, by irradiating the uncured fluid without magnification (i.e., with a substantially
1:1 magnification ratio), it is possible to avoid certain disadvantages of DLP projection
based systems. In particular, in order to scale up to larger print sizes, a DLP projector
needs to increase the projected area, thereby lowering the intensity of illumination per

unit surface area and thus increasing the cure time.
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In some embodiments\, the programmable radiation module comprises a liquid crystal
display (LCD) containing the array of individually addressable radiation transmitting
elements, the radiation transmitting elements in this case being the pixels of the LCD.
The use of an LCD is particularly advantageous since LCD units are orders of

magnitude less expensive than DLP projectors.

Preferably, the LCD is a monochrome LCD. For printing applications, light in the
ultraviolet (UV) or true violet (TV) range is most effective, as each photon carries a
relatively large amount of energy. The wavelength for these photons ranges from
approx 300-450nm. All of the sub-pixel colour ﬁlters (R, G, and B) in a colour LCD
prevent most of the light of such wavelengths from passing through them, i.e. the
intehsity of effective photons transmitted through a normal LCD is minimal. For this
reason, the use of a monochrome LCD, which does not have any colour filters, has
been found to give much shorter curing time (more photons of suitable wavelength are

transmitted).

Brief Description of the Drawings

Embodiments of the invention will now be described, by way of 'non-limiting example

only, with reference to the accompanying drawings in which:

Fig. 1 shows an exploded cross-sectional view of an additive manufacturing device
according to some embodiments of the invention; ’

Fig. 2 shows a cross-sectional view of the device of Fig. 1, and further showing a build
platform of the device;

Fig. 3 shows the device of Fig. 1 and Fig. 2 during use, with a first layer of a three-
dimensional object being polymerized:; v |

Fig. 4 shows the device of Fig. 1 and Fig. 2 during use, with a subsequent layer of the
object being polymerized;

Fig. 5A, 5B and 5C illustrate an additive manufacturing device according to some
embodiments, in which a completed model is separated from a build platform by
peeling;

Fig. 5D and 5E illustrate an additive ménufacturing device according to other
embodiments, in which a completed model is separated from a build platform by

peeling;
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Fig. 6A and 6B illustrate an additive manufacturing device according to further
embodiments, in which a completed model is separated from a build platform by
shearing; |

Fig. 6C and 6D illustrate an additive manufacturing device according to yet fl:rther |
embodiments, in which a completed model is separated from a build platform by
shearing; '

Fig. 7 is a block diagram of an exemplary control system for an additive manufacturing

- device according to embodiments;

Fig. 8 is a block diagram of software components of the control system of Fig. 7,
Fig. 9 is a flow diagram of an additive manufacturing process according to some

embodiments; and
Fig. 10 is a flow diagram of an additive manufacturing process according to other

embodiments.

Detailed Description of Embodiments

In certain embodiments, an additive manufacturing device comprises a radiation source
(such as a stroboscopic light source emitting visible light having a wavelength of 400-

700nm) on top of which is mounted a liquid crystal display, e.g. a diffuser assembly |
comprising one or more sheets with diffusive properties, followed by two polarizing
panel_s at right angles to each other, the polarizing panels sandwiching a layer of’liquid
crystals. The liquid crystal display (LCD) assembly may be covered with a glass or
transparent plastic panel and a layer of transparent silicone or other cure-inhibiting or

low friction material.

The above arrangement can achieve printing speeds in excess of scanning laser
systems, since an entire layer is exposed in a single pulse of stroboscopic light,

- whereas a scanning laser must scan the entire path that is to be cured. In the presently

described embodiments, the printing speed per layer is independent of the number of
features (or surface area) to be cured in each layer. Unlike with scanning lasers, in the
presently’described embodiments it takes an equally long pulse of light to cure the
entire full solid layer as it does to cure a small shape within that area. LCD panels can
presently be manufactured to very large sizes (to the order of meters in length and
width dimensions) and increasingly high resolutions (in excess of 16 million pixels),
thus the layer-by-layer printing technology of at least some embodiments is better
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scalable and capable of printing larger objects at finer resoIUt'ion than DMD-based

systems.

Referring now to Fig. 1, there is shown a schematic exploded view of an additive
manufacturing device 100 according to some embodiments of the invention. The
additive manufacturing device 100 cbmprises a vessel 1 for containing a polymerizable
material 40. The vessel 1 has a transparent lower wall 11, sidewalls 102 and a seal 2
between the transparent lower wall 11 and the sidewalls 102 of vessel 1. The seal may
be formed from a material such as epoxy which is cured in situ to seal the vessel, but it
could also be a solid seal such as a rubber (nitrile or viton, for example) O-ring or
gasket. Preferably, the vessel 1 has four sidewalls defining a rectangular or square
internal region, but it may of course have a single cylindrical sidewall or other

configuration.

The device 100 may further comprise a rigid transparent member 3 which provides
structural strength to vessel 1, though this may be omitted if lower wall 11 is sufficiently

'sturdy. Underneath rigid transparent member 3, a liquid crystal display (LCD) 5 is

sandwiched between a first polarizer panel 4 and a second polarizer panel 6. The
direction of polarization of the first polarizer panel 4 is perpendicular to that of the
second polariier panel 6. Below the second polarizer panel 6 there may be provided an
optical assembly 7 which may comprise various optical components capable of
diffusing, collimating, reflecting or refracting light from a light sourcé 8. Typically the
optically assembly 7 includes diffusing and collimating elements.

The LCD 5, polarisers 4 and 6, and light source 8, and optical assembly 7 form part of
a programmable radiation module 10 (Fig. 2') which is attached to the transparent lower
wall 11 of the vessel 1 and which can be configured to produce a patterned beam of
radiation to cure a layer of resin in the vessel 1 with a desired pattern. The pixels of
LCD 5 constitute individually addressable elements which may be switched on or off by
a control system of the device 100, which is coupled to the LCD 5 (as shown in Fig. 7).
When a pixel is éctivated (switched on), it allows light to be transmitted through it,
whereas when it is inactive (switched off), it blocks light. Accordingly, the pixels of LCD
S are individually addressable light transmitters which can be programmed by the
control system to produce the desired pattern of radiation, with the inactive pixels

acting as masking elements.
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- The LCD 5 is preferably a monochrome LCD. In a colour LCD, each pixel is made up of

three or four individually addressable sub-pixels, each having a colour filter that allows
light in a narrow wavelength band to pass through it. The panchromatic white backlight
in a colour LCD emits all anelengths bétween 400-700nm, and colour is created by
selectively allowing this white light to pass through the red, green and biue (R,G,B)
filtered sub-pixels. For printing applications, light in the ultraviolet (UV) or true violet (TV)
range is most effective, as each photon carries a relatively large amount of energy. The
wavelength for these photons ranges from approx 300-450nm. All of the sub-pixel
filters (R, G, and B) in a colour LCD preveﬁt Iight of such wavelengths from passing
through it, i.e. the intensity of effective photons transmitted through a normal LCD is
minimal. For this reason, the use of a monochrome LCD, which does not have any
colour filters, has been found to give much shorter curihg time (more photons

transmitted).

In some embodiments, the radiation module may comprise a panel of individually
addressable light emitters in an array, such as an LED or OLED display. In similar
fashion to the LCD 5, the panel can be programmed by ‘the controller such that
selected light 4emitters are active at any given time, in order to produce the desired
pattern of radiation. In these embodiments, the individually addressable elements of
the radiation module themselves emit the radiation in the desired curing pattern, rather
than acting as a mask for a separate radiation source. LEDs and Organié LEDs can in
principle be designed to emit any particular wavelength of light (visible, UV, IR) to
match the specific curing requirement of the polymerisable fluid. in these embodiments,
the additive manufacturing device could be made more compact as no "backlight" as - |
such is required when the display panel itself is the light source, and the need for an
optical assembly between the separate light source and LCD is also eliminated.

In the configuration shown in Fig. 1, the radiation module 10 is attached to the lower
wall 11 and sidewalls 102 of the vessel 1. However, in alternative embodiments, the
radiation module 10 may be located within or be integral to the vessel 1. For example,
the sidewalls 102 and lower wall 11 may be aluminium plates which are welded
together to form the vessel 1 (with the lower wall 11 in this case obviously not being
transparent), and the radiation module 10 may then be placed inside the veésel 1. A
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transparent sealing layer may be placed over the top of the radiation module 10 to
prevent leakage of polymerizable material into the radiation module 10, for example.

The array of pixels of LCD 5 may be sized to cover substantially the entire surface area
of the transparent lower wall 11, such that substantially the entire volume above the
transparent lower wall 11 is a printable volume. In alternative embodiments, the pixel
array may cover a surface area which is smaller than the surface area of transparent
lower wall 11. For example, the pixel array may have a surface area equal to or slightly
larger than that of the build surface 92 of the build platform 9, such that the perimeter of
the build surface 92 fits inside the perimeter of the pixel array.

Referring now to Fig. 2, the mechanical assem.bly which renders the additive
manufacturing device 100 capable of producing multi-layered objects is shown in more
detail. As shown in Fig. 2, the device 100 comprises a build platform 9 having a build
surface 92. The build surface 92 faces towards the lower wall 11 of vessel 1. The build
platform 9 is suspended inside the vessel 1 above the lower wall 11 and the radiation

module 10.

Build platform 9 is capable of moving or being made to move vertically upward and
downward relative to vessel 1 above the lower wall 11, by means of a mechanical
assembly 20 which may comprise ball screws, lead screws, belt drive mechanisms, a
chain and sprocket mechanism, or a combination thereof, and a precision stepper
motor 21. In a preferred embodiment, the movement mechanism comprises threaded
rods and stepper motor 21, which is driven by a microcontroller 270 of a control system

>200 of the device 100 (Fig. 7) and which can provide 5um precision in the vertical

position of the build platform 9. The combined mechanical assembly 20 and stepper
motor 21 are fixed upon or connected to a frame 22 which is supported on sidewalls
102. The frame 22 provides rigid support and a reference point for the vertical position
of the build platform 9. Greater precision (up to about 1 ym) may also be achieved
through a suitable choice of lead screw or belt pitch and the resolution (steps per full

revolution) of the stepper motor.

Fig. 3 and Fig. 4 illustrate an exemplary build process for a three-dimensional object

42. In Fig. 3, the vessel 1 is partially filled with a polymerizable material 40, such as a
polymerizable resin. Next, the build platform is moved upwardly within the vessel 1
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using the stepper motor 21 to actuate mechanical -assembly 20, to define a thin layer
30 of the polymerizable material between the lower surface 92 of the build platform and
the transparent lower wall 11 of the vessel 1. The layer 30 has a thickness chosen
according to the desired resolution- along the z-axis. Once the layer of uncured material
30 has been defined, radiation module 10 irradiates the layer 30 through the
transparent lower wall 11 of vessel 1 with a predetermined pattern (as described
above) so as to selectively polymerize desired areés of the thin layer of polymerizable
material 30 with the predetermined pattern.

The transparent lower wall 11 may have a cure-inhibiting or non-stick coating so that
the polymerized material does not adhere to it. In particular, the coating can be chosen

.80 that the friction and/or adhesion between the transparent lower wall 11 and the

polymerized material is less than the friction and/or adhesion between the build surface
92 and the polymerized material. Accordingly, when the stepper motor 21 actuates the
assembly 20 to move the build platform 9 upwards for curing of the next layer of object
42, the polymerized material will tend to move with the build platform 9 instead of being

puiled free due to adhesion to lower wall 11.

In some embodiments, a silicone sheet may be provided on the transparent lower wall
11. The cured portions of the printed object 42 will tend to adhere to the build platform
(as the build platform is preferably fabricated of aluminium, acrylic, polycarbonate or
other plastic to whichA the cured material adheres well) while the material does not
adhere to the silicone sheet. A silicone sheet is preferred, as it is transparent and non-
consumable. The non-stick coating is preferably made as thin as possible, since a
thinner layer between the LCD (mask) and the material to be cured
(resin/polymer/adhesive) means that there is less divergence of the light transmitted
from the LCD before it reaches the resin/polymer/adhesive, thus resulting in a physical
printing resolution closer to the LCD (mask) resolution. '

" In other embodiments, liquid coatings inclijding mould release agents such as

CHEMLEASE (registered trade mark) of Chem-Trend LP of Michigan, or solid sheets ,
or coatings such as polyurethane, polytetrafiuoroethylene (PTFE), fluorinated ethylene
propylene (FEP) or latex can be used, so long as the material is transparent to the
wavelength of light being used as a curing initiator and can be made sufficiently thin so
as to prevent substantial resolution loss between the liquid crystal display resolution
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-and the physical printing resolution. FEP is particularly preferred'as it tends to be more

transparent than PTFE at most curing wavelengths.

If a coating is used, it should be chosen to minimize divergence of the beam produced
by a pixel of the radiation module 10 as the beam undergoes réfraction through the
coating. In particular, at the point where it reaches the layer of polymerizable material
which is to be cured, the beam should cover an area which is less than four times the
pixel surface area (e.g., for an LCD with pixels measuring 50x50 microns, the light
passing through that pixel should not be larger than 100x100 microns when it reaches
the layer). If it is any larger, it will overlap the beams produced by its neighbouring
pixels by more than 25 microns, i.e. more than halfway into the neighbouring pixels,

“such that the neighbouring pixels are no longer resolvable. Preferably, the coating(s)

result in pixel beams at the curing layer which have a surface area which is no more
than 1.2x the LCD pixel surface area. This can be achieved by making the coatings
very thin, and collimating the light prior to it passing through the LCD, so that the beam
travelling through the LCD pixel is less divergent. For example, if a PTFE or FEP sheet
is used as the coating, it may be have a thickness of approximately 70 um. A thickness
of under 50 um may also be used. Typically, a coating thickness which is less than or
equal to the pixel-to-pixel distance (resolution of the LCD) is desirable.

After polymerization of a layer is completed as discussed above in relation to Fig. 3, the
mechanical assembly 20 is actuated by precision stepper motor 21 so that build
platform 9 is raised upward by a small amount (equal to the desired layer thickness)
relative to a reference point on frame 22 such that a void is created between the last
polymerized layer and the top surface of the transparent lower wall 11 of the vessel.
This void is rapidly filled by surrounding:polym'erizable material, which flows into the
void under gravity, so that a new thin layer of such material exists between the bottom
surface of the last polymerized layer and the top surface of the transparent lower wall
11 of vessel 1. This new layer of polymerizable material is irradiated from below by
radiation module 10 so as to selectively polymerize a desired area using a pattern of
radiation defined by active area 32 of the LCD 5 (i.e., an area which is unmasked due

'to pixels in that area being active), as shown in Fig. 4. As resin 40 is consumed, fresh

resin may be added to replenish the vessel 1. Repeating this process for each
subsequent layer and allowing desired area 32 to have any shape or number of shapes
allows this additive manufacturing apparatus to produce a three-dimensional object
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having any shape, dimension or complexity within the boundaries of vessel 1 and the
range of motion of build platform 9 as permitted by mechanical éssembly 20.

In some embodiments, the device 100 may be configured such that the build surface is

on the upper surface, rather than the lower surface, of the build platform 9. In these
embodiments, the programmable radiation module 10 is positioned at the top of the
vessel 1. During a build process, the build platform 9 starts with the build surface at the
top of the fluid level in the \)essel 1, and descends within the vessel 1 to define a thin
layer of uncured material which is then cured by radiation module 10 in a desired

_pattern as previously described. The build platform 9 progressively descends within the

vessel 1 in steps of the desired layer thickness, with each layer being cured with the
respective desired layer paftern. The device of these alternative embodiments is very
similar in construction to the device 100 shown in Fig. 1 to Fig. 4, except that in-use, .
the vessel 1 needs to be filled with polymerizable material up to at least the height of
the final object 42. Since the build surface in these arrangements may be spaced from
the top surface of the vessel 1 and the radiation module 10, a non-stick coating may

not be required on the top surface.

In the device 100 of Figs. 1-4, as described above, the transparent lower wall 11 may
have a cure-inhibiting or non-stick coating so that when a llayer is cured, the build
platform 9 can simply be moved up in order to separate the cured layer from the
transparent lower wall 11 to enable curing of the next layer. If a non-stick layer is not
provided, alternative mechanisms for separating the most recently cured layer from the
vessel or the radiation module may be employed, as illustrated in Fig. 5A to Fig. 5E
and Fig. 6A to Fig. 6E.

In Fig. 5A, an additive manufacturing device 500 comprises a vessel in the form of a
basin 50 which contains a polymerizable fluid 51. A build platform 70 having a lower
build surface 71 is submerged inside the basin 50. The build platform 70 is vertically
movable relative to the basin 50 by a mechanism similar to that described above,
except that the mechanical assembly 20 and stepper motor 21 may be mounted to a
éupport frame which is separate from the basin 50. A thin layer of polymerizable fluid
51 is defined between build surface 71 and the contact surface of a programmable
radiation module 60, which is capable of emitting patterned light of suitable wavelength
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to initiate the polymerization (curing) of fluid 51. The radiation module 60 may be
substantially the same as the radiation module 10 described above, for example.

The basin 50 is pivotable about point 53. ,After,é layer of fluid 51 has been fc}ﬁred o .

form part of a printed object 52, the basin 50 pivots about point 53, as shown in Fig.
5B, so-as to "peel” the recently cured layer off the face of the radiation module 60. If
the radiation module 60 is separate from the basin 50, with the basin 50 having a
transparent lower wall (as described above), the pivoting movement of the basin 50 -
acts to peel the recently cured layer from the transparent internal bottom face of the -
basin. In some embodiments, rather than the basin 50 being pivotable, the build
platform 70 may be pivotable about its support. ‘

As shown in Fig. 5C, the amount of polymerizable fluid 51 required to print a given
object 52 using the device 500 is relatively small, because the curing process always
takes place at the bottom of basin 50 when the radiation module 60 is mounted below
the basin, irradiating upward. As polymerisable fluid 51 is consumed during a printing

‘operation, additional fluid may be added to vessel 50, for example by pumping it into

the vessel 50. A level sensor (not shown) may be used to.provide a feedback signal to
the control system 200 (Fig. 7) of the device 500 that additional fluid is required, and
the control system 200, via microcontroller 270, may then actuate a pump (not shown)

to pump a desired volume of fluid into vessel 50.

In the arrangement of Fig. 5D, an alternative additive manufacturing device comprises
a basin 50 containing polymerizable fluid 51, a thin layer of which is defined between
the last polymerized layer and the contact surface of radiation module 60, which is
partially immersed in the polymerizable fluid 51, and which irradiates the thin
polymerizable fluid layer from above. After a given layer of fluid is polymerized, the
radiation module 60 may pivot about point 54 so as to "peel" the last polymerized layer
off the radiation module's contact surface. As for-the arrangement of Fig. 5A-5C, rather
than the basin 50 being pivotable, the bdild platform 70 may be pivotable about its

support.

In the arrangement of Fig. 5D and Fig. 5E, the printed object is positioned on top of
build surface 71 of build platform 70, so that the weight of the printed object 52 assists
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(rathér than counteracting) the separation (peeling) of the last cured layer from the
radiation module 60 contact surface.

- Turning now to Fig. 6A to 'Fig, 6C, there.is shown a further example of an additive
maynuf‘acturi_n;_cj device 600, having a basin 50 of increased width compared to the basin = "

50 of Fig.‘ 5A to Fig. 5C. The basin 50 has a first region 602 below which the radiation
assembly 60 is positioned in order to successively polymerize thin layers of fluid 51 in
order to build up an object 52. The basin 50 also has a second region 602, having
greater depth than the first region 602.

The device 600 comprises a build platform 70 which is capable of moving both
vertically and horizontally. After one layer of fluid 51 has been polymerized by
irradiation from below in the first region 602, the build platform 70 moves laterally to the
region 604 of basin 50 having greater depth than first region 602. Alternatively, the
build platform 70 may remain stationary while the basin 50 and radiation module 60
move laterally (for example, on a translation stage to which the basin 50 and radiation
module are coupled) until the region 604 is positioned directly underneath the build
platform 70. This mechanism makes use of the fact that the adhesion forces between a
recently polymerized layer and the contact surface of radiation module 60 are
predominantly vertical forces, i.e. far less friction is encountered by laterally sliding the
printed object 52 off the contact surface into the deeper region 604 of basin 50.

Once the platform 70 and printed object 52 have arrived at the deeper end 604, the *

vertical adhesion forces are no longer present and build platform 70 is capable of
moving upward by a desired distance. After this, the platform may move back (laterally)
to the shallower region 602 of the basin, again defining a thin layer of polymerizable
fluid between the last polymerized layer and the contact surface of the radiation module
60, so that this new layer may be polymerized.

As shown in Fig. 6C, the amount of polymerizable fluid 51 required to print a given
object 52 is relatively small, because the curing process always takes place at the
bottom of basin 50 when the radiation module 60 is mounted below the basin,
irradiating upward. Accordingly, objects 52 of substantially greater height than that of
the basin 50 may be printed. Additional fluid 51 may be pumped into the vessel 50 by a
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pump, under feedback ‘control using a level sensor of control system 200 of device 600,
as previously described.

“Referring- now to Fig. 6D ‘and Fig. SE,' in a yet further e}mbodim«en‘t. of an additive
, ménufacturihg device 650, a basin 50 containing polymerizable fluid 51 has a first

region 652, and a second region 654 disposed next to the first region 652, which is
shallower than the first region 652. The device 650 comprises a build platform 70 which
is capable of vertical motion, and an radiation module 60 which is capable of lateral
(sliding) motion. The radiation module 60 irradiates the polymerizable fluid 51 from
above in first region 652 to create an object 52 layer-by-layer on upper build surface 71
of build platform 70. A thin layer of polymerizable fluid 51 is defined between the
previous polymerized layer and the contact surface of the radiation module 60. After
this layer is cured by irradiating it from above, the radiation module 60 may move
laterally to the shallower region 654 (Fig. 6E), after which build platform 70 may move
downward into basin 50 by a desired distance corresponding to the desired layer
thickness. When radiation module 60 slides back to its original position 652 a new layer
of unpolymerized fluid is defined between its bottom contact surface and the top of the

last polymerized layer.

The radiation source of radiation module 10 or radiation module 60 may be any
radiation source suitable for curing the polymerizable material 40 or 51, such as visible,
UV or infrared light, or other actinic radiation, such as X-rays. The radiation source may
be of any suitable dimension and have any number of optical components to collimate
or direct it at at least an area of the LCD panel 5, for example. The radiation source

may be movable or stationary.

~ In certain embodiments, the radiation source is a visible light (400-700nm) source.

Some embodiments comprise a white LED stroboscopic lamp as a radiation source, as
these lamps have peak intensities at 460 and 550 nm. This is because white light as
such cannot be ‘created; instead the LED generates blue light (460nm) and a
phosphorus internal coating absorbs this partially and emits green (550nm) such that
the combined emission appears to the human eye as white light. This light source is
suited for visible-light polymerizable materials. In other embodiments, the radiation

source may emit in the range 300-450nm.
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In some embodiments, UV light may be used as a radiation source. Advantageously,
UV photons carry higher energy than visible light photons and many polymers are
available that cure in UV light. If UV light is used as the radiation source then it may be
necessary to use a dynamic mask generator other thani an LCD since Iicjuid crystals

‘may deteriorate when expoéed to ultraviolet light. Alternative dynamic mask generators

may comprise electrowetting displays, transmissive electrophoretic displays, and
printers for continuously generating physical masks (e.g., continuous (ribbon) laser or

inkjet printing of transparencies).

An example of a control system 200 of the additive- manufacturing devices described
above is shown in Fig. 7. The control system 200 may include a computer system 201
comprising standard computer components, including non-volatile storége (such as a
hard disk or- solid-state disk) 204, random access memory (RAM) 206, at least one
processor 208, and external interfaces 210, 212, 214, 218, all ihterconnected b‘y a bus
216. The external interfaces include universal éerial bus (USB) interfaces 210, and a
network interface connector (NIC) 212 which connects the system 201 to a
communications network 220 such as the Internet, via which a user computer system
240 may communicéte with the control system 200 to allow the user to interact with the
device 100. The user computer system 240 may be a standard desktop or laptop
computer system, such as an Intel 1A-32 based computer system,‘ or a mobile
computing device such as a smartphone or tablet computer. The control system 100
can receive input data via NIC 212 or from a storage device connected to one of the
USB interfaces 210, or to an alternative interface- such as a secure digital (SD)

interface (not shown).

In some embodiments, the user may interact directly with the computer system 201, by
means of a display, keyboard and mouse or other input/output devices connected via
one of the interfaces 210, and an additional display adapter (not shown). In alternative
embodiments the computer system may comprise a touchscreen input/output device
connected to bus 216, for example by a display adapter (not shown). In these
embodiments, the user computer system 240 may be unnecessary. A 3D model file
may be loaded onto the computer system 201 by the network connection 220 or SD
card or USB storage connected via external interface(s) 210 and the user can then
control the slicing process directly on the additive manufacturing device via e.g. the
touch screen interface of computer system 201.
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The system 201 also includes a display adapter 214, which is used t6 communicate
with the LCD 5. The display adapter 214 may be a high-definition multimedia interface
(HDMI), video graphics array (VGA) or digital visual interface (DVI), for example.

The Storage medium 204 may have stored thereon a number of standard soﬂwake . -'
modules, including an operating system 224 such as Linux or Microsoft Winddws, and
one or more modules 202 comprising instructions for causing the at least one
processor 208 to carry out various operations, including receiving input data relating to
a 3D .mc.Jdel (representing the object to be built) via USB interface(s) 210 and/or
network interface 212; processing the input data to generate a sequence of layer
patterns; and successively transmitting the layer patterns to LCD 5 (or alternatively,
another type of dynamic mask generator or an LED or OLED display) via display
adapter 214, and signaling a microcontroller 270 to actuate mechanical, electrical
and/or optical componehts of th'e additivé manufacturing device. In some embodiments,
the 3D model data may be provided in STL, STEP or another 3D vector file format, and
stored on storage medium 204 for processing by module(s) 202. In other embodiments
the input 3D model data may be received layer-by-layef from user computing system
240 or elsewhere via communications network 220 and stored either in RAM 206 or on
storage medium 204 for processing by module(s) 202.

Processes executed by the system 201 are implemented in the form of programming
instructions of one or more software modules or components 202 stored on the storage
medium 204 associated with the computer system 201, as shown in Figure 7. However,
it will be apparent that the processes could alternatively be implemented, either in part
or in their entirety, in the form of one or more dedicated hardware components, such as
application-specific integrated circuits (ASICs), and/or in the form of configuration data
for configurable hardware components such as field programmable gate arrays
(FPGAS), for example.

In one example, as shown in Fig. 8, the software components 202 comprise a master
control component 280, which coordinates the overall flow of an additive manufécturing
process which is under the control of control system 200. The master control
component 280 is in communication with a mechanical actuation component 286 which
generates control signals to drive, via microcontrolier 270, mechanical components of
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the additive manufacturing device, such as pumps and motoré. Master control
component 280 is also in communication with optical control component 288 which
generates control signals to (via microcontroller 270) turn the radiation source of

radiation assembly 10 or 60 on or off, and to control the duration and intensity of

irradiation.

Master control component 280 may accept user input data, such as the 3D model data,
and build parameters such as the positioning and orientation of the object with respect
to the build surface, arrangement of multiple objects in the same batch print, and the
desired print layer thickness (which determines how many slices need to be generated,

etc.). The input data can then be passed to model processing component 282, which

“slices” the 3D model data in accordance with the build parameiers to generate a
sequence of two-dimensional image files, which can be stored on storage medium 204
for example. The model processing component may comprise any known slicing
software module, such as GnexLab, EnvisionLabs Creation Workshop, Slfc3r or
FreeSteel. Once the slicing opération has been performed by model processing
component 282, the output slices are passed by master control component 280 to
display control component 284, which is configured to send control signals to LCD 5 to
turn individual pixels of pixel array 256 dn or off in accordance with the pattern
corresponding to an image slice transmitted by the display control component 284.

During a printing operation, the slices (image files) are transmitted by display control

| component 284 (through the display adapter 214) to a scalar board 252 of the LCD 5.

A scalar board is a standard and widely used method of interfacing with displays.
Typically, scalar boards are embedded as part of the electronics assembly inside
commercially available LCD monitors or televisions. The scalar board 252 translates an
image or video file from digital signal ('HDMI or DVI) or analogue signal (VGA) into low
voltage differential signals (LVDS) which are interpretable by an internal control board
254 of the LCD 5. Internal control board 254 switches pixels of the pixel array 256 on or
off in accordance with the input image received from the display control component 284.

During printing, the computer system 201 also interfaces, via a USB or serial interfacé
(such as an RS-232 interface) with a microcontroller 270 which is capable of driving all

~other actuators of the additive manufacturing device. For example, the microcontroller

270 may drive stepper motors 21, the light source of radiation module 10 or 60, one or
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more pumps (not shown) for pumping additional polymerizable medium 40 or 51 into
the vessel 1 or 50, linear or rotational motion actuators for driving motion of vessel 50
and/or build platform 70 and/or radiation module 60,' and so on. Microcontroller 270
may-also read input from various bse‘nsors, such as a level sensor for polymerizable

“material in the vessel, a build platform height sensor, lateral. sliding travel end-stop

sensor(s) for vessel 50 and/or build platform 70 and/or radiation module 60, vertical
end-stop sensors, temperature sensors, a hatch-closed sensor for support 22, and so

on.

After each layer (slice image file) is sent from the display control component 284 to the
scalar board 252 and thus projected on the display 5 for the required curing time (which
may be provided as one of the build parameters and/or determined according to the
intensity and emission spectrum of the light source, and the nature of the polymerizable
medium) the master control component 280 may instruct, with appropriate timing and

- sequencing, mechanical actuation component 286 and opti'cal control component 288

to send signals to the microcontroller 270 which can interpret them and drive the

various motors, pumps and light source in the desired sequence.

An exemplary additive manufacturing method impiementable using the additive
manufacturing device 500 of Fig. 5A to 5C or the additive manufacturing device 550 of
Fig. 5D and 5E is depicted in Fig. 9. At step 810, mechanical actuation component 286
sends a signal to microcontroller 270 to move the build platform 70 to its starting
position. If necessary, at step 820 the radiation assembly'60 is moved to a starting
position (again, via mechanical actuation component 286) such that a thin layer of
polymerisable material is defined between the build surface of the build platform 70 and

the radiation assembly 60.

At step 830, the radiation source of radiation assembly 60 is switched on by optical
component 288, and the pixel array 256 of LCD 5 is controlled in accordance with a
desired pattern corresponding to a first image slice of the object to be built, by display
control component 284 as discussed above. In embodiments where the radiation
asserhbly 60 comprises an LED pixel array, then the radiation source need not be
switched on separately since the display control component 284 can simply project the
desired pattern directly from the LED pixels. As a result of the patterned radiation, the
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thin layer of polymerisable material polymerizes in the regions which are exposed to
radiation (step 840). .

~ Once the thin layer is cured in the desired manner, the pixel array 256 and/or radiation

source are switched off (step 850) by display control component 284 and/or optical
component 288. Next, at step 860, the radiation assembly 60 and/or the vessel 50 may
pivot relative to the build platform 70 (or vice versa) about hinge 53 in order to release
the cured layer from a contact surface at the vessel 50 surface or the radiation

assembly 60 surface.

To position the device 500 or 550 to polymerise the next layer of the object, at step 870

. the mechanical actuation component 286 sends a control signal to an actuator of build

platform 70 or an actuator of radiation assembly 60, via microcontroller 270, in order to
move the build platform 70 vertically relative to the radiation assembly 60 by an amount
equal to the desired layer thickness. This causes a new thin layer of polymerisable
material to fill a void left between the previously cured layer and the radiation assembly
60. Steps 820 to 880 are repeated for each layer of the object to be built. Finally, at
step 890, mechanical actuation component 286 may send a signal to the actuator of
build platform 70 in order to move the build platform 70 to a position where a user may
easily remove the finished object from the build surface.

An alternative embodiment of an additive manufacturing method, for example, -
implementable by the additive manufacturing device 600 of Fig. 6A to 6C or the
additive manufacturing device 650 of Fig. 6D and 6E, is shown in Fig. 10. '

The method 900 is in many respects similar to method 800. At step 910, mechanical
actuation component 286 sends a signal to microcontroller 270 to move the build
platform 70 to its starting position. If necessary, at step 920 the radiation assembly 60
is moved to a starting position (again, via mechanical actuation component 286) such
that a thin layer of polymerisable material is defined between the build surface of the
build platform 70 and the radiation assembly 60.

At step 930, the radiation source of radiation assembly 60 is switched on by optical
component 288, and the pixel array 256 of LCD 5 is controlled in accordance with a
desired pattern corresponding to a first image slice of the object to be built, by display
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control component 284 as discussed above. In embodiments where the radiation
assembly 60 comprises an LED pixel array, then the radiation source need not be
switched on separately since the display control component 284 can simply project the
desired pattern directly from the LE'D. pixels. As a result of the patteméd radiation, the
thin layer of polymerisable material polymerizes in the régions which are exposed to
radiation (step 940).

Once the thin layer is cured in the desired manner, the pixel array 256 and/or radiation
source are switched off (step 950) by display control component 284 and/or optical

component 288.

Next, at step 960, mechanical actuation component 286 sends an actuation signal to
move the radiation assembly 60 and/or the vessel 50 laterally relative to the build
platform 70 (or vice versa) in order to release the cured layer from a contact surface at
the vessel 50 surface or the radiation assembly 60 surface by a shearing motion as

previously described.

To position the device 500 or 550 to polymerise the next layer of the object, at step 970
the mechanical actuation component 286 sends a control signal to an actuator of build
platform 70 or an actuator of radiation assembly 60, via microcontroller 270, in order to
move the build platform 70 vertically relative to the radiation assembly 60 by an amount
equal to the desired layer thickness. This causes a new thin layer of polymerisable
material to fill a void left between the previously cured layer and the radiation assembly
60. Steps 920 to 980 are repeated for each layer of the object to be built. Finally, at
step 990, mechanical actuation component 286 may send a signal to the actuator of
build platform 70 in order to move the build platform 70 to a position where a user may
easily remove the finished object from the build surface.

Although particular embodiments have been described and illustrated, it will be
appreciated by those of ordinary skill in the art that various modifications and
combinations of features of the above embodiments are possible without departing
from the scope of the invention as defined in the appended claims.
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Claims

1. An additive manufacturing device, comprising:

a vessel for containing a material which is polymerisable on exposure to radiation;

a bottom of the vessel including a transparent lower wall;

a build platform having a build surface arranged to have an object formed thereon,
the build platform being mounted or mountable for movement upwards from the
transparent wall; and

a programmable radiation module in contact with a surface of the transparent lower
wall, said radiation module comprising a dynamic mask component and a radiation
source;

said radiation source configurable to produce radiation having a predetermined
pattern by selective activation of the dynamic mask component ,

wherein the programmable radiation module is positioned or positionable to
irradiate uncured material adjacent the build surface, and the transparent wall such that,
on curing, the layer is in contact with the transparent wall and the build surface to form
a layer of the object,

wherein the radiation source includes an array of individually addressable elements.

2. An additive manufacturing device according to claim 1, wherein the radiation

module is attached to or is integral with the vessel.

3. An additive manufacturing device according to claim 1 or 2, wherein the dynamic

mask component includes an array of electronically addressable elements.

4. An additive manufacturing device according any one of claims 1 to 3, wherein the

dynamic mask component is attached to or is integral with the vessel.

5. An additive manufacturing device according to any one of claims 1 to 4, wherein

the dynamic mask component comprises a liquid crystal display (LCD).

6. An additive manufacturing device according to claim 5, wherein the LCD is a

monochrome LCD.

7. An additive manufacturing device according to any one of claims 1 to 6, wherein

the radiation module comprises an LED array or OLED array.
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8. An additive manufacturing device according to any one of the preceding claims,
wherein the vessel comprises a non-stick layer or polymerization-inhibiting layer as

part of the transparent wall.

9. An additive manufacturing device according to claim 8, wherein the non-stick layer

is formed from a silicone-based material.

10. An additive manufacturing device according to any one of the preceding claims,
comprising a pivoting mechanism for allowing relative rotation between the vessel
and/or the radiation module on the one hand, and the build platform on the other
hand.

11. An additive manufacturing device according to any one of claims 1 to 10, wherein
the vessel comprises a curing region adjacent to which the radiation module is
positioned or positionable, and a separation region adjacent the curing region, the
separation region having a depth different to that of the curing region; and wherein
the device comprises a linear translation mechanism for changing the relative
positions of the build platform and the radiation module such that the build platform

or the radiation module is moveable from the curing region to the separation region.

12. An additive manufacturing method, comprising:

at least partially filling a vessel with a material which is polymerisable on exposure
to radiation;

a bottom of the vessel including a transparent lower wall;

providing a programmable radiation module in contact with a surface of the
transparent lower wall, said radiation module comprising a dynamic mask component
and a radiation source;

providing a build platform having a build surface arranged to have an object formed
thereon;

positioning the build platform upwards from the transparent wall such that an
uncured layer of polymerisable material is defined between the build surface and
transparent lower wall; and

irradiating the uncured layer of polymerisable material with radiation having a

predetermined pattern, without magnification, by selectively activating elements of the
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array of the programmable radiation module in order to polymerise the uncured layer

with the predetermined pattern, and so;

curing the layer of polymerisable material such that said layer is in contact with the

transparent wall and the build surface to form a layer of the object,

13.

14.

15.

16.

17.

18.

19.

20.

21.

wherein the radiation source includes an array of individually addressable elements.

An additive manufacturing method according to claim 12, wherein the radiation

module is attached to or is integral with the vessel.

An additive manufacturing method according to claims 12 or 13, wherein the

dynamic mask component includes an array of individually addressable elements.

An additive manufacturing method according to any one of claims 12 to 14, wherein

the dynamic mask component is attached to or is integral with the vessel.

An additive manufacturing method according to claim 14 or 15, wherein the

dynamic mask component comprises a liquid crystal display (LCD).

An additive manufacturing method according to claim 16, wherein the LCD is a

monochrome LCD.

An additive manufacturing method according to any one of claims 12 to 17, wherein

the radiation module comprises an LED array or OLED array.

An additive manufacturing method according to any one of the claims 12 to 18,
wherein the vessel comprises a non-stick layer or polymerization-inhibiting layer as

part of the transparent wall.

An additive manufacturing method according to claim 19, wherein the non-stick

layer is formed from a silicone-based material.

An additive manufacturing method according to any one of claims 12 to 20,
comprising releasing the polymerized layer from a contact surface by pivoting the
vessel and/or the radiation module relative to the build platform, or pivoting the

build platform relative to the vessel and/or the radiation module.
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22. An additive manufacturing method according to any one of claims 12 to 21,
comprising releasing the polymerized layer from a contact surface by horizontally
translating the vessel and/or the radiation module relative to the build platform, or
horizontally translating the build platform relative to the vessel and/or the radiation
module.



