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(57) Abstract: A method of and an apparatus (1,29) for forming an object by means of additive manufacturing, the method comprising
consecutively providing a plurality of layers (9) of building material (5, 6), and selectively curing one or more pixels (47) of each of
the layers (9) during printing thereof. The method comprises a step of providing a first layer (9) of a first building material (5) onto
a support surface (4, 30) or a preceding layer (9), and selectively exposing, in accordance with layer data, one or more pixels (47) in
the first layer (9) to a dose of radiation (45, 45" It further comprises the identifying, based on the layer data, of one or more contour
pixels(47) in the first layer (9) that coincide with a contour of a featured region of a subsequent second layer (9), wherein the featured
region of the second layer (9) is to be provided using a second building material (6) different from the first building material (5). The
method also comprises increasing, prior to said selectively exposing, a radiation dose (45') for the identified contour pixels (47). The
step of selectively exposing includes exposing the one or more contour pixels (47) using the increased radiation dose (45').
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Title: Method of apparatus for forming an object by means of additive

manufacturing.

Field of the invention

The present document is directed at a method of forming an object by
means of additive manufacturing, the method comprising consecutively providing a
plurality of layers of building material, and selectively curing one or more pixels of
each of the layers during printing thereof, the method comprising: providing a first
layer of a first building material onto a support surface or a preceding layer; and
selectively exposing, in accordance with layer data, one or more pixels in the first
layer to a dose of radiation.

The document is further directed at an apparatus for forming an object
by means of additive manufacturing, the apparatus comprising: a carrier providing
a support surface for supporting the object to be formed; an applicator configured
for consecutively providing a plurality of layers of building material onto the
carrier; and a radiation source for selectively curing one or more pixels of each of
the layers during application thereof; wherein the applicator is configured for
providing a first layer of a first building material onto the support surface or onto a
preceding layer of the object being formed; wherein the radiation source is
configured for selectively exposing, in accordance with layer data, one or more
pixels in the first layer to a dose of radiation.

Furthermore, the present document is directed at a use of an apparatus
as defined above, at an object formed using a method as defined ahove, and at a

computer program product.

Background

The spreading of additive manufacturing processes, such as 3D
printing, has gone very fast over the past decennium. The technology has found it’s
way into many different industrial and domestic fields of application, and 1s still
under permanent development. One of the areas of development concerns the

manufacturing of multi-material objects, wherein different materials are used to
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print a single object. The present document relates to making a multi-material 3D
printed part with a structure of a second material embedded in the product.
A problem often encountered during the manufacturing of multi-
material objects relates to the interaction between the different materials in their
5 different phases or states of curing. This problem is for example explained using a
specific case of embedding a conductive track in a polymer product made by stereo-
lithography (SLA), digital light processing (DLP) or alike technologies, but the
same applies to other materials that are applied to a product made of a resin.
When a track of a conductive material is applied (by extrusion, inkjet,
10 laser induced forward transfer (LIFT), or other) on a SLA printed product, the
wetting of the underlying surface may be such that the conductive material
spreads over the surface to places it should not go. This basically makes it difficult
to control the shape/geometry of the added material, resulting in a different
geometry then desired, and in the case of conductive materials leads to short
15 circuits with other conductive tracks. This happens especially because on top of the
cured surface a thin "wet" layer of the polymer resin remains due to oxygen
inhibition. This "wet" layer of resin, the oxygen inhibition layer, makes the wetting
of the conductive paste too good.
In the case of a suspension, like a silver paste, the high wetting results
20  in an increased dispersion of the metal particles in the uncured resin, even

increasing the above mentioned problems.

Summary of the invention

It is an object of the present invention obviate the abovementioned
25  disadvantages and to provide an additive manufacturing method and apparatus,
which allows to quickly and accurately form a multi-material object.
To this end, there is provided herewith a method of forming an object by
means of additive manufacturing, the method comprising consecutively providing a
plurality of layers of building material, and selectively curing one or more pixels of
30  each of the layers during printing thereof, the method comprising: providing a first
layer of a first building material onto a support surface or a preceding layer;
selectively exposing, in accordance with layer data, one or more pixels in the first

layer to a dose of radiation; characterized by: identifying, based on the layer data,
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one or more contour pixels in the first layer that coincide with a contour of a
featured region of a subsequent second layer, the featured region of the second
layer to be provided using a second building material different from the first
building material; increasing, prior to said selectively exposing, a radiation dose for
5 the identified contour pixels; and wherein the step of selectively exposing includes
exposing the one or more contour pixels using the increased radiation dose.

The invention is based on the insight that the level of curing (i.e. how
well the pixels are cured) of pixels can be increased to become more fully cured by
using an increased radiation dose. This will, dependent on how well the pixels are

10 cured (i.e. the level of curing), reduce or even remove the oxygen inhibition layer.
Since it is the oxygen inhibition layer that causes the trouble experienced with
wetting of the surface, a reduced or even absent oxygen inhibition layer will
prevent the further spreading of the second building material across the surface of
the layer underneath. This will thus allow the featured region to be printed

15 accurately using the second building material.

Although the same effect could potentially also be achieved by fully
curing of the whole surface of the first layer, to completely get rid of the oxygen
inhibition layer; the inventors have realized that this is usually not desired either
as it gives rise to other disadvantages. Fully curing of the first building material in

20  those areas where, in the consecutive second layer, a next layer of first building
material is to be applied is experienced to result in poorer adhesion. Hence in those
areas (i.e. the areas outside the featured region), adhesion will be poor which in
turn results in a weak spot: the layer may peel off or tear, or may be less shock
proof, Hence, fully curing of the whole first layer results in an integrity problem.

25  Moreover, the full curing may further result in a color difference, which is typically
not desired.

Therefore, in accordance with the present invention, based on the layer
data available to the system (e.g. from a memory or from a data signal received by
it), one or more contour pixels in the first layer are determined. These contour

30  pixels are identified such as to coincide with a contour of the featured region of the
subsequent second layer. These contour pixels in the first layer (underneath the to
be applied second layer) are exposed with an increased radiation dose such as to

increase their level of curing or even to fully cure the contour pixels. Due to this,
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the oxygen inhibition layer will be significantly diminished or even absent on these
pixels. When subsequently the second layer is printed, the spreading of the second
building material will then be ceased by the cured contour pixels. Moreover, this
also overcomes the disadvantages of fully curing the first layer.

In accordance with some embodiments, the method therefore further
comprises providing a second layer of building material onto the first layer,
wherein the second layer includes the featured region, wherein the featured region
is provided by printing of the second building material in accordance with the layer
data, and curing one or more pixels in the second layer. The material may be cured
by simply drying the material (e.g. to the air or using an air or gas blower, in an
oven or using a heater, or in another suitable manner). Also, preferably, the
material may be cured by selective exposure to a suitable dose of radiation. It is to
be noted that the dose of radiation required to achieve a desired level of curing may
differ from one material to the other. Hence the radiation dose required by the
second building material may be different from the standard radiation dose for the
pixels of the first layer. Also other radiation characteristics may be different, such
as the wavelength or the manner of applying (e.g. pulsed or continuous). However,
the skilled person is considered to be able to determine the required radiation dose
and radiation characteristics for each building material, for achieving a desired
curing level.

The contour of the featured region and the identification of pixels in the
first layer underneath the second layer that are to be selected as contour pixels,
may he determined by a controller of an additive manufacturing apparatus.
Various different methods may be applied for determining the one or more contour
pixels. For example, in accordance with some embodiments, the contour of the
featured region is at least one of: an outer contour, including pixels that are over at
least 50% of their surface area located outside a boundary of the featured region, or
pixels that are contiguous thereto and located outside the featured region; or an
inner contour, including pixels that are over at least 50% of their surface area
located inside a boundary of the featured region, or pixels that are contiguous
thereto and located inside the featured region. The boundary of the featured region,

and which pixels coincide therewith or are located partially or fully inside or
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outside it, may be determined on the basis of the layer data available to the
additive manufacturing system.

In accordance with further embodiments of the invention, the method
further comprises identifying, in addition to the one or more contour pixels, one or

5  more fill-in pixels in the first layer that coincide with the featured region in the

second layer; wherein the step of selectively exposing further includes exposing the
one or more fill-in pixels using the increased radiation dose. The fill-in pixels are
those pixels that are located within the contour, i.e. surrounded by the contour. In
these embodiments, all the pixels underneath the featured region are exposed with

10 the increased radiation dose for improving their wetting characteristics by
diminishing or removing the oxygen inhibition layer. The second building material,
when being printed on the supporting surface provided by the first layer, will not
spread beyond the pixels being printed. In fact this achieves the same effect of
improved printing accuracy of the second building material being printed on the

15 first layer. The shape of the featured region may thus be more accurately printed.

In accordance with some embodiments, after at least one of the one or
more pixels in the first layer has been selectively exposed to the dose of radiation,
the method further comprises a step of measuring a thickness of an oxygen
inhibition layer at a location of the at least one pixel. The controller of the system

20  may use the measured thickness of the oxygen inhibition layer to determine more
accurately how much the radiation dose is to be increased in order to achieve the
desired level of curing that allows to accurately print the second building material
on top of the first layer. Such measuring may be performed per pixel or as an
average for the whole or part of the first layer.

25 In accordance with some of these embodiments, the measuring of said
thickness of the oxygen inhibition layer is performed by impinging a radiation
beam at the location of the at least one pixel and analyzing an interference pattern
provided by the reflected fractions of the radiation beam. For example, a laser
beam may be impinged to obtain an interference pattern caused by double

30  refraction: once at the interface between the oxygen inhibition layer and the
ambient air and once at the interface between the oxygen inhibition layer and the
cured first building material of the first layer. Each interface will reflect a fraction

of the radiation beam, and these refracted fractions can be received with an optical
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sensor to obtain an interference pattern from which the thickness of the oxygen
inhibition layer can be accurately determined. The measuring can be done in an
instant, without further curing the building material. Additionally or alternatively,
a radiation wavelength may be applied to which the building material is less
responsive and does not cure. As may be appreciated, in an embodiment the
measuring of the thickness in this manner may also be performed during the step
of selective exposure, using the radiation for curing the first building material.

In another embodiment, the measuring of said thickness of the oxygen
inhibition layer is performed by measuring a height position of a surface of the first
layer at the location of the at least one pixel, and comparing the measured height
position with a reference height position. Such expected height positions may be
obtained from a memory or may be provided to the system ‘on the fly’ by calculation
or from a data signal received by the system.

In a second aspect of the invention, there is provided an apparatus for
forming an object by means of additive manufacturing, the apparatus comprising: a
carrier providing a support surface for supporting the object to be formed; an
applicator configured for consecutively providing a plurality of layers of building
material onto the carrier; and a radiation source for selectively curing one or more
pixels of each of the layers during application thereof; wherein the applicator is
configured for providing a first layer of a first building material onto the support
surface or onto a preceding layer of the object being formed; wherein the radiation
source is configured for selectively exposing, in accordance with layer data, one or
more pixels in the first layer to a dose of radiation; characterized in that, the
apparatus further comprises: a controller configured for identifying, based on the
layer data, one or more contour pixels in the first layer that coincide with a contour
of a featured region of a subsequent second layer, the featured region of the second
layer to be provided using a second building material different from the first
building material; wherein the controller is further configured for determining,
prior to said selectively exposing, an increased radiation dose for the identified
contour pixels; and wherein the radiation source is configured for, during said
selectively exposing, exposing the one or more contour pixels using the increased

radiation dose.
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In a third aspect of the invention, there is provided object manufactured
by means of a method according to the first aspect or by using an apparatus
according to the second aspect, the object including at least a first layer comprising
one or more pixels of cured first building material, wherein at least one or more

5  contour pixels in the first layer that coincide with an outer or inner contour of a

featured region of a subsequent second layer are cured using an increased
radiation dose, the object further including a second layer, wherein the second
layer includes the featured region, and wherein the featured region comprises the
second building material.

10 In a fourth aspect of the invention, there is provided a computer
program product suitable for being loaded into a memory of controller system of an
additive manufacturing apparatus, wherein the computer program product is
adapted to perform the method according to the second aspect for manufacturing

an object in accordance with the third aspect by means of additive manufacturing.

Brief description of the drawings

The invention will further be elucidated by deseription of some specific
embodiments thereof, making reference to the attached drawings. The detailed
20  description provides examples of possible implementations of the invention, but is
not to be regarded as describing the only embodiments falling under the scope. The
scope of the invention is defined in the claims, and the description is to be regarded
as illustrative without being restrictive on the invention. In the drawings:
Figure 1 schematically illustrates an apparatus in accordance with an
25  embodiment of the present invention;
Figure 2 schematically illustrates an alternative apparatus in
accordance with an embodiment of the present invention;
Figures 3A through 3C schematically illustrate the problem
encountered when printing a second building material on top of a cured first
30  building material including an oxygen inhibition layer, as well as various solutions
provided by the present invention;
Figures 4A through 4C illustrate the various method steps in

accordance with a first embodiment;
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Figures 5A through 5C illustrate the various method steps in
accordance with a second embodiment;
Figure 6 schematically illustrates a sensor for sensing the thickness of

the inhibition layer.

Detailed description

Figure 1 schematically illustrates an apparatus 1 in accordance with an
embodiment of the present invention for layerwise production of a multi-material
tangible object 8. The apparatus 1 consists of translatable carrier platform 4 that
can be moved in a vertical (z) direction up and down by means of an actuator 12
driving a rotatable axis 10. As may be appreciated, the up and down motion may
also be achieved differently, e.g. hydraulically or by a different type of actuator.
The direction (z) wherein the carrier platform 4 can be translated is indicated by
double arrow 11.

In use, the tangible object 8 is produced on the carrier platform 4 layer
by layer. To this end, a first building material 5 may be applied via a first
applicator 36-1. An additional applicator 36-2 may optionally be present to apply a
second building material 6. Furthermore, additional applicators of a same or
similar type as applicators 36-1 and 36-2 (not present in the embodiments of figure
1) may be present to apply additional building materials if desired. The present
description is not limited to a particular number of different building materials
that can be applied.

The first and second building materials 5 and 6 may be liquids or
powders which may be cured by applying a sufficient amount of energy to it. For
example, the building materials 5 and 6 may comprise a resin that may be cured by
illumination with optical radiation. In order to cure such a resin, sufficient amount
of optical energy must be locally added to cure a voxel of the resin. This may for
example be applied by means of an optical beam such as a laser beam of optical
radiation of a suitable wavelength, intensity and/or duration. The total amount of
energy, or radiation dose required to cure a voxel of the building material 5 or 6 is
dependent on the type of building material and the volume of each voxel (i.e. the

thickness of the layer times the surface area of each pixel). As may be appreciated,
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to apply a sufficient radiation dose for curing a voxel of building material 5 or 6,
the duration of an optical pulse, the intensity of the laser beam, and/or the
wavelength of the radiation may be varied typically.
The building materials 5 or 6 may comprise further building materials
5 such as a metal or ceramic material in powder form, or a functional agent (e.g. a
color agent). For example, the building material 5 or 6 may be a suspension of a
resin or solvent and a further building material in powder form. Metal powder may
for example be mixed with a resin homogeneously, and with a sufficient density of
metal powder within the resin. This allows the layerwise production of metal
10 objects by fusing, sintering or melting the metal powder within the resin, and
removing the resin residue.
Figure 1 only shows the carrier platform 4 upon which the layers
making up the tangible object 8 are to be applied, including applicators 36-1 and
36-2, a sensor 22 and an exposure system (combined elements 18, 21, 25) on a
15 carriage 20. Optionally, the platform 4 of figure 1 may be located inside a container
(not shown) comprising the building material 5 wherein the object 8 is submerged.
To produce the object 8 layer by layer, the carrier platform 4 is moved downward
after the creation of each consecutive layer of the object 8.
After moving the platform 4 downward across the height of one layer,
20  the applicators 36-1 and 36-2 selectively apply a next layer of fresh uncured
building material 5 and 6 on top of the previously built layer of the object 8,
thereby forming a liquid layer of building material having a uniform thickness. The
applicators 36-1 and 36-2 receive the building materials 5 and 6 respectively via
ducts 37-1 and 37-2 from building material reservoirs 39-1 and 39-2. For applying
25  each material 5 and 6, layer data for each layer 9 is obtained by the controller 15
tfrom memory 16. The layer data may be structured as a pixel array, specifying for
each layer 9 where to provide the first building material 5 and where to provide the
second building material 6. For example, the layer data may specify for each pixel
thereof whether the first building material 5 or whether the second building
30  material 6 (or optionally a further building material) must be applied, for forming
each voxel of the layer 9. Controller may, dependent on this layer data, control the

applicators 36-1 and 36-2 to provide either of the building materials 5 and 6.
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As illustrated in figure 1, the apparatus 1 further comprises an
exposure system comprising an optical radiation source 18 and optics 21 and 25 to
allow selective exposure of the building material 5 and 6 for forming the layers of
the object 8. The optical radiation source 18 in the apparatus 1 of figure 1 is a laser

5  unit 18 providing a laser beam 19 to the exposure head on the carriage 20. The
exposure head comprises a mirror 21 which reflects the laser beam 19 onto a
rotatable polygon prism 25. The rotatable polygon prism 25 may for example be
rotated in the direction indicated by arrow 26. Alternatively, instead of a polygon
prism 25, a polygon mirror or a different scanner element may be applied for

10 controllably reflecting the beam 19.

The carriage 20 is moved relative to the platform 4 (and/or the tangible
object 8 thereon) in the direction indicated by double arrow 28. This allows to
selectively apply the first and second building materials 5 and 6 on the previous
layer 9 of the tangible object 8. By rotating the polycon prism 25, for example in the

15 direction indicated by arrow 26, the optical beam 19 can be scanned in a desired
direction across the surface of the object 8. The controller 15 controls the motion of
the carriage 20 as well as operation of the applicators 36-1 and 36-2 to selectively
apply the first building material 5 or the second building material 6. The controller
15 further controls the selective exposure of the uncured resin (5 or 6) to the optical

20  radiation 19 to cure the building material selectively. For controlling the selective
exposure thereof, the controller 15 uses the layer data obtained from memory 16 to
identify which pixel is to be exposed with optical radiation for curing thereof.

The radiation dose required for curing the building material is

dependent on the type of building material, the volume of the voxel (i.e. the size of

25 each pixel as well as the thickness of the layer 9) and the level of curing desired.
Typically, the radiation dose used for curing a building material in an additive
manufacturing process is optimized to prevent later delamination of different
layers and to prevent color differences. Each voxel is therefore typically not fully
cured, but it is cured to a level that allows sufficient bonding with the next layer of

30  building material. The data required for calculating the correct radiation dose per

pixel may be obtained from the memory 16 of the system. Alternatively, the

controller 15 may calculate the radiation dose on the fly using an algorithm

provided to it.
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As explained hereinabove, the incomplete curing of each voxel of for
example building material 5 results in the presence of an oxygen inhibition layer 7
(not visible in figure 1) on top of the cured building material 5. This oxygen
inhibition layer 7 causes the wetting properties of the surface of the top layer of
5  building material 5 to be too good. The application of a second building material 6
onto an inhibition layer 7 would result in an undesired spreading of the building
material 5 across the remainder of the surface of the object 8. To prevent this, in
accordance with the present invention, some of the pixels in the layer underneath
the present layer being applied are selectively cured to a higher level of curing to
10 get rid of the oxygen inhibition layer 7. To be more precise, as will be explained
further below, the controller 15 determines while curing the present layer, which
pixels in the present layer coincide with a featured region in the next layer. The
featured region in the next layer will be the region wherein the second building
material 6 (or a further building material) will be applied in the next layer. Then,
15 at least the pixels that coincide with the contour of the featured region are
identified to be cured to a higher level curing. The dosed of radiation of these
identified pixels is thereafter increased to obtain e.g. full curing and the increased
radiation dose is selectively applied to these pixels such as to locally reduce or
remove the oxygen inhibition layer 7. When the next layer is applied, spreading of
20  the second building material 6 will not occur beyond these contours due to the
absence of an oxygen inhibition layer on the fully cured pixels locally.

To determine the required radiation dose to be applied for each pixel,
the controller 15 may receive sensor readings from sensor 22. Sensor 22 measures
the thickness of the oxygen inhibition layer 7. The thickness of the oxygen

25  inhibition layer is indicative of the level of curing of the building material and
allows to accurately determine an increased radiation dose for obtaining full curing
of a pixel (or curing to a level of curing or in the inhibition layer is insignificant).
The sensor 22 may for example consist of a further laser beam from which an
interference pattern is obtained which is indicative of the thickness of the oxygen

30 inhibition layer 17.

Figure 2 illustrates an alternative apparatus 29 for layerwise
production of a tangible object 8. In the apparatus of figure 2, layers 9 of the

tangible object 8 are attached to a movable carrier platform 30 from which the



WO 2019/199162 PCT/NL2019/050209
12

object 8 to be produced suspends during production. The carrier platform 30 can be
moved up and down by means of an actuator 33. Applicators 36-1, 36-2 and 36-3
apply a layer containing the various building materials (e.g. first building material
5) to a flexible sheet 35 that can be moved underneath the tangible object 8 by
5  means of rollers 40-1 and 40-2. The platform 30, during movement of the layer
underneath the object 8, can be moved slightly upwards to prevent contact of the
layer with the previous layer of the tangible object 8 during motion of the layer.
The flexible sheet 35 may for example be transparent, or at least transparent to the
radiation wavelength of the laser heam 19 provided by laser unit 18. Again, during
10 selective exposure of the building material (e.g. first building material 5, second
building material 6 or a third building material), the laser beam 19 is reflected by
the mirror 21 through a rotatable polygon prism 25 or a similar solution using a
mirror or other deflection means. By moving the carriage 20 including the exposure
head in the directions indicated by arrow 28, a scanning motion across the surface
15 of the layer to be produced allows selective exposure in accordance with a desired
exposure pattern.
The three applicators 36-1, 36-2 and 36-3 illustrated in figure 2 are
respectively connected, via ducts 37-1, 37-2 and 37-3 with three reservoirs 39-1, 39-
2 and 39-3. Building material reservoir 39-1 contains the first building material 5.
20  Building material reservoir 39-2 contains the second building material 6. Building
material reservoir 39-3 contains the third building material. The applicators 36-1
through 36-3 are controlled by controller 15 to selectively apply the desired
building material based on the layer data obtained from memory 16. The controller

15 also controls operation of the carriage 20, and the elements of the exposure

oy |

head, e.g. optical source 18 and polygon prism 25.

Figures 3A through 3C schematically illustrate the problem
encountered when printing a second building material on top of a cured first
building material including an oxygen inhibition layer, as well as various solutions
provided by the present invention. In figure 3A, in step 1, a previously cured first
30  layer is illustrated including a first building material 5 (material A) on top of which
an oxygen inhibition layer 7 remains after curing. In the subsequent step 2, a
second building material 6 (material B) is applied on top of the first layer. Due to

the present oxygen inhibition layer 7, as illustrated in step 3, the second building
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material 6 will spread across the surface of the first layer. Therefore, in step 4 the
shape of the second building material 6 is much larger than intended.
A solution illustrated in figure 3B, in accordance with the present
invention, proposes to determine a region 60 on the surface 58 of the first layer
5 that coincides with a featured region in the next (to be printed) second layer. In
fact, in accordance with the solution of figure 3B, all the pixels that coincide with
this featured region in the second layer are identified as being part of the region
60. The pixels making up the region 60 are cured with an increased radiation dose
such as to fully cure the building material 5. The oxygen inhibition layer 7 will
10 therefore be absent after curing of the region 60. The oxygen inhibition layer 7 will
only be present on the remainder of the surface 58 that is cured using the normal
calculated radiation dose for curing of building material 5. Then in step 2, due to
the additional curing of the building material 5, the wetting will be locally less then
in the oxygen inhibition layer 7, allowing the second building material 6 to be
15 printed without spreading. The second building material 6 therefore stays where it
is printed as illustrated in step 2 of figure 3B.
In fact, as illustrated in figure 3C, the solution of the present invention
may be applied slightly different by determining only the contours 61 of the region
60 that coincides with the featured region in the subsequent second layer. Hence,
20  asillustrated in figure 3C, the controller first determined the contours 61 of the
region 60 that coincides with the featured region of the subsequent second layer.
The controller identifies the pixels that make up the contour 61. This may be the
outer contour of the region 60 (as illustrated in figure 3C), the inner contour of the
region 60 or any pixel through which the boundary of the featured region crosses
25  the pixel area. Once these pixels are determined, the pixels 61 making of the
contours are cured with the increased radiation dose, such that the oxygen
inhibition layer 7 will not be present in these contours 61. When the second
building material 6 is applied onto the first building material 5, as illustrated in
step 2 of figure 3C, due to the diminished wetting of the contour, the second
30  building material 6 stays in the featured region (the region on top of the region 60
in the first layer).
A step by step description is provided by means of figures 4A through
4C. Figure 4A illustrates the last cured layer 9 of the tangible object 8. A fresh
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layer n of the first building material 5 has been applied on top of the layer 9. The
fresh layer n is roughly divided in voxels 45, the upper surtaces of which form
pixels coinciding with the pixels of the layer data specified in the memory of the
additive manufacturing system. The controller 15 determines for each pixel 47 the

5 radiation dose required for curing the pixel 47 to the desired level of curing for that

respective pixel. For example, such radiation dose may be specified with that layer
data in the memory 16 of the controller. Alternatively, the radiation dose may be
determined on the fly by the controller 15. As a further alternative, the system may
apply a standard radiation dose per building material, optimized for the layer

10 thickness, and may increase this standard radiation dose with a calculated or
obtained amount for those pixels 47 that require an increased radiation dose to
achieve a higher level of curing. In figure 4A, for each of the pixels 47, the radiation
dose 45 and 45 has been indicated schematically by the bars above layer n. Some of
the pixels 47 receive a lower radiation dose 45, while some other of the pixels 47

15 receive an increased radiation dose 45

In fact, the pixels receiving the higher radiation dose 45 are those pixels
that coincide with the pixels forming the featured region in the subsequent second
layer (layer n+1) wherein the second building material 6 is to be applied. This is
illustrated in figure 4B. In figure 4B, the pixels 47 that have received a higher dose

20  of radiation 45" are cured to a higher level and are indicated by reference numeral
5. On these pixels, the oxygen inhibition layer 7 is absent. As a result, as is
illustrated in figure 4C, when the layer n+1 is applied, the second building
material 6 applied on top of the fully cured region 5 will not spread across the
surface.

25 The same effect may be achieved by only exposing the contour pixels
with the increased dose 45, Figures 5A through 5C illustrate this alternative
embodiment. Here, the pixels coinciding with the inner contour of the featured
region are exposed to an increased radiation dose 45 (see figure 5A). As illustrated
in figure 5B, only certain pixels that make up the contour of the featured region are

30  fully cured and contain the fully cured building material 5. The oxygen inhibition
layer 7 will be present elsewhere on the surface of layer n. Figure 5C illustrates the

application of a fresh first building material 5 and a fresh second building material
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6 in the layer n+1. As illustrated in figure 5C, the second building material 6 will
not spread across the contour of the featured region.
Figure 6 schematically illustrates the sensor 22 for sensing the
thickness of the inhibition layer. Measuring of the thickness of the oxygen
5  inhibition layer on the cured material 5 allows to more accurately determine the
increased radiation dose required for getting rid of the oxygen inhibition layer
without overcuring of the material. To measure the oxygen inhibition layer 7, the
sensor 22 comprises a laser 50 that provides a laser beam 54 which impinges onto
the cured material 5. A first fraction 55 of the laser beam 54 will be reflected by the
10 interface between the oxygen inhibition layer 7 and the ambient air. This first
fraction 55 will be reflected towards the optical sensor 51. A second fraction 56 will
be reflected by the interface between the oxygen inhibition layer and the cured
material 5. Also this fraction 56 will be reflected towards the optical receiver 51.
The most reflected fractions 55 and 56 will create an interference pattern on the
15 surface of the optical receiver 51. Analysis of this interference pattern will allow to
accurately determine the thickness of the oxygen inhibition layer 7. This
information will be used to determine either the absolute radiation dose to be
applied to the first building material 5 for fully curing it, or the additional
radiation dose required in addition to the standard radiation dose for fully curing
20 the first building material 5 to get rid of the oxygen inhibition layer.

The present invention has been described in terms of some specific
embodiments thereof. It will be appreciated that the embodiments shown in the
drawings and described herein are intended for illustrated purposes only and are
not by any manner or means intended to be restrictive on the invention. It is

25  believed that the operation and construction of the present invention will be
apparent from the foregoing description and drawings appended thereto. It will be
clear to the skilled person that the invention is not limited to any embodiment
herein described and that modifications are possible which should be eonsidered
within the scope of the appended claims. Also kinematic inversions are considered

30  inherently disclosed and to be within the scope of the invention. Moreover, any of
the components and elements of the various embodiments disclosed may be

combined or may be incorporated in other embodiments where considered
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necessary, desired or preferred, without departing from the scope of the invention
as defined in the claims.

In the claims, any reference signs shall not be construed as limiting the
claim. The term ‘comprising' and ‘including” when used in this description or the
appended claims should not be construed in an exclusive or exhaustive sense but
rather in an inclusive sense. Thus the expression ‘comprising’ as used herein does
not exclude the presence of other elements or steps in addition to those listed in
any claim. Furthermore, the words ‘a” and ‘an’ shall not be construed as limited to
‘only one’, but instead are used to mean ‘at least one’, and do not exclude a
plurality. Features that are not specifically or explicitly described or claimed may
be additionally included in the structure of the invention within its scope.
Expressions such as: "means for ...” should be read as: "component configured for
.or "member constructed to ..." and should be construed to include equivalents
for the structures disclosed. The use of expressions like: "eritical", "preferred”,
"especially preferred” etc. is not intended to limit the invention. Additions,
deletions, and modifications within the purview of the skilled person may generally
be made without departing from the spirit and scope of the invention, as is
determined by the claims. The invention may be practiced otherwise then as

specifically described herein, and is only limited by the appended claims.
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Claims

1. Method of forming an object by means of additive manufacturing, the
method comprising consecutively providing a plurality of layers of building
material, and selectively curing one or more pixels of each of the layers during

printing thereof, the method comprising:

5 providing a first layer of a first building material onto a support surface
or a preceding layer;
selectively exposing, in accordance with layer data, one or more pixels
in the first layer to a dose of radiation;
characterized by:
10 identifying, based on the layer data, one or more contour pixels in the

first layer that coincide with a contour of a featured region of a subsequent second
layer, the featured region of the second layer to be provided using a second building
material different from the first building material;

increasing, prior to said selectively exposing, a radiation dose for the

15  identified contour pixels; and

wherein the step of selectively exposing includes exposing the one or
more contour pixels using the increased radiation dose.
2. Method according to claim 1, further comprising providing a second
layer of building material onto the first layer, wherein the second layer includes

20  the featured region, wherein the featured region is provided by printing of the
second building material in accordance with the layer data, and

curing one or more pixels in the second layer.
3. Method according to claim 1 or 2, wherein the contour of the featured
region is at least one of:

25 an outer contour, including pixels that are over at least 50% of their
surface area located outside a boundary of the featured region, or pixels that are
contiguous thereto and located outside the featured region; or

an inner contour, including pixels that are over at least 50% of their
surface area located inside a boundary of the featured region, or pixels that are

30  contiguous thereto and located inside the featured region.
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4. Method according to any of claims 1-3, further comprising identifying,
in addition to the one or more contour pixels, one or more fill-in pixels in the first
layer that coincide with the featured region in the second layer; and

wherein the step of selectively exposing further includes exposing the

5  one or more fill-in pixels using the increased radiation dose.
5. Method according to any of the preceding claims, wherein after at least

one of the one or more pixels in the first layer has been selectively exposed to the
dose of radiation, further comprising a step of measuring a thickness of an oxygen
inhibhition layer at a location of the at least one pixel.

10 6. Method according to claim 5, wherein the measuring of said thickness of
the oxygen inhibition layer is performed by impinging a radiation beam at the
location of the at least one pixel and analyzing an interference pattern provided by
the reflected fractions of the radiation beam.

7. Method according to claim 5, wherein the measuring of said thickness of

15  the oxygen inhibition layer is performed by measuring a height position of a
surface of the first layer at the location of the at least one pixel, and comparing the
measured height position with a reference height position.

8. Apparatus for forming an object by means of additive manufacturing,
the apparatus comprising:

20 a carrier providing a support surface for supporting the object to be
formed:

an applicator configured for consecutively providing a plurality of layers
of building material onto the carrier; and

a radiation source for selectively curing one or more pixels of each of the

25  layers during application thereof;
wherein the applicator is configured for providing a first layer of a first
building material onto the support surface or onto a preceding layer of the object
being formed,;
wherein the radiation source is configured for selectively exposing, in
30 accordance with layer data, one or more pixels in the first layer to a dose of
radiation;
characterized in that, the apparatus further comprises:
a controller configured for identifying, based on the layer data, one or

more contour pixels in the first layer that coincide with a contour of a featured
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region of a subsequent second layer, the featured region of the second layer to be
provided using a second building material different from the first building
material;

wherein the controller is further configured for determining, prior to
said selectively exposing, an increased radiation dose for the identified contour
pixels; and

wherein the radiation source is configured for, during said selectively
exposing, exposing the one or more contour pixels using the increased radiation
dose.
9. Apparatus according to claim 8, wherein the applicator is further
configured for providing a second layer of building material onto the first layer,
wherein the second layer includes the featured region, and for providing the
featured region by applying the second building material in accordance with the
layer data.
10. Apparatus according to claim 8 or 9, wherein for identifying the one or
more contour pixels, the controller is configured for determining the contour of the
featured region as at least one of:

an outer contour, including pixels that are over at least 50% of their
surface area located outside a boundary of the featured region, or pixels that are
contiguous thereto and located outside the featured region; or

an inner contour, including pixels that are over at least 50% of their
surface area located inside a boundary of the featured region, or pixels that are
contiguous thereto and located inside the featured region.
11. Apparatus according to any of the claims 8-10, wherein the controller is
further configured for identifying, in addition to the one or more contour pixels, one
or more fill-in pixels in the first layer that coincide with the featured region in the
second layer; and

wherein the radiation source is further configured selectively exposing
the one or more fill-in pixels using the increased radiation dose.
12. Apparatus according to any of the claims 8-11, further comprising a
sensor for measuring a thickness of an oxygen inhibition layer at a location of at
least one of the one or more pixels of the first layer after said at least one pixel has

been exposed to the dose of radiation.
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13. Apparatus according to claim 12, wherein the sensor for measuring the
thickness of the oxygen inhibition layer includes a sensing radiation source for
impinging a sensing beam at the location of the at least one pixel, and a receiver
for receiving one or more reflected fractions of the sensing beam, wherein the
5  controller is further configured for analyzing an interference pattern provided by
the reflected fractions of the radiation beam.
14. Apparatus according to claim 12, wherein the sensor for measuring the
thickness of the oxygen inhibition layer includes a sensor for measuring a height
position of a surface of the first layer at the location of the at least one pixel, and
10 wherein the controller is further configured for comparing the measured height
position with a reference height position for determining the thickness of the
oxygen inhibition layer.
15. Object manufactured by means of a method according to any of the
claims 1-7 or by using an apparatus according to any of the claims 8-14, the object
15 including at least a first layer comprising one or more pixels of cured first building
material, wherein at least one or more contour pixels in the first layer that coincide
with an outer or inner contour of a featured region of a subsequent second layer are
cured using an increased radiation dose, the object further including a second
layer, wherein the second layer includes the featured region, and wherein the
20  featured region comprises the second building material.
16. Computer program product suitable for being loaded into a memory of
controller system of an additive manufacturing apparatus, wherein the computer
program product is adapted to perform the method according to any of the claims 1-

7 for manufacturing an object in accordance with claim 15 by means of additive

25  manufacturing.

30
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