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GENERATING THREE-DIMENSIONAL OBJECTS WITH TARGET SURFACE
ROUGHNESS

BACKGROUND

[0001] Additive manufacturing systems that generate three-dimensional objects on a
layer-by-layer basis have been proposed as a potentially convenient way {¢ produce
three-dimensional objects. The quality of objects produced by such systems may vary
widely depending on the type of additive manufacturing technology used.

BRIEF DESCRIPTION

Some examples are described with respect o the foliowing figures:

[0002] FIG. 1 lllustrates a system Tor generaling a three-dimensional object according
{0 some examples;

[0003] FIG. 2 is a flow diagram Hllustrating a method according {o some examples;
[0604] FIG. 3 is a block diagram illustraling a non-transitory computer readable
storage medium according {0 some examples;

[O008] FIG. 4 is a simplified isometric llustration of an additive manufacturing system
according to some examples;

[0006] FIG. 5is a flow diagram illustrating a method of generating a three-dimensional
object according to some examples;

[00G07] FIG. 6a shows three-dimensional object design data representing a three-
dimensional object according to some exampigs;

10608] FIGS. 6b-d show slice data representing a three-dimensional object according
o some examples;

[0008] FIGS. 7a-d show a series of cross-sectional side views of layers of build
matlerial according to some examples; and

1600107 FIGS. 8a-d show a series of top views of layers of build material according to
some examples.

DETAILED DESCRIPTION

[08011] The following terminology is understood 0 mean the following when recited by
the specification or the claims. The singular forms “a,” “an,” and “the” mean “one or
more.” The terms “including” and “having” are intended to have the same inclusive

meaning as the term “comprising.”
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(60012} Some additive manufacturing systems generale three-dimensional objects
through the solidification of portions of successive layers of bulld material, such as a
powdered or liguid build material. The properties of generated objects may be
dependent on the type of build material and the type of solidification mechanism used.
in some examples, solidification may be achieved by using an agent distributor o
deliver a binder agent which binds and sclidifies build material info a binder matrix,
which is a mixiure of generally separate particles or masses of build material that are
adhesively bound together by a binder ageni in other examples, solidification may be
achieved by lemporary application of energy o the bulld material. This may, for
example, involve use of a coalescing agent, which is a material that, when a suilable
amount of energy is applied to a combination of build material and coalescing agent,
may cause the build material 10 coalesce and solidify. For example, the coalescing
agent may act as an absorber of applied energy such that the portions of build material
having coalescing agent experience coalescence and solidification. in some
examples, a multiple agent additive manufacturing system may be used such as that
dascribed in PCT Application No. PCT/EP2014/050841 filed on January 16, 2014,
entiied "GENERATING A THREE-DIMENSIONAL OBJECT", the entire contents of
which are hereby incorporated herein by reference. For example, in addition to
selectively delivering coalescing agent {o layers build malerial, coalescence modifier
agent may aiso be selectively delivered {o layers of build material. A coalescencs
modifier agent may serve to modify the degree of coalescence of a portion of build
material on which the coalescence modifier agenl has been delivered or has
penatrated. In yet other examples, other methods of solidification may be used, for
example selective laser sintering (SL3), light polymerization, among others. The
examples described herein may be used with any of the above additive manufacituring
systems and suilable adaptations thereof.

(600131 in some examples, there may be difficulty and expense in altempting o
achieve suitable surface properties of an object, for example surface smoothness and
roughness. Accordingly, the present disclosure provides examples for achieving a
target surface roughness by generating the object using data representing that agent
is to be delivered at a first contone density of agent in an interior portion of the objact,
and at sscond contone density different from {e.g. higher or lower than) the first

contone density in a surface portion of an cbiecl. In some examples, using data
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representing different conlone densities in these different portions may allow for an
effective, fast, and inexpensive way {0 achieve a larget surface roughness. As
understood herein, a surface roughness may relate to unevenness on the surface, for
example due fo irreqularities, breaks, or projections on the surface. Thus, surface
roughness is the inverse of surface smoothness, and therefore the usage herein of

"surface roughness” is equivalent {0 the usage of “surface smoothness” except that
high surface roughness is equivalent to low surface smoothness, and vice versa. As
understood herein, a "contone density” is the spatial density at which drops of agent
are delivered 1o a portion of build material.

[06014] FIG. 1 is a block diagram illustrating a system 100 for generating a three-
dimensional object according to some examples. The system 100 may include an
agent distributor or an interface 0 receive the agent distributor 102, The agent
distributor may be o selectively deliver agent onto portions of successive layers of
build material al a first contone density and at a second contone density different from
the first conione density. The systern 100 may include a controller 102 to control the
agent distribuior to selectively deliver the agent at the first and second conione
densities respectively onto an interior portion and a surface portion of the layers in
respective first and second palterns in accordance with data representing a three-
dimensional object to be generaled, so that the build material is to solidify to form
slices of the three-dimensional obiect in accordance with the first and second patterns,
and so that the three-dimensional object is {o achieve a targst surface roughness as
a result of the second contone density of the second patiern,

[600158] FIG. 2is a flow diagram Hliustrating a method 110 according to some examples.
At 112, a laver of build material may be formed. At 114, coalescing agent may be
selectively deposited to an interior portion of the layer in a first pattern at a first contone
density such that the interior portion solidifies {o form a first part of a slice of g three-
dimensional object in accordance with the first pattern. At 116, coalescing agent may
be seleclively deposiled to a surface portion of the layer in a second patltern at a
sacond contone density different from the first contong density such that the surface
portion solidifies to form a second part of the slice in accordance with the second
pattern and o achieve a target surface roughness.

[00016] FIG. 3 is a block diagram illustrating a non-transitory compuler readable

storage medium 120 according to some examples. The medium 120 may include
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instructions 122 that when sxeculed by a processor, cause the processor to oblain
data representing a three-dimensional object 1o be generated. The dala may include
interior and surface portions defining where agent is to be delivered at a first contone
density. The medium 120 may include instructions 124 that when exscuted by a
processor, cause the processor (o modify the data in the surface portion to define that
the agentis to be delivered at a second contone density different from the first contone
density. The medium 120 may include instructions 126 that when execuled by a
processor, cause the processor to control an agent distributor to deliver the agent at
the first and second contone densities respactively onto layers of build material in
respective first and second patlerns in accordance with the modified data, such that
the faver is to solidify to form a slice of the three-dimensional object in accordance with
the first and second patterns, and such that the three-dimensional objectis to achieve
a target surface roughness due {o the second patiern.

(000171 FIG. 4 is a simplified isomelric lllustration of an additive manufacturing system
200 according to some examples. The system 200 may be operated as described
further below with reference {o the flow diagram of FIG. 5 to generale a three-
dimensional object.

[60018] In some examples the build material may be a powder-based build material.
As used herein the term powder-based materials is intended to encompass both dry
and wet powder-based materials, particulate materials, and granular materials. in
some sxampies, the bulld material may include a mixiure of air and solid polymer
particles, for example al a ralio of about 40% air and aboul 60% solid polymer
particies. One suitable material may be Nylon 12, which is available, for example, from
Sigma-Aldrich Co. LLC. Another suitable Nylon 12 material may be PA 2200 which is
available from Electro Optical Systems EOS GmbH. Other examples of suilable build
materials may include, for example, powdered metal materials, powdered composite
materials, powderad ceramic materials, powdered glass materials, powdered resin
material, powdered polymer malerials, and the like, and combinations thereof. it
should be understood, however, that the examples described herein are not limited to
powder-based materials or 0 any of the materials listed above. in other examples the
build material may be in the form of a paste, liquid or a gel. According to one example

a suilable build material may be a powdered semi-crystalline thermoplastic material.
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[08018] The additive manufacturing system 200 may include a system controlier 210
Any of the operations and methods disclosed herein (s.g. in FIG. 5) may be
implemented and controlied in the additive manufacturing system 200 and/or controller
210. A coniroller, as understood herein, comprises (1) a non-transilory compuler-
readable storage medium comprising instructions to perform operations and methods
disclosed herein, and a processor or circuilry coupled to the non-transitory computer-
readable storage medium to exgcute the instructions; or comprises (2) circuitry 1o
parform the operations and methods disclosed hersin,

1600207 The controller 210 may include a processor 212 for executing instructions that
may implement the methods described herein. The processor 212 may, for exampls,
be a microprocessor, a microconiroller, a programmable gate array, an application
specific integrated circuit (ASIC), a computer processor, or the like. The processor 212
may, for example, include multiple cores on a chip, multiple cores across muitiple
chips, mulliple cores across mulliple devices, or combinations thereof. In some
examples, the processor 212 may include at least one integrated circuit (IC}, other
control logic, other slectronic circuits, or combinations thereof.

(600211 In some examples, the coniroller 210 may support direct user interaction. For
example, the additive manufacturing system 200 may include user input devices
coupled to the processor 212, such as a keyboard, touchpad, buttons, keypad, dials,
mouse, track-ball, card reader, or other input devices. Additionally, the additive
manufacturing system 200 may include output devices coupled to the processor 212,
such as a liquid crystal display (LCD), video monitor, touch screen display, a light-
ernilting diode (LED), or other output devices. The output devices may be responsive
to instructions to display textual information or graphical data. The processor 212 may
be in communicalion with a compuler-readable storage medium 216 via a
communication bus. The computer-readable storage medium 216 may include a single
medium or mulliple media. For example, the computer readable storage medium 216
may include one or both of a memory of the ASIC, and a separate memory in the
controfler 210, The compuler readable storage medium 216 may be any elaectronic,
magnetic, optical, or other physical storage device. For example, the computer-
readable storage medium 216 may be, for example, random access memory {RAM},
static memory, read only memory, an electrically erasable programmable read-only

memory (EEPROM), a hard drive, an oplical drive, a storage drive, a CD, a BVD, and
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the like. The computer-readable storage medium 216 may be non-transitory. The
computer-readable slorage medium 216 may store, encode, or carry compuiter
executable instructions 218 thai, when exacuted by the processor 212, may cause the
processor 212 o perform any of the methods or operations disclosed herein according
fo various examples. in other examples, the controller 210 may not include a
computer-readable storage medium 218, and the processor may comprise circuitry 1o
perform any of the methods or operations disclosed herein without executing separate
instructions in a computer-readable storage medium.

1600221 The system 200 may include a coalescing agent distributor 202 o selectively
deliver coalescing agent {o successive layers of build material provided on a support
member 204. According to one non-iimiting exampie, a suitable coalescing agent may
be an ink-type formulation comprising carbon black, such as, for example, the ink
formulation commercially known as CM997A available from Hewlett-Packard
Company. In one example such an ink may additionally comprise an infra-red light
absorber. In one example such an ink may additionally comprise a near infra-red light
absorber. In one example such an ink may additionally comprise a visible light
absorber. In one example such an ink may additionally comprise a UV light absorber.
Examples of inks comprising visible light enhancers are dye based colored ink and
pigment based colored ink, such as inks commercially known as CM8S3A and
CED42A available from Hewleit-Packard Company.

(600231 The system 200 may also include a coalescence modifier agent distributor 206
o selectively deliver coalescence modifier agent to a layer of build material provided
on the support member 204, A coalescence modifier agent may serve {0 modify, e.g.
reduce or increase, the degree of coalescence of a portion of build material on which
the coalescence modifier agent has been delivered or has penetraled. Different
physical and/or chemical effects may be used o modify the effects of a coalescing
agent. An exampie of a coalescence modifier agent that may reduce the degree of
coalescence may, for example, be a colioidal ink, a fully water soluble ink, a polymer-
based ink, a salt solution, or an agent comprising a high percentage of water. An
example of a coealescence modifier agent thalt may increase the degree of
coalescence may, for example, be a surface tension modifier {0 increass the

wetlabilily of particles of build malerial, or a suitable plasticizer.
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(600247 Althcugh the description of agent distributor 202 is described hersin as
delivering coalescing agent, itis undersiood that in some examples, binder agent may
be delivered by the agent distributor 202 rather than coalescing agent. Thus, the
disclosure herein is infended o encompass examples in which binder agent is used in
place of coalescing agent.

1608025] The controlier 210 may control the selective delivery of the agenis o alayer of
provided build material in accordance with the instructions 218.

[00028] The agent distributors 202 and 206 may be printheads, such as a thermal inkjet
printheads or a piezo inkjel printheads. In one example, printheads such as those
commonly used in commercially available inkjet printers may be used. In other
examples, the agents may be delivered through spray nozzles rather than through
printheads. Other delivery mechanisms may be used as well.

1800271 The coalescing agent distributor 202 may inclide a supply of coalescing agent
or may be conneclable o a separate supply of coalescing agent. The coalescing agent
distributor 206 may include a supply of coalescence modifier agent or may be
connactable to a separate supply of coalescence modifier agent.

[06028] The agent distributors 202 and 206 may be used o selectively deliver, e.g.
deposit, agents when in the form of suitable fluids such as a liquid. In some examples,
the agent distributors 202 and 206 may have arrays of nozzles through which the agent
distributors 202 and 206 are o selectively eject drops of fluid. In some examples, each
drop may be in the order of about 10 pico liters (pl) per drop, although in other
examples the agent distributors 202 and 2086 are able to deliver a higher or lower drop
size. In some examples, each drop may be in the order of about 5 nanograms to about
20 nanograms, although in other examples the agent distributors 202 and 206 are able
to deliver drops having higher or lower masses. In some examples, the agent
distributors 202 and 206 are able to deliver variable size and variable mass drops.

1600291 In some examples, the agent distribulors 202 and 208 may be {0 selectively
deliver drops of agents at variable {e.g. different) conione densities. In some
examples, in interior and surface portions of an object, the contone densities may be
between about 0.25 to about 4 drops, or between about 0.5 {0 about 2 drops (e.g. 05
drops, 1 drop, or 1.5 drops, or 2 drops) per 600 dpi (dois per inch) i.e. 1/600 x 1/600
inch region (1/3680,000 sguare inches). In some examples, the conlone densily in the

surface portions may be selected to achieve a target surface roughnessin other
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examples, the agent distributors 202 and 206 may be o deliver drops of agents at
higher or lower contone densities.

(8006301 In some examples the coalescing agent may comprise a liguid carrier, such as
water or any other suifable solvent or dispersant, to enable it 1o be delivered via a
printhead.

1600311 in some examples the printheads may be drop-on-demand printhead. In other
examples the printhead may be continuous drop printhead.

(600321 in some examples, the agent distributors 202 and 206 may be integral parts of
the system 200. In some examples, the agent distributors 202 and 206 may be user
replaceable, in which case they may be removably insertable info suitable agent
distributor receivers or interface of the system 200.

1600331 in some examples a single agent distributor, such as a printhead, may be used
{o selectively deliver both coalescing agent and coalescence modifier agent. For
example, a first set of nozzles of the agent distributor may be o deliver coalescing
agent, and a second set of nozzies of the agent distributor may be o deliver
coalescence modifier agent.

(000341 in the example illustrated in FIG. 4, the agent distributors 202 and 206 may
have lengths that enables then to span the whole width of the support member 204 in
a so-called page-wide array configuration. In one example this may be achieved
through a suitable arrangement of mulliple printheads. In other examples a single
printhead having an array of nozzles having a length to enable them o span the width
of the support member 204 may be used. In other examples, the agent distributors
202 and 206 may have shorter lengths that do not enable them to span the whole
width of the support member 204,

[G63035] The agent distributors 202 and 206 may be mounied on a moveable carriage
to enable them to move bi-directionally across the length of the support member 204
along the illustrated y-axis. This enables selective delivery of agents across the whole
width and length of the support member 204 in a single pass. In other examples the
agent distributors 202 and 206 may be fixed, and the support member 204 may move
refative to the agent distributors 202 and 206.

[B0036] In other examples, the agent distributors 20 and 206 may be fixed, and the

support member 204 may move relalive to the agent disiributors.
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[08037] it should be noted that the term ‘width’ used herein is used {o generally dencie

the shortest dimension in the plane paraliel 1o the x and v axes illustrated in FIG. 4,
whilst the term ‘length’ used herein is used to generally denote the longest dimension
in this plane. However, it will be undersiood that in other examples the term ‘width’
may be interchangeable with the term ‘lengthy’. For example, in other examples the
agent distributors 202 and 206 may have lengths that enables them 10 span the whole
length of the support member 204 whilst the moveable carriage may move bi-
directionally across the width of the support member 204.

1606381 in another example the agent distributors 202 and 206 do not have lengths
that enables them to span the whole width of the support member but are additionally
movable bi~directionally across the width of the support member 204 in the illustrated
x-axis. This configuration enables selective delivery of agents across the whole width
and length of the support member 204 using multiple passes. Other configurations,
however, such as a page-wide array configuration, may enable three-dimensional
objects to be created faster.

(606381 The system 200 may further comprise a build material distributor 224 {o form
successive layers of build material on the support member 204, Suitable build material
distributors 224 may include, for example, a wiper blade and a roller. Builld material
may be supplied to the build material distributor 224 from a hopper or build material
store. In the example shown the build material distributor 224 moves across the length
{y-axis} of the support member 204 to form a layer of build maierial. As previously
described, a layer of build malerial will be deposited on the support member 204,
whergas subsequent layers of build material will be deposited on a previously
deposited layer of build material. The build material distributor 224 may be a fixed part
of the system 200, or may not be a fixed part of the system 200, instead being, for
example, a parl of a removable module. In some examples, the build material
distributor 224 may be mounted on a carriage.

16004087 in some examples, the thickness of each iayer may have a value selected from
the range of between about 15 to about 300 microns, or about 15 {0 about 200 microns,
or about 50 to about 200 microns, 80 to about 110 microns, or about 250 microns,
although in other examples thinner or thicker layers of build material may be provided.
The thickness may be controlled by the controller 210, for example based on the

instructions 218.
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[00041] In some examples, there may be any number of additional agent distributors
and build material distributors relative to the distributors shown in FIG. 4. In some
examples, the distributors of system 200 may be locaied on the same carriage, either
adjacent to each other or separaled by a shorl distance. in other examples, two or
more carriages each may contain a distributor. For example, each distributor may be
incated in s own separate carriage. Any additional distributors may have similar
features as those discussed earlier with reference to the coalescing agent disiributors
202 and 206. However, in some examples, different agent distributors may deliver
different coalescing agents and/or coalescence modifier agents, for example.

(38342 In the example shown the support member 204 is moveable in the z-axis such
that as new layers of build malerial are deposiied a predelermined gap is maintained
between the surface of the most recently deposited layer of builld material and lower
surface of the agent distributors 202 and 206. In other examples, however, the support
member 204 may not be movable in the z-axis and the agent distributors 202 and 206
may be movable in the z-axis.

1600431 The system 200 may additionally inciude an energy source 226 to apply energy
to build material to cause the solidification of portions of the build material according
to where coalescing agent has been delivered or has penelfrated. In some examples,
the energy source 226 is an infra-red (IR) radiation source, near infra-red radiation
source, halogen radiation source, or a light emitling dicde. In some examples, the
energy source 226 may be a single energy source that is able to uniformly apply
energy 1o build material deposited on the support member 204. In some exampies, the
energy source 226 may comprise an array of energy sources.

[06044] In some examples, the energy source 226 is configured 1o apply energy in a
substantially uniform manner {0 the whole surface of a layer of builld matlerial. In these
examples the energy source 226 may be said 1o be an unfocused energy source. In
these examples, a whole layer may have energy applied thersto simultaneously, which
may help increase the speed at which a three-dimensional object may be generated.

[08045] In other examples, the energy source 226 is configurad to apply energy in a
substantially uniform manner {0 a portion of the whole surface of a layer of build
material. For example, the energy source 226 may be configured to apply energy {0 a
strip of the whole surface of a layer of bulld material. In these examples the energy

source may be moved or scanned across the layer of builld material such that a
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substantially equal amount of energy is ullimately applied across the whole surface of
a layer of build material.

[00046] In some examples, the energy source 226 may be mountad on a moveable
carriage.

1000471 in other examples, the energy source 226 may apply a variable amount of
energy as it is moved across the layer of build material, for example in accordance
with instructions 218. For example, the controller 210 may conirol the energy source
to apply energy o portions of build material on which coalescing agent has been
applied but not to portions of build material on which coalescing agent has not been
applied.

[G0048] in further examples, the energy source 226 may be a focused energy source,
such as a laser beam. In this example the laser beam may be controlled {o scan across
the whole or a portion of a layer of build material. In these examples the laser beam
may be controlied to scan across a layer of build material in accordance with agent
delivery control data. For example, the laser beam may be controlied {0 apply energy
to those portions of a layer of on which coalescing agent is delivered.

(630481 The combination of the energy supplied, the build material, and the coalescing
agent may be selected such that i} portions of the build material on which no
coalescing agent have been delivered do not coalesce when energy is temporarily
applied thereto; i) portions of the build material on which coalescing agent, but not
coalescence modifier agent, has been delivered or has penelrated coalesce when
energy is temporarily applied thereto do coalesce; i) portions of the build material on
which coalescence modifier agent, but not coalescing agent, has been delivered or
has penetrated do not coalesce when energy is temporarily applied thereto; and iv)
portions of the build material on which both coalescing agent and coalescence modifier
agent have been delivered or have penefrated may undergoe a modified degree of
coalescence. The degree of modification may depend on the properties, proportions,
and delivery patterns of the coalescing agent and the coalescence modifier agent, the
properties of the build material, and the chemical inleractions between the coalescing
agent, coalescence modifier agent, and build material.

[060580] Although not shown in FiG. 4, in some examples the system 200 may
additionally comprise a pre-healer to mainiain build malerial deposited on the support

member 204 within a predetermined temperature range. Use of a pre-heater may help
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reduce the amount of energy that has to be applied by the energy source 226 to cause
coalescence and subsequent solidification of build material on which coalescing agent
has been delivered or has penetrated.

[00051] FIG. & is a flow diagram illustrating a method 300 of generaling a three-
dimensional object according t© some examples. In some examples, the orderings
shown may be varied, some elemenis may occur simultaneously, some elements may
be added, and some elements may be omitled,

(600521 in describing FIG. 5, reference will be made o FIGS. 4, 6a-¢, 7a-d, and 8a-d.
FIG. 6a shows three-dimensional object design data representing a three-dimensional
object according to some examples, FIG. 6b-d show slice data representing a three-
dimensional object according to some examples. FIGS. 7a-d show a serigs of cross-
sectional side views of layers of build material according to some examples. FIGS. 8a-
¢ show a series of top views of layers of build material according to some examples.
A top view of layers along ling Ga-6a of FIG. 7a is shown in FiG. 8a, and a cross
sectional side view along lines 5a-a of FIG. 8a is shown in FIG. 7a. Atop view of layers
along line 8b-6b of FIG. 7b is shown in FIG. 8b, and a cross sectional side view along
iines 5b-b of FIG. 8h is shown in FIG. 7b. A top view of layers along line 8c-6¢ of FIG.
7¢ is shown in FIG. 8¢, and a cross sectional side view along lines 5c-c of FIG. 8cis
shown in FIG. 7¢. A top view of layers along line 68d-8d of FIG. 7d is shown in FIG. 8d,
and a cross sectional side view along lines 5d-d of FIG. 8a is shown in FIG. 7d. It
should be understood that FIGS. 6a-c, 7a-d, and 8a-d are highly schematic. For
example, the illustrated dimensions including lengths and widths are not necessarily
scaled in a way representative of actual generation of the three-dimensional object.

[060583] At 302, three-dimensional object design data 400 may be oblained, e.g.
received or generaled, by the controller 210. As shown in the example of FIG. 8a,
three-dimensional object design data 400 may include object model data 402
representing a three-dimensional mode! of an object to be generated, and/or object
property data representing properties of the object, including but not limited {o surfacs
roughness data 404, density data, strength data, and the like. The object model data
402 may define the solid portions of the object, and the surface roughness data 404
may define target roughness of the surface of the object. In some examples, different
portions of the surface may have different target roughnesses. For exampie, the object

model data 402 shows six surfaces on a cuboid shaped object. Each of the six
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surfaces may have a different target surface roughness. In some examples, each of
the six surfaces may itself have different target roughnesses for different portions of
the respective surface. In some examples, the surface roughness data 404 may
include target roughnesses for some surfaces but not for other surfaces.

[60054] The three-dimensional object design data 400 may be received, for exampile,
from a user via an input device 220, as input from a user, from a software driver, from
a software application such as a compuler aided design (CAD) application, or may be
obtained from a memory storing default or user-defined cbject design data and object
property data.

[000G55] At 304, the object model data 402 may be processed by the controlier 210 or
a three-dimensional object processing sysiem o generate slice data 406a-c
representing slices 408a-¢ of paralle! planes of the model, as shown in FIG. 6b.

(600561 tach slice 408a-¢ may define a portion of a respective layer of build material
that is to be solidified by the additive manufacturing system 200. In the exampie of
FIG. 6b, slice 408a may be a bottom slice the object, slice 408b may be a middie slice
of the object, and slice 408¢ may be a top slice of the object. For ilustrative purposes
three slices are shown, however the object may have a greater number of slices, for
example hundreds or thousands of slices. For example, the object may include
hundreds or thousands of middle slices rather than the one middie slice 408b shown
in FIG. 8b.

18805871 The slice data 406a-c may undergo transformations, €.g. by the controller 210,
from {1} vector slice dala representing slices of the object in a vector formatl, o (2)
contone slice data representing slices of the object in a bitmap or rasterized format, ©
{3) halftone slice data representing locations or patterns in which drops of agent are
to be deposited on a layer of build material Tor gach slice of the cbject, 10 {(4) mask
slice data representing the timing of when drops of agents are {o be deposited in
incations, portions, or patterns on a layer of build material for each slice of the obiject,
e.g. using nozzles of agent distributors 202 and 206. In the halfione slice data and
mask slice datla, the slices o become solid may be representad by portions where
coalescing agent is {¢ be delivered.

[B00G58] At 308, using the surface roughness data 404, the slice data 406a-c may be
processed to modify a surface portion 410 of the slices 408a-¢ in the slice data 406a-

¢ to achisve a target surface roughness of the object. This may generate slice dala
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412a-¢ of FIG. 6¢. The processing may, for example, be performed after the slice data
has been transformed info halitone slice data (in which case the halftone slice data
may later be transformed into mask slice data) or into mask slice data. However, in
other examples, the processing may be performed on any data representing the three-
dimensional obiect, for example, any data defining the object from its initial generation
as three dimensional object design data o its conversion inio any type of slice data
such as those described earlier.

(600581 The surface portion 410 may represent portions of the object {0 be generated
that may be adiacent {o the exterior surface to the object. The surface portions may
extend a predetermined depth into the object. In some examples, the predetermined
depth may be equal to the thickness of an integer number of layers of build material,
for example one layer {e.g. 15 t© about 200 microns, or other layer thicknesses, as
discussed sarlier), two layers, three layers, eic. In other examples, the predetermined
depth may not be equal to a thickness of an integer number of layers. In some
examples, an interior portion 411 interior to the surface portion 410 may be included
in slice data, e.g. in slice data 406b having middle slice 408b. In some examples, the
interior portion 411 may represent part of the object that not represented by the surface
portion 410. In some examples, the interior portion 411 may represent the entire
remainder of the object that is not represented by the surface portion 410, rather than
just a part of the object that is not represented by the surface portion 410.

[68088] As shown in FIG. 6b, in some examples, the entire bottom slice 408a and ths
entire top slice 408¢ may be part of the surface portion. However, for the middie slice
4(8b, a portion of the middie slice 408b that exiends from the exierior surface of the
object to the interior of the object up o the predstermined depth may be part of the
surface portion 410, whereas the portion of the middle slice 408b that is farther from
the exterior surface than the predelermined depth may be part of the interior portion
411. As discussed earlier, there may be a large number of middie slices 408b, and in
some examples each of the middle slices 408b may include parts of the surface portion
410 and parts of the interior portion 411,

[600661] In some examples, the surface portion 410 may be modified such that a
different contone density of coalescing agent 1o be delivered relative {o the contone
density of coalescing agent to be delivered in the interior portion 411. In the examples

of FIGS. 6b-6d, the contone density of the surface portion 410 is lower than the
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contone density of the interior portion 411, However, in other examples, the conlone
density of the surface portion 410 may be higher than the contone density of the
interior portion 411.

[00062] In some examples, before processing, the surface porlion 410 and interior
portion 411 may each define that coalescing agent is {o be delivered at a contone
density selected from the range between about 0.25 to about 4 drops, or between
about 0.5 to about 2 drops (e.g. 0.5 drops, 1 drop, or 1.5 drops, or 2 drops) per 800
dpi (dots per inch) Le. /600 x 1/600 inch region (1/360,000 square inches). In these
examples, drops of coalescing agent may be delivered such that the drops may
overlap with each other when delivered, or such that the drops may have a small
amount of spacing therebetween. In FIG. 6¢, the drops 414 are shown corresponding
to interior portion 411 defining a region where coalescing agent is 1o be delivered.
1600631 After processing, the contone density of the interior portion 411 may not be
modified, however the conione density of the surface portion 410 may be modified to
a different value selected from the range between about 0.25 drops to about 4 drops
per 600 dpi {(dots per inch) Le. 1/600 x 1/600 inch region (1/360,000 square inches).
In some examples, the processing may result in drops of coalescing agent being
delivered in the surface portion 410 such that the drops may not overlap with each
other, or may substantially not overlap with sach overlap (e.g. may have minimal
overlap). In some examples, the processing may result in drops which are about 200
microns in diameter on build material, and which are separated from one ancther by
about 500 microns. In FIG. 8¢, the drops 418 of coalescing agent to be delivered are
shown in @ surface portion corresponding {o the surface portion 410, The spacing of
the drops 416 may cause the surface portion 410 to have a roughness greater than
the interior portion 411, which may have less spacing between drops 414. In other
examples, lower roughness in the surface portion 410 may involve more spacing
batween drops 414 in the interior portion 411 relative {o drops 416 in the surface
portion 4186.

(60064} Different patierns of coalescing agent may be used in the surface portion 410
as defined in the slice data 412a-¢ after processing. For example, as shown in FIG.
6c, the patiern may be a randomized close packed hexagonal dot patiern. For
example, a close packed hexagonal dot pattern may initially be generated with equal

spacing between dots, after which randomization may randomly dispiace some or all
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of the dots © create the randomized close packed hexagonal dot pattern. In some
examples, other patterns may be used, €.g. a cluster dot dither pattern, void and
cluster dither pattern, or air diffusion patiem.

[00065] The example of FIGS. 6¢ shows the same patlern and same conlong density
being used throughout the surface portion 410, In other examples, different pattemns
and different contone densities may be used in different parts of the surface portion
410, for example to achieve different surface roughnesses on different parts of the
exterior surface of the object, as discussed earlier.

[G0066] At 308, the slice dala 412a-¢ may be processed fo include portions
{corresponding to surface portion 410 of FIG. 6b) in which coalescence modifier agent
is to be delivered. This may generate slice data 420a-c of FIG. 6d. In some examples,
the coalescence modifier agent may serve 1o reduce or prevent coalescence in
portions where it is delivered. Representations of drops 418 of coalescence modifier
agent may be inciuded in portions between the representations of drops 416 of
coalescing agent. Thus, the drops 418 of coalescence modifier agent may be o fill in
spaces between the drops 416 of coalescing agent in the surface portion
corrasponding to the surface portion 410 of FIG. 8b. The slice data 412a-c may define
any suitable contone density and pallern of drops 418 of coalescence modifier agent
such that the coalescence modifier agent may be to successfully reduce or prevent
coalescence in the portions where the drops 418 are deliverad. In some exampigs, the
combination of coalescing gent and coalescence modifier agent may be delivered at
a combined confone density, e.g. a combined contoneg density of 0.50 drops per 800
dpi comprising 0.375 drops per 600 dpi of coalescing agent and 0.125 drops per 600
dpi of coalescence modifier agent.

(680877 In some examples, reduction or prevent of coalescence in the portions where
the drops 418 are delivered may be o counteract uninfended solidification in the
portions where the coalescing agent is not deliverad but in which the drops 418 of
coalescence are delivered. This unintended solidification may occur because energy
absorbed by build material on which coalescing agent has been delivered or has
penatrated may also propagate info surrounding build material. Thus, portions of the
build material may be heated {0 a temperature suitable to cause softening and bonding
of build material. This may resuil in the subsequent solidification of portions of the build
material that were not inlended {o be solidified and this effect is referred to hersin as
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coalescence bleed. Coalescence bleed in the portions between the drops 416 may
result, for example, in a reduction in surface roughness or an undesired surface
roughness due {0 a smoother pattern of solidification on the surface.

[G0068] In some examples, usage of the coalescence modifier agent may allow for
enhanced tuning of the surface roughness by allowing creation of higher frequency
patierns of coalescing agent, e.¢. smaller and more tightly spaced solidified portions
created where drops 4186 of coalescing agent are delivered. In some examples, usage
of the coalescence modifier agent may also allow for higher amplitude of surface
roughness.

[B0068] In some examples, coalescence modifier agent may not be used, in which case
308 may not be performed, and slice dala 412a-¢ may, for example, be the data used
for generating the object, instead of slice data 420a-c.

(6007081 in some examples, slice data representing separate slices may be processed
as in 304 fo 308 during printing in 310 to 314, e.g. slice data representing the particular
slice to be printed in the particular Hteration of 310 to 314 may be processed e.g. before
applying agents at 312.

[B00G71] At 210, a layer 502c¢ of build material may be provided, as shown in FIGS, 7a
and Ba. For example, the controller 210 may conlrol the build material distributor 224
to form the layer 502¢ on previously completed layers 502a-b on the support member
204 by causing the build material distributor 224 to move along the y-axis as discussed
earlier. The completed layers 502a-b may include a solidified portion 508. The
solidified portion 508 is also shown in FIG. 8a as a dashed line o indicale that it is
formed in layers 50Z2a-b beneath the newly formed layer 502c. Although the layers
502a-b is shown as completed in FIGS. 7a-d Tor illustrative purposes, it is understood
that 310 to 314 may initially be applied to generate the layers 502a-b using the dala
representing the three-dimensional object, for example the slice data 420a-b if
coalescence modifier agent is used or the slice data 412a-b if coalescence muodifier
agent is not used.

[60072] in some examples, afler applying the layer 502¢, the layer 502¢ of build
material may be heated by the heater {0 heatl and/or mainiain the build material within
a predetermined temperature range. The predetermined temperature range may, for
example, be below the temperaiure at which the build material would experience

bonding in the presence of coalescing agent 504, For example, the predetermined
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temperature range may be between about 158 and about 160 degrees Celsius, or the
range may be centerad at about 160 degrees Celsius. Pra-haating may help reduce
the amount of energy that has to be applied by the energy source 226 {0 cause
coalescence and subsequent solidification of build material on which coalescing agent
has been delivered or has penetraied.

(600731 At 312, as shown in FIG. 7b and 8b, coalescing agent 504 and coalescence
modifier agent 506 may be selectively dslivered in respective patterns to the surface
of portions of the layer 502¢ in accordance with the slice data 420c¢ {or slice data 412¢
if coalescence modifier agent is not used). The slice data 420c¢ (or slice data 412¢)
may defining a slice 408c that is {0 become solid to form part of the three-dimensional
object being generated using coalescing agent 504, as shown in FIG. 7b and 8b. The
agent distributors 202 and 208 may deliver agents at contone densities and patterns
defined in the slice data 420c¢ {or slice data 412¢), for example in the form of fluids
such as liguid dropleis. For example, the coalescing agent 504 may be seleclively
delivered to at first conlone density onfo an interior portion of the layer §502¢
corresponding to the interior portion of the slice data 420¢ {or slide data 412¢), and at
a second contone density different from {e.q. higher or lower than) the first contone
density onto a surface portion of the layer 502¢ corresponding to the surface portion
of the slice data 420¢ {or slice data 412¢). “Selective delivery” means that agent may
be delivered {o selected portions of the surface layer of the build material in varicus
patterns. In some examples, binder agent may be used rather than coalescing agent,
the data of FIGS. 6a-8¢ may represent delivery of binder agent rather than coalescing
agent.

(800741 FIGS. 7¢ and 8c show coalescing agent 504 and coalescence modifier agent
506 having penetrated substantiaily completely into the portions of the layer 502¢ of
build material, but in other examples, the degree of penelration may be less than
100%. The degree of penelration may depend, for example, on the quantity of agent
deliverad, on the nature of the build material, on the nature of the agent, elc.

[G0075] AL 318, a predetermined level of energy may be temporarily applied {o the layer
502¢ of build material. In various examples, the energy applied may be infra-red or
near infra-red energy, microwave energy, ultra-viclet (UV) light, halogen light, ulira-
sonic energy, or the like. The temporary application of energy may cause the portions
of the build material on which coalescing agent 504 was delivered {0 heat up above
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the melting point of the build material and to coalesce. In some examples, the energy
source 226 may be focused. in other examples, the energy source 228 may be
unfocused, and the temporary application of energy may cause the portions of the
build material on which coalescing agent 504 has been delivered or has penetrated lo
heat up above the melting point of the build material and to coalesce. For example,
the temperature of some or all of the layer 802¢ may achieve about 220 degrees
Celsius. Upon cooling, the portions having coalescing agent 504 may coalesce may
become solid and form part of the three-dimensional object being generated, as shown
in FIGS. 7d and 8d.

[B0076] As discussed earlier, the solidified portion 508 may have been generated in a
previous iterations in generaling slices in the layers 502a-b. The heat absorbed during
the application of energy may propagate (o the previously solidified portion 508 fo
cause part of portion 508 {o heat up above its melting point. This effect helps creates
a portion 510 that has strong interlayer bonding between adjacent layers of solidified
build material, as shown in FIG. 7d. The portiong having coalescence modifier agent
508 may achieve minimal or no solidification, such that the surface of the sclidified
portion 510 may, for example, be accurately defined with high resolution to achieve
target surface roughnesses.

1600771 in some examples, the energy may not be applied, for example if binder agent
is used, or if the coalescing agent 504 is 10 cause coalescence and solidification of
build material without use of the energy source 226.

[00078] in the lllustrative example shown, the object has slices three layers 502a-b, so
the method 300 may be completed. However, if an object being generatad is not vet
completed, then after a laver of build material has been processed as described above
in 310 (o 314, new layers of build material may be provided on top of the previously
processed layer of build material. In this way, the previously processed layer of build
material acts as a support for a subsequent layer of build material. The process of 310
{0 314 may then be repeated to generate a three-dimensional object layer by layer.

[000738] All of the features disclosed in this specification {(including any accompanying
claims, abstract and drawings), and/or all of the slements of any method or process
so disclosed, may be combined in any combination, except combinations where at

isast some of such features and/or elements are mutually exclusive.
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[G60080] in the foregoing description, numerous details are set forth o provide an
understanding of the subject disclosed herein. However, examples may be pracliced
without some or all of these details. Other examples may include modifications and
varigtions from the details discussed above. it is intended thatl the appended claims

cover such modifications and variations.
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CLAIMS

1. An additive manufacturing system comprising:

an agent distributor or an interface to receive the agent distributor, the agent
distributor to selectively deliver agent onto portions of successive layers of build
material at a first contone density and at a second contone density different from the
first contone density; and

a controller to control the agent distributor 10 selectively deliver the agent at the
first and second contone densities respectively onto an interior portion and a surface
portion of the layers in respective first and second patlerns in accordance with data
representing a three-dimensional object io be generated, so that the build mailerial is
o solidify to form slices of the three-dimensional object in accordance with the first
and second patterns, and so that the three-dimensional object is to achieve a farget

surface roughness as a result of the second cortone density of the second pattemn.

2. The additive manufacturing system of claim 1 wherein the agent comprises a

coalescing agent, and the agent distributor comprises a coalescing agent distributor.

3. The additive manufacturing system of claim 2 comprising an energy source o
apply energy 1o the layers of the build material, wherein the controller is to control the
energy source {0 apply the energy to the layers of the build material {o cause the
interior and surface portions of the layers o coalesce and solidify to form the slices of

the three-dimensional object in accordance with the first and second patierns.

4. The addilive manufaciuring system of claim 2 comprising a coalescence
modifier agent distributor or an interface © receive the coalescence modifier agent
distributor, the coalescence modifier agent distributor to  seleclively deliver
coalescence modifisr agent onto successive layers of the build material, the controller
to control the coalescence modifier agent distributor to selectively deliver drops of the
coalescence modifier agent onto the layers between drops of the coalescing agentin
the surface portion to reduce or pravent coalgscence in paris of the surface portion on

which coalescing agent is not to be delivered,
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5. The additive manufacturing system of claim 1 wherein the agent comprises a
binder agent, and the agent distribuior comprises a binder agent distributor.

8. The additive manufacturing system of claim 1 where the surface portion has a
predetermined depth into the object that is equal 1o a thickness of an integer number

of the layers.

7. The additive manufacturing systermn of claim 1 where the surface portion
extends through an entire surface of the obiect and completely surrounds the interior

portion,

8. The system of claim 1 wherein each of the first and second contone densities

is between about 0.25 {o 4 drops of agent per 1/380000 square inches.

9. The additive manufacturing system of claim 1 wherein the data representing
the three-dimensional object comprises halfione slice data or mask slice data

representing the slices.

10. The additive manufacturing system of claim 1 wherein the second contone

density is lower than the first contone density.

11.  The additive manufaciuring system of claim 8 wherein the controller is o
obtain three-dimensional object design data comprising object model data and
surface roughness daia;
generate the slice data using the three-dimensional object design data; and
process the slice data to represent that the agent is {o be delivered at the

second contong density in the surface portion.

12.  The addiive manufacturing system of claim @ wherein the second patlern is a
randomized close packed hexagonal dot pattern, cluster dot dither patiern, void and

cluster dither pattern, or air diffusion patiem.
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13. The additive manufacturing system of claim 1 wherein the agent distributor is
to selectively deliver the agent onto portions of successive layers of build material at
a third contone densily lower than the first contone density and different from the
second contone density, wherein the controller is 1o control the agent distributor {o
selectively deliver the agent at the third contone density onto the surface porlion in a
third patiern in accordance with the data, so that the build material is to solidify to form
siices of the three-dimensional object in accordance with the first, second, and third
patterns, wherein the third pattern is in a different part of the surface portion than the
saecond pattern so that the three-dimensional object achieves a second target surface
roughness as a resull of the third contone density of the third patiern, the second target
surface roughness being different from the target roughness to be achieved as a result

of the second contone density of the second pattern.

14. A method comprising:

forming a layer of build material;

selactively depositing coalescing agent {o an interior portion of the layer in a
first pattern at a first contone density such that the interior portion solidifies o form a
first part of 3 slice of a three-dimensional object in accordance with the first patlern;
and

salectively depositing coalescing agent to a surface portion of the layer in a
second pattern at a second contone densily different from the first contone density
such that the surface portion solidifies 1o form a second part of the slice in accordancs

with the second pattern and o achieve a target surface roughness.

15, A non-transifory computer readable storage medium including execulable
instructions that, when executed by a processor, cause the processor {o:

obtain data representing a three-dimensional object 10 be generaled, the dala
including interior and surface portions defining where agent is {0 be delivered at a first
contone density;

modify the data in the surface portion {o define that the agent is {0 be delivered
at a sgcond contone density different from the first contone density; and

control an agent distributor to deliver the agent at the first and second contone

densities respectively onto layers of build material in respective first and second
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patterns in accordance with the modified data, such that the layer is to solidify o form
a slice of the three-dimensional object in accordance with the first and second pattemns,
and such that the three-dimensional object is o achieve a target surface roughness

due to the second patlern.
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