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   Before	
  you	
  begin	
  

Energy	
  is	
  propor5onal	
  to	
  frequency	
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+	
  What	
  is	
  SLA?	
  

•  Stereolithography	
  Apparatus	
  (SLA)	
  is	
  a	
  liquid-­‐based	
  
process	
  which	
  builds	
  parts	
  directly	
  from	
  CAD	
  
soCware.	
  

•  SLA	
  uses	
  a	
  low-­‐power	
  laser	
  to	
  harden	
  photo-­‐
sensi5ve	
  resin	
  and	
  achieve	
  polymeriza5on.	
  

•  The	
  Rapid	
  Prototyping	
  Stereolithography	
  process	
  
was	
  developed	
  by	
  3D	
  Systems	
  of	
  Valencia,	
  
California,	
  USA,	
  founded	
  in	
  1986.	
  	
  

•  The	
  SLA	
  rapid	
  prototyping	
  process	
  was	
  the	
  first	
  
entry	
  into	
  the	
  rapid	
  prototyping	
  field	
  during	
  the	
  
1980’s	
  and	
  con5nues	
  to	
  be	
  the	
  most	
  widely	
  used	
  
technology.	
  	
  



+	
   The	
  Process	
  (general)	
  

•  The	
  process	
  begins	
  with	
  a	
  3D	
  CAD	
  file.	
  	
  
•  The	
  file	
  is	
  digitally	
  sliced	
  	
  into	
  a	
  series	
  of	
  parallel	
  horizontal	
  

cross-­‐sec5ons	
  which	
  are	
  then	
  provided	
  to	
  a	
  StereoLithography	
  
Apparatus	
  (SLA)	
  one	
  at	
  a	
  5me.	
  	
  

•  A	
  radia5on	
  source	
  draws	
  the	
  cross-­‐sec5on	
  onto	
  a	
  bath	
  of	
  
photopolymer	
  resin	
  which	
  solidifies	
  the	
  cross-­‐sec5on.	
  	
  

•  The	
  part	
  is	
  lowered	
  a	
  layer	
  thickness	
  into	
  the	
  bath	
  and	
  
addi5onal	
  resin	
  is	
  swept	
  onto	
  the	
  surface	
  (typically	
  about	
  0.1	
  
mm)	
  .	
  	
  

•  The	
  radia5on	
  source	
  then	
  solidifies	
  the	
  next	
  cross-­‐sec5on.	
  	
  
•  This	
  process	
  is	
  repeated	
  un5l	
  the	
  part	
  is	
  complete.	
  	
  
•  Once	
  the	
  model	
  is	
  complete,	
  the	
  plaWorm	
  rises	
  out	
  of	
  the	
  vat	
  

and	
  the	
  excess	
  resin	
  is	
  drained.	
  	
  
•  The	
  model	
  is	
  then	
  removed	
  from	
  the	
  plaWorm,	
  washed	
  of	
  excess	
  

resin,	
  and	
  then	
  placed	
  in	
  a	
  curing	
  light	
  oven	
  for	
  a	
  final	
  curing.	
  	
  



PHOTOPOLYMERIZATION	
  



+	
   Photopolymers	
  

•  Various	
  types	
  of	
  radia5on	
  may	
  be	
  used	
  to	
  
cure	
  commercial	
  photopolymers,	
  including:	
  
– gamma	
  rays;	
  	
  
– X-­‐rays;	
  	
  
– electron	
  beams;	
  	
  
– UV;	
  
– Visible	
  light	
  



+	
   Types	
  of	
  photopolymerizaKon	
  

•  In	
  a	
  photocurable	
  resin	
  you	
  have:	
  
– photoini5ators,	
  
–  reac5ve	
  diluents,	
  	
  
– flexibilizers,	
  	
  
– stabilizers,	
  	
  
– and	
  liquid	
  monomers.	
  



+	
   Types	
  of	
  photopolymer	
  



+	
   Types	
  of	
  photopolymers	
  

•  Acrylates	
  
– High	
  reac5vity	
  
–  Inaccuracy	
  (shrinkage	
  and	
  curling)	
  
– Oxygen	
  inhibi5on	
  
– Free-­‐radical	
  polymeriza5on	
  



+	
   Types	
  of	
  photopolymers	
  
•  Epoxy	
  	
  

– Slow	
  “photo-­‐speed”	
  
– Bribleness	
  
– Accuracy,	
  harder,	
  stronger	
  	
  
(lower	
  dimensional	
  changes)	
  

– Not	
  Oxygen	
  inhibi5on	
  	
  
(lower	
  photoini5ator	
  	
  
concentra5on)	
  

– Sensi5vity	
  to	
  humidity	
  
– Ca5onic	
  polymeriza5on	
  



+	
   Types	
  of	
  photopolymers	
  
•  SL	
  resins	
  commercially	
  available	
  today	
  are	
  
epoxides	
  with	
  some	
  acrylate	
  content	
  
– Mul5func5onal	
  monomers	
  
– polyester	
  acrylate	
  (PEA),	
  epoxy	
  acrylates	
  (EA),	
  
urethane	
  acrylates	
  (UA),	
  amino	
  acrylates	
  and	
  
cycloalipha5c	
  epoxies	
  	
  

–  Interpentra5ng	
  polymer	
  network	
  



+	
   PolymerizaKon	
  

Radical	
  
polymeriza5on	
  

Ca5onic	
  
polymeriza5on	
  



+	
   PhotopolymerizaKon	
  

•  Polymeriza5on	
  is	
  exothermic,	
  	
  
•  heats	
  of	
  reac5on	
  around	
  85	
  kJ/mol	
  for	
  
acrylate.	
  	
  

•  Despite	
  high	
  heats	
  of	
  reac5on,	
  a	
  catalyst	
  is	
  
necessary	
  to	
  ini5ate	
  the	
  reac5on.	
  	
  

•  A	
  photoini5ator	
  acts	
  as	
  the	
  catalyst.	
  	
  
•  Mixtures	
  of	
  different	
  types	
  of	
  
photoini5ators	
  may	
  also	
  be	
  employed	
  



+	
   Radical	
  polymerizaKon	
  

•  Polymeriza5on	
  terminates	
  for:	
  
–  recombina5on,	
  	
  
– dispropor5ona5on,	
  	
  
– occlusion.	
  

and much less tendency to warp and curl. Almost all commercially available SL
resins have significant amounts of epoxies.

Polymerization of SL monomers is an exothermic reaction, with heats of reac-
tion around 85 kJ/mol for an example acrylate monomer. Despite high heats of
reaction, a catalyst is necessary to initiate the reaction. As described earlier, a
photoinitiator acts as the catalyst.

Schematically, the free radical-initiated polymerization process can be illustrated
as shown in Fig. 4.4 [1]. On average, for every two photons (from the laser), one
radical will be produced. That radical can easily lead to the polymerization of over
1,000 monomers, as shown in the intermediate steps of the process, called propaga-
tion. In general, longer polymer molecules are preferred, yielding higher molecular
weights. This indicates a more complete reaction. In Fig. 4.4, the P–I term indicates
a photoinitiator, the !Il symbol is a free radical, and M in a monomer.

Polymerization terminates from one of three causes, recombination, dispropor-
tionation, or occlusion. Recombination occurs when two polymer chains merge by
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Fig. 4.3 Molecular structure
of SL monomers

P-I → -I• (free radical formation) 

I• (initiation)

I-M•  →  → I-M-M-M-M…-M• (propagation)

→ I-M-M-M-M…-M-I (termination)

+ M  → I-M•

Fig. 4.4 Free-radical polymerization process
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  polymerizaKon	
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+	
   Radical	
  polymerizaKon	
  

•  Reac5on	
  rate	
  

•  Average	
  molecular	
  weight	
  	
  
(kine5c	
  average	
  chain	
  lenght)	
  

and reduce the energy requirement of the epoxy reaction. Also, the presence of
acrylate monomer may decrease the inhibitory effect of humidity on the epoxy
polymerization. On the other hand, the epoxy monomer acts as a plasticizer during
the early polymerization of the acrylate monomer where the acrylate forms a
network while the epoxy is still at liquid stage [31]. This plasticizing effect, by
increasing molecular mobility, favors the chain propagation reaction [35]. As a
result, the acrylate polymerizes more extensively in the presence of epoxy than in
the neat acrylate monomer. Furthermore, the reduced sensitivity of acrylate to
oxygen in the hybrid system than in the neat composition may be due to the
simultaneous polymerization of the epoxide which makes the viscosity rise, thus
slowing down the diffusion of atmospheric oxygen into the coating [31].

In addition, it has been shown [31] that the acrylate/epoxide hybrid system
requires a shorter exposure to be cured than either of the two monomers taken
separately. It might be due to the plasticizing effect of epoxy monomer and the
contribution of acrylate monomer to the photospeed of the epoxy polymerization.
The two monomers benefit from each other by a synergistic effect.

It should be noted that if the concentration of the radical photoinitiator was
decreased so that the two polymer networks were generated simultaneously, the
plasticizing effect of the epoxy monomer would become less pronounced. As a
result, it would be more difficult to achieve complete polymerization of the acrylate
monomer and thus require longer exposure time.

Although the acrylate/epoxy hybrid system proceeds via a heterogeneous mech-
anism, the resultant product (IPN) seems to be a uniphase component [36]. The
properties appear to be extended rather than compromised [31, 34]. The optimal
properties of IPNs for specific applications can be obtained by selecting two
appropriate components and adjusting their proportions [34]. For example, increas-
ing the acrylate content increases the cure speed but decreases the adhesion
characteristics, while increasing the epoxy content reduces the shrinkage of curing
and improves the adhesion, but decreases the cure speed [36].

4.3 Reaction Rates

As is evident, the photopolymerization reaction in SL resins is very complex. To
date, no one has published an analytical photopolymerization model that describes
reaction results and reaction rates. However, qualitative understanding of reaction
rates is straightforward for simple formulations. Broadly speaking, reaction rates
for photopolymers are controlled by concentrations of photoinitiators [I] and
monomers [M]. The rate of polymerization is the rate of monomer consumption,
which can be shown as [3]:

Rp ¼ " d M½ $=dt a M½ $ k I½ $ð Þ1=2 (4.1)

70 4 Photopolymerization Processes

where k ¼ constant that is a function of radical generation efficiency, rate of radical
initiation, and rate of radical termination. Hence, the polymerization rate is propor-
tional to the concentration of monomer, but is only proportional to the square-root
of initiator concentration.

Using similar reasoning, it can be shown that the average molecular weight of
polymers is the ratio of the rate of propagation and the rate of initiation. This
average weight is called the kinetic average chain length, vo, and is given in (4.2):

vo ¼ Rp=Ri a M½ #= I½ #1=2 (4.2)

where Ri is the rate of initiation of macromonomers.
Equations (4.1) and (4.2) have important consequences for the SL process. The

higher the rate of polymerization, the faster parts can be built. Since SL resins are
predominantly composed of monomers, the monomer concentration cannot be
changed much. Hence, the only other direct method for controlling the polymeriza-
tion rate and the kinetic average chain length is through the concentration of initiator.
However, (4.1) and (4.2) indicate a tradeoff between these characteristics. Doubling
the initiator concentration only increases the polymerization rate by a factor of 1.4,
but reduces the molecular weight of resulting polymers by the same amount. Strictly
speaking, this analysis is more appropriate for acrylate resins, since epoxies continue
to react after laser exposure, so (4.2) does not apply well for epoxies. However,
reaction of epoxies is still limited, so it can be concluded that a trade-off does exist
between polymerization rate and molecular weight for epoxy resins.

4.4 Vector Scan SL

A brief introduction to the vector scan-based (point-wise) SL process and SL
systems from 3D Systems will be given here.

4.4.1 SL Process Overview

SL creates solid parts by selectively solidifying a liquid photopolymer resin using
an UV laser. As with many other AM processes, the physical parts are manufac-
tured by fabricating cross-sectional contours, or slices, one on top of another. These
slices are created by tracing 2D contours of a CAD model in a vat of photopolymer
resin with a laser. The part being built rests on a platform that is dipped into the vat
of resin, as shown schematically in Fig. 4.1a. After each slice is created, the
platform is lowered, the surface of the vat is recoated, then the laser starts to
trace the next slice of the CAD model, building the prototype from the bottom
up. A more complete description of the SL process may be found in [12]. The
creation of the part requires a number of key steps: input data, part preparation,
layer preparation, and finally laser scanning of the two-dimensional cross-sectional
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+	
   Stereolithography	
  configuraKons	
  

•  Vector	
  scan	
  



+	
   Stereolithography	
  configuraKons	
  

•  Mask	
  projec5on	
  



+	
   Stereolithography	
  configuraKons	
  



+	
   Stereolithography	
  configuraKons	
  

•  Two	
  photon	
  approach	
  



VECTOR	
  SCAN	
  



+	
   Stereolithography	
  –	
  	
  
vector	
  or	
  point-­‐by-­‐point	
  scanning	
  

LaserOpticsMirror

Elevator

Laser is focused/shaped through 
 optics.  A computer controlled 
mirror directs laser to appropriate 
spot on photopolymer surface. 
Polymer solidifies wherever laser 
hits it. 

When cross section 
is complete, elevator 
indexes to prepare  
for next layer. 



+	
  

	
  
1.  Laser	
  traces	
  current	
  cross	
  sec5on	
  onto	
  surface	
  of	
  photocurable	
  

liquid	
  acrylate	
  resin	
  
2.  Polymer	
  solidifies	
  when	
  struck	
  by	
  the	
  laser’s	
  intense	
  UV	
  light	
  
3.  Elevator	
  lowers	
  hardened	
  cross	
  sec5on	
  below	
  liquid	
  surface	
  
4.  Laser	
  prints	
  the	
  next	
  cross	
  sec5on	
  directly	
  on	
  top	
  of	
  previous	
  
5.  ACer	
  en5re	
  3D	
  part	
  is	
  formed	
  it	
  is	
  post-­‐cured	
  (UV	
  light)	
  

•  Note:	
  	
  	
  
–  care	
  must	
  be	
  taken	
  to	
  support	
  any	
  overhangs	
  
–  The	
  SLA	
  modeler	
  uses	
  a	
  photopolymer,	
  which	
  has	
  very	
  low	
  

viscosity	
  un5l	
  exposed	
  to	
  UV	
  light.	
  Unfortunately	
  this	
  
photopolymer	
  is	
  toxic.	
  	
  Warpage	
  occurs.	
  

	
  

Stereolithography	
  –	
  	
  
vector	
  or	
  point-­‐by-­‐point	
  scanning	
  



+	
   SL	
  machine	
  

•  Machine	
  subsystems	
  hierarchy	
  

slices. The input data consists of a STL created from a CAD file or reverse
engineering data. Part preparation is the phase at which the operator specifies
support structures, to hold each cross section in place while the part builds, and
provides values for machine parameters. These parameters control how the proto-
type is fabricated in the SL machine. Layer preparation is the phase in which the
STL model is divided into a series of slices, as defined by the part preparation
phase, and translated by software algorithms into a machine language. This infor-
mation is then used to drive the SL machine and fabricate the prototype. The laser
scanning of the part is the phase that actually solidifies each slice in the SL machine.

After building the part, the part must be cleaned, post-cured, and finished.
During either the cleaning and finishing phase, the SL machine operator may
remove support structures. During finishing, the operator may spend considerable
time sanding and filing the part to provide the desired surface finishes.

4.4.2 SL Machines

At present (2009), 3D Systems is the predominant manufacturer of SL machines in
the world, although several other companies in Japan and elsewhere in Asia also
market SL machines. Fockele & Schwarze in Germany produces a micro-SL
technology, although they only sell design and manufacturing services. Several
Japanese companies produce or produced machines, including Denken Engineer-
ing, CMET (Mitsubishi), Sony, Meiko Corp., Mitsui Zosen, and Teijin Seiki
(license from Dupont).

A schematic of a typical SL machine was illustrated in Fig. 4.1a, which shows
the main subsystems, including the laser and optics, the platform and elevator, the
vat and resin-handling subsystem, and the recoater. The machine subsystem hierar-
chy is given in Fig. 4.5. Note that the five main subsystems are: recoating system,
platform system, vat system, laser and optics system, and control system.

SL Machine

Recoating
System

Platform
System

Vat
System

Laser & Optics
System

Control
System

Lenses

Beam
Generation

Resin Level
Adjustment

Scanning

Beam
SensorsTemperature

Sensors

Beam
Control

Process
Control

Environment
ControlBlade

Resin
Delivery

Elevator

Drive
System

Vat

Fig. 4.5 Subsystems for SL technology
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+	
  

Laser	
   He-­‐Cd	
  

Lunghezza	
  d’onda	
   0.325	
  um	
  

Potenza	
   800	
  mW	
  

Spessore	
  minimo	
   0.025	
  mm	
  

Volume	
  vasca	
   253	
  

Volume	
  di	
  lavoro	
   500	
  x	
  500	
  x	
  600	
  mm3	
  

Velocità	
  di	
  scansione	
   Max	
  9.52	
  m/s	
  

Diametro	
  Spot	
   Da	
  0.23	
  a	
  0.84	
  mm	
  

3D	
  System	
  SLA	
  7000	
  



PROCESS	
  PARAMETERS	
  



+	
  Nomenclature	
  

•  Cd	
  =	
  cure	
  depth	
  =	
  depth	
  of	
  resin	
  cure	
  as	
  a	
  result	
  of	
  laser	
  
irradia5on	
  [mm]	
  

•  Dp	
  =	
  depth	
  of	
  penetra5on	
  of	
  laser	
  into	
  a	
  resin	
  un5l	
  a	
  reduc5on	
  in	
  
irradiance	
  of	
  1/e	
  is	
  reached	
  =	
  key	
  resin	
  characteris5c	
  [mm]	
  

•  E	
  =	
  exposure,	
  possibly	
  as	
  a	
  func5on	
  of	
  spa5al	
  coordinates	
  
[energy/unit	
  area][mJ/mm2]	
  

•  Ec	
  =	
  cri5cal	
  exposure	
  =	
  exposure	
  at	
  which	
  resin	
  solidifica5on	
  
starts	
  to	
  occur	
  [mJ/mm2]	
  

•  Emax	
  =	
  peak	
  exposure	
  of	
  laser	
  shining	
  on	
  the	
  resin	
  surface	
  (center	
  
of	
  laser	
  spot)	
  [mJ/mm2]	
  

•  H(x,y,z)	
  =	
  irradiance	
  (radiant	
  power	
  per	
  unit	
  area)	
  at	
  an	
  arbitrary	
  
point	
  in	
  the	
  resin	
  =	
  5me	
  deriva5ve	
  of	
  E(x,y,z)	
  [W/mm2]	
  

•  PL	
  =	
  output	
  power	
  of	
  laser	
  [W]	
  
•  Vs	
  =	
  scan	
  speed	
  of	
  laser	
  [mm/s]	
  
•  W0	
  =	
  radius	
  of	
  laser	
  beam	
  focused	
  on	
  the	
  resin	
  surface	
  [mm]	
  



+	
   Scan	
  line	
  of	
  a	
  Gaussian	
  Laser	
  

H(x,y,z) ¼ irradiance (radiant power per unit area) at an arbitrary point in the
resin ¼ time derivative of E(x,y,z).[W/mm2]

PL ¼ output power of laser [W]
Vs ¼ scan speed of laser [mm/s]
W0 ¼ radius of laser beam focused on the resin surface [mm]

4.5.1 Irradiance and Exposure

As a laser beam is scanned across the resin surface, it cures a line of resin to a depth
that depends on many factors. However, it is also important to consider the width of
the cured line as well as its profile. The shape of the cured line depends on resin
characteristics, laser energy characteristics, and the scan speed. We will investigate
the relationships among all of these factors in this subsection.

The first concept of interest here is irradiance, the radiant power of the laser per
unit area, H(x,y,z). As the laser scans a line, the radiant power is distributed over a
finite area (beam spots are not infinitesimal). Figure 4.6 shows a laser scanning a
line along the x-axis at a speed Vs [1]. Consider the z-axis oriented perpendicular to
the resin surface and into the resin, and consider the origin such that the point of
interest, p0, has an x coordinate of 0. The irradiance at any point x,y,z in the resin is
related to the irradiance at the surface, assuming that the resin absorbs radiation
according to the Beer–Lambert Law. The general form of the irradiance equation
for a Gaussian laser beam is given here as (4.3).

H x; y; zð Þ ¼ H x; y; 0ð Þexp $z=Dp

! "
(4.3)

From this relationship, we can understand the meaning of the penetration depth,
Dp. Setting z ¼ Dp, we get that the irradiance at a depth Dp is about 37%
(e$1 ¼ 0.36788) of the irradiance at the resin surface. Thus, Dp is the depth into
the resin at which the irradiance is 37% of the irradiance at the surface. Further-
more, since we are assuming the Beer–Lambert Law holds, Dp is only a function of
the resin.

Without loss of generality, we will assume that the laser scans along the x-axis
from the origin to point b. Then, the irradiance at coordinate x along the scan line is
given by

Wo

Vs

r

y
p’

p z

x

Fig. 4.6 Scan line of
Gaussian laser
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+	
   Scan	
  line	
  of	
  a	
  Gaussian	
  laser	
  

•  Fundamental	
  general	
  exposure	
  equa5on	
  

Then, take the square root of both sides, take the derivative, and rearrange to
give

dx ¼ W0ffiffiffi
2

p dv

Due to the change of variables, it is also necessary to convert the integration
limit to b ¼

ffiffiffi
2

p
/W0xe.

Several steps in the derivation will be skipped. After integration, the exposure
received at a point x,y between x ¼ (0,b) can be computed as:

Eðy; 0Þ ¼ PLffiffiffiffiffiffi
2p

p
W0Vs

e
$2y2

W2
0 erfðbÞ½ & (4.10)

where erf(x) is the error function evaluated at x. erf(x) is 0 throughout almost the
entire range of x between $1 and 1. Only near x ¼ 0 is it nonzero, which
localizes the exposure within a narrow range around the scan vector. This makes
sense since the laser beam is small and we expect that the energy received from the
laser drops off quickly outside of its radius.

Equation (4.10) is not quite as easy to apply as a form of the exposure equation
that results from assuming an infinitely long scan vector. If we make this assump-
tion, then (5.9) becomes

Eðy; 0Þ ¼ 2PL

pVsW2
0

e$2y2=W2
0

Z x¼1

x¼1
e$2x2=W2

0 dx

and after integration, exposure is given by

Eðy; 0Þ ¼
ffiffiffi
2

p

r
PL

W0 Vs
e$2y2=W2

0 (4.11)

Combining this with (4.3) yields the fundamental general exposure equation:

Eðx; y; zÞ ¼
ffiffiffi
2

p

r
PL

W0 Vs
e$2y2=W2

0 e$z=Dp (4.12)

4.5.2 Laser–Resin Interaction

In this subsection, we will utilize the irradiance and exposure relationships to
determine the shape of a scanned vector line and its width. As we will see, the
cross-sectional shape of a cured line becomes a parabola.
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Starting with (4.12), the locus of points in the resin that is just at its gel point,
where E ¼ Ec, is denoted by y* and z*. Equation (4.12) can be rearranged, with y*,
z*, and Ec substituted to give (4.13).

e2y
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0þz"=Dp ¼
ffiffiffi
2

p

r
PL

W0 Vs Ec
(4.13)

Taking natural logarithms of both sides yields

2
y"2

W2
0

þ z"

Dp
¼ ln

ffiffiffi
2

p

r
PL

W0 Vs Ec

" #

(4.14)

This is the equation of a parabolic cylinder in y* and z*, which can be seen more
clearly in the following form,

ay"2 þ bz" ¼ c (4.15)

where a, b, and c are constants, immediately derivable from (4.14). Figure 4.7
illustrates the parabolic shape of a cured scan line.

To determine the maximum depth of cure, we can solve (4.14) for z* and set
y* ¼ 0, since the maximum cure depth will occur along the center of the scan
vector. Cure depth, Cd, is given by

Cd ¼ Dp ln

ffiffiffi
2

p

r
PL

W0 Vs Ec

" #

(4.16)

As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z ¼ 0. To determine line width, we start with
the line shape function, (4.14). Setting z ¼ 0 and letting line width, Lw, equal 2ymax,
the line width can be found:
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As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z ¼ 0. To determine line width, we start with
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As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z ¼ 0. To determine line width, we start with
the line shape function, (4.14). Setting z ¼ 0 and letting line width, Lw, equal 2ymax,
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Lw ¼ W0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Cd

"
Dp

q
(4.17)

As a result, two important aspects become clear. First, line width is proportional
to the beam spot size. Second, if a greater cure depth is desired, line width must
increase, all else remaining the same. This becomes very important when
performing line width compensation during process planning.

The final concept to be presented in this subsection is fundamental to commer-
cial SL. It is the working curve, which relates exposure to cure depth, and includes
the two key resin constants, Dp and Ec. At the resin surface and in the center of the
scan line:

Eð0; 0Þ $ Emax ¼
ffiffiffi
2

p

r
PL

W0Vs
(4.18)

which is most of the expression within the logarithm term in (4.16). Substituting
(4.18) into (4.16) yields the working curve equation:

Cd ¼ Dp ln
Emax

Ec

# $
(4.19)

In summary, a laser of power PL scans across the resin surface at some speed Vs

solidifying resin to a depth Cd, the cure depth, assuming that the total energy
incident along the scan vector exceeds a critical value called the critical exposure,
Ec. If the laser scans too quickly, no polymerization reaction takes place; i.e.,
exposure E is less than Ec. Ec is assumed to be a characteristic quantity of a
particular resin.

An example working curve is shown in Fig. 4.8, where measured cure depths at a
given exposure are indicated by “*.” The working curve equation, (4.19), has
several major properties [1]:

1. The cure depth is proportional to the natural logarithm of the maximum expo-
sure on the centerline of a scanned laser beam.

2. A semilog plot of Cd vs. Emax should be a straight line. This plot is known as the
working curve for a given resin.

3. The slope of the working curve is precisely Dp at the laser wavelength being
used to generate the working curve.

4. The x-axis intercept of the working curve is Ec, the critical exposure of the resin
at that wavelength. Theoretically, the cure depth is 0 at Ec, but this does indicate
the gel point of the resin.

5. Since Dp and Ec are purely resin parameters, the slope and intercept of the
working curve are independent of laser power.

In practice, various Emax values can be generated easily by varying the laser scan
speed, as indicated by (4.19).
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This is the equation of a parabolic cylinder in y* and z*, which can be seen more
clearly in the following form,

ay"2 þ bz" ¼ c (4.15)

where a, b, and c are constants, immediately derivable from (4.14). Figure 4.7
illustrates the parabolic shape of a cured scan line.

To determine the maximum depth of cure, we can solve (4.14) for z* and set
y* ¼ 0, since the maximum cure depth will occur along the center of the scan
vector. Cure depth, Cd, is given by
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As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z ¼ 0. To determine line width, we start with
the line shape function, (4.14). Setting z ¼ 0 and letting line width, Lw, equal 2ymax,
the line width can be found:
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As a result, two important aspects become clear. First, line width is proportional
to the beam spot size. Second, if a greater cure depth is desired, line width must
increase, all else remaining the same. This becomes very important when
performing line width compensation during process planning.

The final concept to be presented in this subsection is fundamental to commer-
cial SL. It is the working curve, which relates exposure to cure depth, and includes
the two key resin constants, Dp and Ec. At the resin surface and in the center of the
scan line:
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which is most of the expression within the logarithm term in (4.16). Substituting
(4.18) into (4.16) yields the working curve equation:
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In summary, a laser of power PL scans across the resin surface at some speed Vs

solidifying resin to a depth Cd, the cure depth, assuming that the total energy
incident along the scan vector exceeds a critical value called the critical exposure,
Ec. If the laser scans too quickly, no polymerization reaction takes place; i.e.,
exposure E is less than Ec. Ec is assumed to be a characteristic quantity of a
particular resin.

An example working curve is shown in Fig. 4.8, where measured cure depths at a
given exposure are indicated by “*.” The working curve equation, (4.19), has
several major properties [1]:

1. The cure depth is proportional to the natural logarithm of the maximum expo-
sure on the centerline of a scanned laser beam.

2. A semilog plot of Cd vs. Emax should be a straight line. This plot is known as the
working curve for a given resin.

3. The slope of the working curve is precisely Dp at the laser wavelength being
used to generate the working curve.

4. The x-axis intercept of the working curve is Ec, the critical exposure of the resin
at that wavelength. Theoretically, the cure depth is 0 at Ec, but this does indicate
the gel point of the resin.

5. Since Dp and Ec are purely resin parameters, the slope and intercept of the
working curve are independent of laser power.

In practice, various Emax values can be generated easily by varying the laser scan
speed, as indicated by (4.19).
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Starting with (4.12), the locus of points in the resin that is just at its gel point,
where E ¼ Ec, is denoted by y* and z*. Equation (4.12) can be rearranged, with y*,
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This is the equation of a parabolic cylinder in y* and z*, which can be seen more
clearly in the following form,

ay"2 þ bz" ¼ c (4.15)

where a, b, and c are constants, immediately derivable from (4.14). Figure 4.7
illustrates the parabolic shape of a cured scan line.

To determine the maximum depth of cure, we can solve (4.14) for z* and set
y* ¼ 0, since the maximum cure depth will occur along the center of the scan
vector. Cure depth, Cd, is given by
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As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z ¼ 0. To determine line width, we start with
the line shape function, (4.14). Setting z ¼ 0 and letting line width, Lw, equal 2ymax,
the line width can be found:
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As a result, two important aspects become clear. First, line width is proportional
to the beam spot size. Second, if a greater cure depth is desired, line width must
increase, all else remaining the same. This becomes very important when
performing line width compensation during process planning.

The final concept to be presented in this subsection is fundamental to commer-
cial SL. It is the working curve, which relates exposure to cure depth, and includes
the two key resin constants, Dp and Ec. At the resin surface and in the center of the
scan line:
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r
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(4.18)

which is most of the expression within the logarithm term in (4.16). Substituting
(4.18) into (4.16) yields the working curve equation:

Cd ¼ Dp ln
Emax

Ec

# $
(4.19)

In summary, a laser of power PL scans across the resin surface at some speed Vs

solidifying resin to a depth Cd, the cure depth, assuming that the total energy
incident along the scan vector exceeds a critical value called the critical exposure,
Ec. If the laser scans too quickly, no polymerization reaction takes place; i.e.,
exposure E is less than Ec. Ec is assumed to be a characteristic quantity of a
particular resin.

An example working curve is shown in Fig. 4.8, where measured cure depths at a
given exposure are indicated by “*.” The working curve equation, (4.19), has
several major properties [1]:

1. The cure depth is proportional to the natural logarithm of the maximum expo-
sure on the centerline of a scanned laser beam.

2. A semilog plot of Cd vs. Emax should be a straight line. This plot is known as the
working curve for a given resin.

3. The slope of the working curve is precisely Dp at the laser wavelength being
used to generate the working curve.

4. The x-axis intercept of the working curve is Ec, the critical exposure of the resin
at that wavelength. Theoretically, the cure depth is 0 at Ec, but this does indicate
the gel point of the resin.

5. Since Dp and Ec are purely resin parameters, the slope and intercept of the
working curve are independent of laser power.

In practice, various Emax values can be generated easily by varying the laser scan
speed, as indicated by (4.19).
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exposure E is less than Ec. Ec is assumed to be a characteristic quantity of a
particular resin.

An example working curve is shown in Fig. 4.8, where measured cure depths at a
given exposure are indicated by “*.” The working curve equation, (4.19), has
several major properties [1]:

1. The cure depth is proportional to the natural logarithm of the maximum expo-
sure on the centerline of a scanned laser beam.

2. A semilog plot of Cd vs. Emax should be a straight line. This plot is known as the
working curve for a given resin.

3. The slope of the working curve is precisely Dp at the laser wavelength being
used to generate the working curve.

4. The x-axis intercept of the working curve is Ec, the critical exposure of the resin
at that wavelength. Theoretically, the cure depth is 0 at Ec, but this does indicate
the gel point of the resin.

5. Since Dp and Ec are purely resin parameters, the slope and intercept of the
working curve are independent of laser power.

In practice, various Emax values can be generated easily by varying the laser scan
speed, as indicated by (4.19).
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4.5.3 Photospeed

Photospeed is typically used as an intuitive approximation of SL photosensitivity.
But it is useful in that it relates to the speed at which the laser can be scanned across
the polymer surface to give a specified cure depth. The faster the laser can be
scanned to give a desired cure depth, the higher the photospeed. Photospeed is a
characteristic of the resin and does not depend upon the specifics of the laser or
optics subsystems. In particular, photospeed is indicated by the resin constants Ec

and Dp.
To determine scan velocity for a desired cure depth, it is straightforward to solve

(4.16) for Vs. Recall that at the maximum cure depth, the exposure received equals
the cure threshold, Ec. Scan velocity is given by (4.20).

Vs ¼
ffiffiffi
2

p

r
PL

W0Ec
e"Cd=Dp (4.20)

This discussion can be related back to the working curve. Both Ec and Dp must
be determined experimentally. 3D Systems has developed a procedure called the
WINDOWPANE procedure for finding Ec and Dp values [41]. The cure depth, Cd,
can be measured directly from specimens built on an SL machine that are one layer
thickness in depth. The WINDOWPANE procedure uses a specific part shape, but
the principle is simply to build a part with different amounts of laser exposure in
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Starting with (4.12), the locus of points in the resin that is just at its gel point,
where E ¼ Ec, is denoted by y* and z*. Equation (4.12) can be rearranged, with y*,
z*, and Ec substituted to give (4.13).
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This is the equation of a parabolic cylinder in y* and z*, which can be seen more
clearly in the following form,

ay"2 þ bz" ¼ c (4.15)

where a, b, and c are constants, immediately derivable from (4.14). Figure 4.7
illustrates the parabolic shape of a cured scan line.

To determine the maximum depth of cure, we can solve (4.14) for z* and set
y* ¼ 0, since the maximum cure depth will occur along the center of the scan
vector. Cure depth, Cd, is given by

Cd ¼ Dp ln
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As is probably intuitive, the width of a cured line of resin is the maximum at the
resin surface; i.e., ymax occurs at z ¼ 0. To determine line width, we start with
the line shape function, (4.14). Setting z ¼ 0 and letting line width, Lw, equal 2ymax,
the line width can be found:
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As a result, two important aspects become clear. First, line width is proportional
to the beam spot size. Second, if a greater cure depth is desired, line width must
increase, all else remaining the same. This becomes very important when
performing line width compensation during process planning.

The final concept to be presented in this subsection is fundamental to commer-
cial SL. It is the working curve, which relates exposure to cure depth, and includes
the two key resin constants, Dp and Ec. At the resin surface and in the center of the
scan line:
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which is most of the expression within the logarithm term in (4.16). Substituting
(4.18) into (4.16) yields the working curve equation:
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In summary, a laser of power PL scans across the resin surface at some speed Vs

solidifying resin to a depth Cd, the cure depth, assuming that the total energy
incident along the scan vector exceeds a critical value called the critical exposure,
Ec. If the laser scans too quickly, no polymerization reaction takes place; i.e.,
exposure E is less than Ec. Ec is assumed to be a characteristic quantity of a
particular resin.

An example working curve is shown in Fig. 4.8, where measured cure depths at a
given exposure are indicated by “*.” The working curve equation, (4.19), has
several major properties [1]:

1. The cure depth is proportional to the natural logarithm of the maximum expo-
sure on the centerline of a scanned laser beam.

2. A semilog plot of Cd vs. Emax should be a straight line. This plot is known as the
working curve for a given resin.

3. The slope of the working curve is precisely Dp at the laser wavelength being
used to generate the working curve.

4. The x-axis intercept of the working curve is Ec, the critical exposure of the resin
at that wavelength. Theoretically, the cure depth is 0 at Ec, but this does indicate
the gel point of the resin.

5. Since Dp and Ec are purely resin parameters, the slope and intercept of the
working curve are independent of laser power.

In practice, various Emax values can be generated easily by varying the laser scan
speed, as indicated by (4.19).
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4.5.3 Photospeed

Photospeed is typically used as an intuitive approximation of SL photosensitivity.
But it is useful in that it relates to the speed at which the laser can be scanned across
the polymer surface to give a specified cure depth. The faster the laser can be
scanned to give a desired cure depth, the higher the photospeed. Photospeed is a
characteristic of the resin and does not depend upon the specifics of the laser or
optics subsystems. In particular, photospeed is indicated by the resin constants Ec

and Dp.
To determine scan velocity for a desired cure depth, it is straightforward to solve

(4.16) for Vs. Recall that at the maximum cure depth, the exposure received equals
the cure threshold, Ec. Scan velocity is given by (4.20).
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This discussion can be related back to the working curve. Both Ec and Dp must
be determined experimentally. 3D Systems has developed a procedure called the
WINDOWPANE procedure for finding Ec and Dp values [41]. The cure depth, Cd,
can be measured directly from specimens built on an SL machine that are one layer
thickness in depth. The WINDOWPANE procedure uses a specific part shape, but
the principle is simply to build a part with different amounts of laser exposure in
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  Materials:	
  Somos	
  18120	
  

Description 
DSM’s Somos® ProtoGen 18120 is a liquid, ABS-like 
photopolymer that produces accurate parts ideal for general 
purpose applications.  Somos® ProtoGen resins are the first 
stereolithography resins to demonstrate different material 
properties based on machine exposure control.  Based on 
Somos® Oxetane™ chemistry, Somos® ProtoGen 18120 offers 
superior chemical resistance, a wide processing latitude 
and excellent tolerance to a broad range of temperature and 
humidity, both during and after the build.

Applications
This high-temperature resistant, ABS-like photopolymer is 
used in solid imaging processes, such as stereolithography, 
to built three-dimensional parts. Somos® ProtoGen 18120 
provides considerable processing latitude and is ideal for 
the medical, electronic, aerospace and automotive markets 
that demand accurate RTV patterns, durable concept models, 
highly accurate and humidity & temperature resistant parts.

TECHNICAL DATA - LIQUID PROPERTIES
Appearance Translucent
Viscosity ~300 cps @ 30°C
Density ~1.16 g/cm3 @ 25°C

Somos® ProtoGen 18120
Product Data 

TECHNICAL DATA - OPTICAL PROPERTIES
EC 6.73 mJ/cm² [critical exposure]
DP 4.57 mils [slope of cure-depth vs. In (E) curve]

E10 57.0 mJ/cm² [exposure that gives 0.254 mm  
(.010 inch) thickness]
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  Materials:	
  Somos	
  18120	
  

032012 | MARCOMM CODE

DSM Functional Materials
Somos® Materials Group

in Europe
Slachthuisweg 30
3150 XN Hoek van Holland
The Netherlands
Phone: +31.174.315.391

NOTICE :  Somos® is a registered trademark of Royal DSM N.V.  Somos® is an unincorporated subsidiary of DSM Desotech Inc.  The information presented herein is based on generally accepted analytical and testing practices and is believed to be 
accurate.  However, DSM Desotech expressly disclaims any product warranties which may be implied including warranties or merchantability and/or fitness for a particular purpose DSM Desotech’s products are sold subject to DSM Desotech’s 
standard terms and conditions of sale, copies of which are available upon request.  Purchasers are responsible for determining the suitability of the product for its intended use and the appropriate manner of utilizing the product in purchaser’s 
production processes and applications so as to insure safety, quality and effectiveness.  Purchasers are further responsible for obtaining necessary patent rights to practice any invention in connection with the use of purchased product and any other 
product or process.  DSM Desotech reserves the right to change specifications of their products without notice.  © 2012 DSM IP ASSESTS B.V.  All rights reserved.

in North America
1122 St. Charles Street
Elgin, Illinois 60120
USA
Phone: +1.847.697.0400

Visit us online at www.dsmsomos.com

[ Somos® ProtoGen 18120 ]

in China
476 Li Bing Road
Zhangjiang Hi-Tech Park
Pudong New Area
Shanghai 201203, China
Phone: +86.21.6141.8064

TECHNICAL DATA

Mechanical Properties Somos® ProtoGen 18120 
UV Postcure at HOC -2

Somos® ProtoGen 18120 
UV Postcure at HOC +3

Somos® ProtoGen 18120 
UV & Thermal Postcure

ASTM 
Method

Property 
Description Metric Imperial Metric Imperial Metric Imperial

D638M Tensile 
Strength

51.7 - 54.9 
MPa 7.5 - 8.0 ksi 56.9 - 57.1 

MPa 8.2 - 8.3 ksi 68.8 - 69.2 
MPa 9.9 - 10.0 ksi

D638M Tensile 
Modulus

2,620 - 2,740 
MPa 381 - 397 ksi 2,540 - 2,620 

MPa 370 - 380 ksi 2,910 - 2,990 
MPa 422 - 433 ksi

D638M Elongation at 
Break 6 - 12% 6 - 12% 8 - 12% 8 - 12% 7 - 8% 7 - 8%

D638M Poisson’s 
Ratio 0.43 - 0.45 0.43 - 0.45 N/A N/A 0.43 0.43

D790M Flexural 
Strength

81.8 - 83.8 
MPa 11.9 - 12.2 ksi 83.8 - 86.7 

MPa 12.2 - 12.6 ksi 88.5 - 91.5 
MPa 13.2 ksi

D790M Flexural 
Modulus 

2,360 - 2,480 
MPa 343 - 359 ksi 2,400 - 2,450 

MPa 350 - 355 ksi 2,330 - 2,490 
MPa 361 ksi

D2240 Hardness 
(Shore D) 84 - 85 85 - 87 N/A N/A 87 - 88 87 - 88

D256A Izod Impact 
(Notched)

0.14 - 0.26 
J/m 0.26 - 0.49 ft-lb/in N/A N/A 0.13 - 0.25 

J/m 0.24 - 0.47 ft-lb/in

D570-98 Water 
Absorption 0.77% 0.77% N/A N/A 0.75% 0.75%

TECHNICAL DATA

Thermal/Electrical Properties Somos® ProtoGen 18120 
UV Postcure at HOC -2

Somos® ProtoGen 18120 
UV & Thermal Postcure

ASTM 
Method Property Description Metric Imperial Metric Imperial

E831-05 C.T.E. -40 - 0°C (-40 - 32°F) 65.1 - 68.1 µm/m°C 36.2 - 37.8 µin/in°F 63.7 - 71.8 µm/m°C 35.4 - 39.9 µin/in°F
E831-05 C.T.E. 0 - 50°C (32 - 122°F) 84.7 - 95.3 µm/m°C 47.1 - 52.9 µin/in°F 75.0 - 107.5 µm/m°C 41.7 - 59.7 µin/in°F
E831-05 C.T.E. 50 - 100°C (122 - 212°F) 93.8 - 116.9 µm/m°C 52.1 - 64.9 µin/in°F 99.4 - 111.0 µm/m°C 55.2 - 61.7 µin/in°F
E831-05 C.T.E. 100 - 150°C (212 - 302°F) 147.0 - 155.4 µm/m°C 81.7 - 86.3 µin/in°F 143.4 - 173.3 µm/m°C 79.7 - 96.3 µin/in°F
D150-98 Dielectric Constant 60 Hz 3.4 - 3.5 3.4 - 3.5 3.5 - 3.6 3.5 - 3.6
D150-98 Dielectric Constant 1 KHz 3.3 - 3.4 3.3 - 3.4 3.4 - 3.5 3.4 - 3.5
D150-98 Dielectric Constant 1 MHz 3.1 - 3.2 3.1 - 3.2 3.2 - 3.3 3.2 - 3.3

D149-97A Dielectric Strength 14.4 - 15.3 kV/mm 365 - 387 V/mil 15.2 - 15.7 kV/mm 386 - 398 V/mil

E1545-00 Tg 71 - 86°C 160 - 187°F 76 - 94°C 169 - 201°F

D648 HDT @ 0.46 MPa (66 psi) 55 - 58°C 132 - 136°F 95 - 97°C 203 - 207°F

D648 HDT @ 1.81 MPa (264 psi) 48 - 50°C 118 - 123°F 79 - 82°C 175 - 180°F



+	
  Materials	
  cont:	
  

•  SLA	
  Somos	
  7120	
  -­‐	
  A	
  high	
  speed	
  general	
  use	
  resin	
  that	
  is	
  heat	
  and	
  
humidty	
  resistant.	
  	
  

•  Somos	
  9120	
  -­‐	
  A	
  robust	
  accurate	
  resin	
  for	
  func5onal	
  parts.	
  For	
  more	
  
informa5on	
  on	
  this	
  material	
  please	
  read	
  the	
  material	
  	
  

•  Somos	
  9920	
  -­‐	
  A	
  durable	
  resin	
  whose	
  proper5es	
  mimic	
  polypropylene.	
  
Offers	
  superior	
  chemical	
  resistance,	
  fa5gue	
  proper5es,	
  and	
  strong	
  
memory	
  reten5on.	
  

•  Somos	
  10120	
  WaterClear	
  -­‐	
  A	
  general	
  purpose	
  resin	
  with	
  mid	
  range	
  
mechanical	
  proper5es.	
  Transparent	
  parts	
  are	
  possible	
  if	
  finished	
  
properly.	
  	
  

•  Somos	
  11120	
  WaterShed	
  -­‐	
  Produces	
  strong,	
  tough,	
  water-­‐resistant	
  
parts.	
  Many	
  of	
  its	
  mechanical	
  proper5es	
  mimic	
  that	
  of	
  ABS	
  plas5c.	
  	
  

•  Somos	
  14120	
  White	
  -­‐	
  A	
  low	
  viscosity	
  liquid	
  photopolymer	
  that	
  
produces	
  strong,	
  tough,	
  water-­‐resistant	
  parts.	
  	
  

•  Somos	
  ProtoTool	
  -­‐	
  ProtoTool	
  is	
  a	
  high	
  density	
  material	
  that	
  transcends	
  
currently	
  available	
  stereolithography	
  resins	
  by	
  offering	
  superior	
  
modulus	
  and	
  temperature	
  resistance.	
  

	
  
	
  



+	
   Time	
  scales	
  

•  Laser	
  travel	
  10-­‐12s	
  
•  Photopolimer	
  reac5on	
  10-­‐6s	
  
•  Exposure	
  5me	
  50-­‐2000	
  10-­‐6s	
  
•  Onset	
  shrinkage	
  0.4-­‐1	
  s	
  
•  Comple5on	
  shrikage	
  4-­‐10s	
  
•  Layer	
  scanning	
  10-­‐300	
  s	
  



+	
   Scanning	
  strategie	
  

•  Joining	
  the	
  current	
  layer	
  with	
  the	
  previous	
  
one	
  

•  Residual	
  stresses	
  	
  
•  Extra	
  energy	
  (print	
  through	
  errors)	
  
•  Various	
  scanning	
  strategies	
  

– WEAVE	
  
– STARWEAVE	
  
– ACES	
  scan	
  pabern	
  



+	
   ACES	
  scan	
  paaern	
  

Given that it is necessary to consider 9 scans, we know the various values of y in
(4.24). We can consider that y ¼ nhs, and let n range from"4 to +4. Then, the total
exposure received at a point P is the sum of the exposures received over those
9 scans, as shown in (4.25) and (4.26).

Ep ¼ E0 þ 2E1 þ 2E2 þ 2E3 þ 2E4 (4.25)

where En $ E n hs; 0ð Þ ¼ Emaxe
"2 nhs=W0ð Þ2

EP ¼ Emax 1þ 2e"2 hs=W0ð Þ2 þ 2e"8 hs=W0ð Þ2 þ 2e"18 hs=W0ð Þ2 þ 2e"32 hs=W0ð Þ2
h i

(4.26)

It is convenient to parameterize exposure vs. Emax against the ratio of hatch
spacing vs. beam half-width. A simple rearrangement of (4.26) yields (4.27). A plot
of (4.27) over the typical range of size ratios (hs / W0) is shown in Fig. 4.14.

EP

Emax
¼ 1þ

X4

n¼1

e"2 nhs=W0ð Þ2 (4.27)
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4.6 SL Scan Patterns 89



MASK	
  PROJECTION	
  



+	
   Layer	
  at	
  a	
  Time	
  SolidificaKon	
  (Mask)	
  

UV Lamp

Glass
Mask

Clear
Plate

Photo-
polymer

A glass mask is generated  

Mask is then placed under an 
ultraviolet lamp 

Laser then shines through mask, solidifying the 
entire layer in one “shot.”  More rapid layer 
formation, and  thorough solidification.   



+	
  

lasers in the UV. A good overview of micro-SL technology, systems, and applica-
tions is the book by Varadan et al. [59].

MSL has been commercialized by MicroTEC GmbH, Germany. Although
machines are not for sale, the company offers customer-specific services. The
company has developed machines based on point-wise as well as layer-wise
photopolymerization principles. Their Rapid Micro Product Development (RMPD)
machines using a He–Cd laser enable construction of small parts layer-by-layer (as
thin as 1 mm) with a high surface quality in the subnanometer range and with a
feature definition of <10 mm.

A schematic and photograph of the MPSL system from Georgia Tech is shown
in Fig. 4.15. Similar to conventional SL, the MPSL process starts with the CAD
model of the part, which is then sliced at various heights. Each resulting slice cross
section is stored as bitmaps to be displayed on the dynamic mask. UV radiation
reflects off of the “on” micro-mirrors and is imaged onto the resin surface to cure
a layer. In the system at Georgia Tech, a broadband UV lamp is the light source,
a DMD is the dynamic mask, and an automated XYZ stage is used to translate the
vat of resin in three dimensions. Standard SL resins are typically used, although
other research groups formulate their own.

Broadband
UV lamp

Pinhole Filter

Imaging lens

Collimating
lens

Resin vat

Translation
stage

Bitmaps
computer

Digital Micromirror
Device

Controller

UV Lamp
Optics DMD

Translation Stages

Vat Location

Fig. 4.15 Schematic and photo of mask projection stereolithography machine
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Layer	
  at	
  a	
  Time	
  SolidificaKon	
  (DMD)	
  



+	
   PhotosolidificaKon	
  Layer	
  at	
  a	
  Time	
  

1.  Cross	
  sec5on	
  shape	
  is	
  “printed”	
  onto	
  a	
  glass	
  mask	
  
2.  Glass	
  mask	
  is	
  posi5oned	
  above	
  photopolymer	
  tank	
  
3.  Another	
  rigid	
  glass	
  plate	
  constrains	
  liquid	
  photopolymer	
  from	
  above	
  
4.  UV	
  lamp	
  shines	
  through	
  mask	
  onto	
  photopolymer-­‐	
  light	
  only	
  can	
  pass	
  

through	
  clear	
  part,	
  polymer	
  solidifies	
  there,	
  polymer	
  in	
  masked	
  areas	
  
remains	
  liquid	
  

5.  Due	
  to	
  contact	
  with	
  glass	
  plate,	
  the	
  cross	
  linking	
  capabili5es	
  of	
  the	
  
photopolymer	
  are	
  preserved-­‐	
  bonds	
  beber	
  w/	
  next	
  layer	
  

6.  New	
  coat	
  of	
  photopolymer	
  is	
  applied	
  	
  
7.  New	
  mask	
  is	
  generated	
  and	
  posi5oned,	
  and	
  process	
  repeats	
  
8.  12-­‐15	
  minute	
  postcure	
  is	
  required	
  
	
  
Note:	
  
1.  Much	
  less	
  warpage	
  than	
  SLA,	
  but	
  s5ll	
  uses	
  photopolymers	
  which	
  are	
  

toxic.	
  



+	
   Exposure	
  consideraKon	
  

micromirror on the DMD to the resin. As a result, a point on the resin may receive
radiation from several micromirrors. Standard ray-tracing methods can be used to
compute the irradiance field that results from a bitmap [61].

After computing the irradiance distribution on the vat surface, the cured shape
can be predicted. The depth of cure can be computed in a manner similar to that
used in Sect. 4.5. Cure depth is computed as the product of the resin’s Dp value and
the exponential of the exposure received divided by the resin’s Ec value, as in
(4.15). The exposure received is simply the product of the irradiance at a point and
the time of exposure, T.

Cd ¼ Dpe
"E=Ec ¼ Dpe

"H#T=Ec (4.30)

In the build direction, overcure and print through errors are evident, as in SL. In
principle, however, it is easier to correct for these errors than in point-wise SL
systems. A method called the “Compensation Zone” approach was developed to
compensate for this unwanted curing [61]. A tailored volume (Compensation Zone)
is subtracted from underneath the CAD model to compensate for the increase in the
Z dimension that would occur due to print-through. Using this method, more
accurate parts and better surface finish can be achieved.

4.9 Two-Photon SL

In the two-photon SL (2p-SL) process, the photoinitiator requires two photons to
strike it before it decomposes to form a free radical that can initiate polymerization.
The effect of this two-photon requirement is to greatly increase the resolution of
photopolymerization processes. This is true since only near the center of the laser is

Incident beam
chatacteristics

IRRADIANCE
MODEL

Imaging system
parameters

Bitmap displayed
on DMD

Lateral
dimensions of
the cured layer

Layer
thickness

Time of
exposure

Irradiance
received by every
point on resin
surface

CURE
MODEL

Fig. 4.17 Model of the MPSL process
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micromirror on the DMD to the resin. As a result, a point on the resin may receive
radiation from several micromirrors. Standard ray-tracing methods can be used to
compute the irradiance field that results from a bitmap [61].

After computing the irradiance distribution on the vat surface, the cured shape
can be predicted. The depth of cure can be computed in a manner similar to that
used in Sect. 4.5. Cure depth is computed as the product of the resin’s Dp value and
the exponential of the exposure received divided by the resin’s Ec value, as in
(4.15). The exposure received is simply the product of the irradiance at a point and
the time of exposure, T.

Cd ¼ Dpe
"E=Ec ¼ Dpe

"H#T=Ec (4.30)

In the build direction, overcure and print through errors are evident, as in SL. In
principle, however, it is easier to correct for these errors than in point-wise SL
systems. A method called the “Compensation Zone” approach was developed to
compensate for this unwanted curing [61]. A tailored volume (Compensation Zone)
is subtracted from underneath the CAD model to compensate for the increase in the
Z dimension that would occur due to print-through. Using this method, more
accurate parts and better surface finish can be achieved.

4.9 Two-Photon SL

In the two-photon SL (2p-SL) process, the photoinitiator requires two photons to
strike it before it decomposes to form a free radical that can initiate polymerization.
The effect of this two-photon requirement is to greatly increase the resolution of
photopolymerization processes. This is true since only near the center of the laser is
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+	
   Commercial	
  system	
  

build process that eliminates a regular vat. Instead, they have a supply on demand
material feed system. The disadvantage is that small or fine features may be
damaged when the cured layer is separated from the window.

3D Systems introduced their V-Flash machine in 2008, which utilizes MPSL
technology and a novel material handling approach [60]. The V-Flash is intended to
be an inexpensive prototyping machine (under $10,000) that is as easy to use
as a typical home ink-jet printer. Its build envelope is 230 ! 170 ! 200 mm
(9 ! 7 ! 8 in.). During operation, parts are built upside down. For each layer, a
blade coats a layer of resin onto a film that spans the build chamber. The build
platform slides down until the platform or the in-process part contacts the resin
layer and film. A cartridge provides a supply of unused film for each layer. That
layer is cured by the machine’s “UV Imager,” which consists of the MPSL
technology. This process continues until the entire part is built. Some rinsing of
the part is required, similar to SL, and support structures may have to be removed
during the post-processing phase of part fabrication.

4.8.3 MPSL Modeling

Most of the research presented on MPSL technology is experimental. As in SL, it is
possible to develop good predictive models of curing for MPSL systems. Broadly
speaking, models of the MPSL process can be described by a model that determines
the irradiation of the vat surface and its propagation into the resin, followed by a
model that determines how the resin reacts to that irradiation. Schematically, the
MPSL model can be given by Fig. 4.17, showing an Irradiance Model and a Cure
Model.

As a given bitmap pattern is displayed, the resin imaged by the “on” mirrors is
irradiated. The exposure received by the resin is simply the product of the irradi-
ance and the time of exposure. The dimensional accuracy of an imaged part cross
section is a function of the radiation uniformity across the DMD, the collimation of
the beam, and the capability of the optics system in delivering an undistorted image.

If the MPSL machine’s optical system produces a plane wave that is neither
converging nor diverging, then it is easy to project rays from the DMD to the resin
surface. The irradiance model in this case is very straightforward. However, in most
practical cases, it is necessary to model the cone of rays that project from each

Table 4.3 Specifications on EnvisionTEC Perfactory Standard Zoom machine

Lens system f ¼ 25–45 mm
Build envelope Standard 190 ! 142 ! 230 mm

High resolution 120 ! 90 ! 230 mm
Pixel size Standard 86–136 mm

High resolution 43–68 mm
Layer thickness 25–150 mm
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4.8.2 Commercial MPSL Systems

Two companies market SL systems based on mask projection technology, Envi-
sionTec and 3D Systems.

EnvisionTEC first marketed their MPSL systems in 2003. They now have
several lines of machines with various build envelopes and resolutions based on
the MPSL process, including the Perfactory, Perfactory Desktop, Aureus, Xede/
Xtreme, and Ultra. Variants of some of these models are available, including
specialized Perfactory machines for dental restorations or for hearing aid shells.
A photo of the Perfactory Standard machine is shown in Fig. 4.16 and its technical
specifications are listed in Table 4.3.

Schematically, their machines are very similar to the Georgia Tech machine in
Fig. 4.15 and utilize a lamp for illuminating the DMD and vat. However, several of
their machine models have a very important difference: they build parts upside
down and do not use a recoating mechanism. The vat is illuminated vertically
upwards through a clear window. After the system irradiates a layer, the cured resin
sticks to the window and cures into the previous layer. The build platform pulls
away from the window at a slight angle to gently separate from the window. The
advantage of this approach is threefold. First, no separate recoating mechanism is
needed since gravity forces the resin to fill in the region between the cured part and
the window. Second, the top vat surface being irradiated is a flat window, not a free
surface, enabling more precise layers to be fabricated. Third, they have devised a

Fig. 4.16 EnvisionTEC
Perfactory model
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GENERAL	
  CONSIDERATION	
  



+	
   Cost	
  

•  Cost	
  of	
  materials:	
  
–  200€	
  per	
  liter	
  	
  
–  A	
  cube	
  20*20*20	
  cm3	
  approx	
  8	
  liters	
  

•  Post	
  processing	
  Requirements:	
  	
  
– Careful	
  prac5ces	
  are	
  required	
  to	
  work	
  with	
  the	
  
resins.	
  

– Frameworks	
  must	
  be	
  removed	
  from	
  the	
  
finished	
  part.	
  

– Alcohol	
  baths	
  then	
  Ultraviolet	
  ovens	
  are	
  used	
  
to	
  clean	
  and	
  cure	
  the	
  parts.	
  



+	
   Pros	
  

•  Probably	
  the	
  most	
  accurate	
  func5onal	
  prototyping	
  
on	
  the	
  market.	
  
–  Layer	
  thickness	
  (from	
  20	
  to	
  150	
  μm)	
  
– Minimum	
  feature	
  size	
  80	
  to	
  300	
  μm	
  
–  Smooth	
  surface	
  finish,	
  high	
  dimensional	
  tolerance,	
  and	
  
finely	
  detailed	
  features	
  (thin-­‐walls,	
  sharp	
  corners,	
  etc…)	
  

•  Large	
  build	
  volume	
  
–  Up	
  to	
  50	
  x	
  50	
  x	
  60	
  cm3	
  (approx)	
  

•  Used	
  in:	
  Investment	
  Cas5ng,	
  Wind	
  Tunnels,	
  and	
  
Injec5on	
  Molding	
  as	
  tooling	
  	
  

•  Resins	
  can	
  be	
  custom	
  engineered	
  to	
  meet	
  
different	
  needs:	
  higher-­‐temps,	
  speed,	
  finish…	
  

	
  



+	
   Cons	
  

•  Requires	
  post-­‐curing.	
  
•  Long-­‐term	
  curing	
  can	
  lead	
  to	
  warping.	
  
•  Parts	
  are	
  quite	
  brible	
  and	
  have	
  a	
  tacky	
  surface.	
  
•  Support	
  structures	
  are	
  typically	
  required.	
  

–  Supports	
  must	
  be	
  removed	
  by	
  hand	
  
•  Uncured	
  material	
  is	
  toxic.	
  
•  Lible	
  material	
  choice	
  
•  Costs	
  

–  Material	
  
–  trained	
  operator	
  	
  
–  Lab	
  environment	
  necessary	
  (gasses!)	
  
–  Laser	
  lasts	
  2000hrs,	
  costs	
  $20’000!	
  

•  Slow	
  process	
  



+	
   Link	
  uKli	
  

•  hbp://www.acucast.com/rapid_prototyping.htm	
  
•  hbp://www.milparts.net/sla.html	
  
•  hbp://www.protocam.com/html/materials-­‐
sla.html	
  	
  

•  hbp://www.3dsystems.com	
  	
  
•  hbp://www.dsm.com/products/somos/en_US/
offerings/offerings-­‐somos-­‐proto-­‐gen.html#	
  	
  



CARBON	
  3D	
  
“Layerless	
  3D	
  prin5ng”	
  



+	
   Carbon	
  3D	
  



+	
   Carbon	
  3D	
  



TWO	
  PHOTON	
  
STEREOLITHOGRAPHY	
  



+	
   Two	
  photon	
  stereolithography	
  

the irradiance high enough to provide the photon density necessary to ensure that
two photons will strike the same photoinitiator molecule. Feature sizes of 0.2 mm
have been achieved using 2p-SL.

2p-SL was first invented in the 1970s for the purposes of fabricated three
dimensional parts [62]. Interestingly, this predates the development of SL by over
10 years. In this approach, two lasers were used to irradiate points in a vat of
photopolymer. When the focused laser spots intersected, the photon density was
high enough for photo-polymerization.

More recently, 2p-SL received research attention in the late 1990s. A schematic
of a typical research setup for this process is shown in Fig. 4.18 [63]. In this system,
they used a high power Ti:Sapphire laser, with wavelength 790 nm, pulse-width
200 fs, and peak power 50 kW. The objective lens had an NA ¼ 0.85. Similarly to
other micro-SL approaches, the vat was scanned by a 3D scanning stage, not the
laser beam. Parts were built from the bottom-up. The viscosity of the resin was
enough to prevent the micropart being cured from floating away. Complicated parts
have been produced quickly by various research groups. For example, the micro-
bull in Fig. 4.19 was produced in 13 min [64]. The shell of the micro-bull was cured
by 2p-SL, while the interior was cured by flood exposure to UV light.

Typical photopolymer materials can be used in 2p-SL machines [64–66]. The
most commonly used resin was SCR500 from Japan Synthetic Rubber Company,
which was a common SL resin in Japan, where this research started during the
1990s. SCR500 is a mixture of urethane acrylate oligomers/monomers and common
free radical generating photoinitiators. The absorption spectrum of the resin shows
that it is transparent beyond 550 nm, which is a significant advantage since photons
can penetrate the resin to a great depth (Dp is very large). One implication is that
parts can be built inside the resin vat, not just at the vat surface, which eliminates
the need for recoating.

Photosensitivity of a 2p-SL resin is measured in terms of the two-photon
absorption cross section (D) of the initiator molecule corresponding to the wave-
length used to irradiate it. The larger the value of D, the more sensitive is the resin to
two-photon polymerization, possibly enabling lower power lasers.

Computer

Argon ion
laser

Ti:Sapphire
laser

Mirror

Shutter

CCD camera

Monitor

Lamp

3D scanning
stage

Solidified resin

Photopolymerizable
resin

Objective lens
(N.A. 0.4)

Objective lens
(N.A. 0.85)

Fig. 4.18 Schematic of typical two-photon equipment
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+	
   Two	
  photon	
  stereolithography	
  



+	
   Two	
  photon	
  stereolithography	
  



SOLID	
  GROUND	
  CURING	
  



+	
   Solid	
  Ground	
  Curing	
  (SGC)	
  

•  Solid	
   Ground	
   Curing	
   (SGC),	
   is	
   somewhat	
  
similar	
  to	
  stereolithography	
  (SLA)	
  	
  

•  both	
   use	
   ultraviolet	
   light	
   to	
   selec5vely	
  
harden	
  photosensi5ve	
  polymers.	
  	
  

•  SGC	
  cures	
  an	
  en5re	
  layer	
  at	
  a	
  5me	
  and	
  use	
  
another	
  material	
  as	
  support	
  



+	
   Solid	
  Ground	
  Curing	
  (SGC)	
  

1.  Photosensi5ve	
  resin	
  is	
  sprayed	
  on	
  the	
  build	
  plaWorm.	
  	
  
2.  The	
  machine	
  develops	
  a	
  photomask	
  (like	
  a	
  stencil)	
  of	
  the	
  layer	
  

to	
  be	
  built.	
  	
  
3.  This	
   photomask	
   is	
   printed	
   on	
   a	
   glass	
   plate	
   above	
   the	
   build	
  

plaWorm	
  using	
  an	
  electrosta5c	
  process	
  similar	
  to	
  that	
  found	
  in	
  
photocopiers.	
  	
  

4.  The	
   mask	
   is	
   then	
   exposed	
   to	
   UV	
   light,	
   which	
   only	
   passes	
  
through	
   the	
   transparent	
   por5ons	
   of	
   the	
   mask	
   to	
   selec5vely	
  
harden	
  the	
  shape	
  of	
  the	
  current	
  layer.	
  

5.  ACer	
  the	
  layer	
  is	
  cured,	
  the	
  machine	
  vacuums	
  up	
  the	
  excess	
  
liquid	
  resin	
  and	
  sprays	
  wax	
  in	
  its	
  place	
  to	
  support	
  the	
  model	
  
during	
  the	
  build.	
  	
  

6.  The	
  top	
  surface	
  is	
  milled	
  flat,	
  and	
  then	
  the	
  process	
  repeats	
  to	
  
build	
  the	
  next	
  layer.	
  	
  

7.  When	
  the	
  part	
  is	
  complete,	
  it	
  must	
  be	
  de-­‐waxed	
  by	
  immersing	
  
it	
  in	
  a	
  solvent	
  bath.	
  	
  



+	
   Solid	
  Ground	
  Curing	
  



+	
   Solid	
  Ground	
  Curing	
  



+	
   Solid	
  Ground	
  Curing	
  

 
 



+	
   Solid	
  Ground	
  Curing	
  



+	
   Solid	
  Ground	
  Curing	
  

UV Lamp
Glass
Mask

Photo-
polymer

Wax

Generate glass mask Shine UV Lamp 
through mask to 
solidify photopolymer 

Remove excess polymer, 
and fill gaps with liquid wax. 
Chill to solidify wax. 

Mill wax & 
workpiece 

Coat with 
      photopolymer 

Wax

Milling
CutterWork-

piece

Solid
Wax

Liquid
Wax

Chiller



+	
   SGC:	
  pros	
  and	
  cons	
  

•  High	
  capital	
  and	
  opera5onal	
  cost	
  
•  Large	
  heavy	
  equipment	
  
•  Good	
  dimensional	
  accuaracy	
  
•  Much	
  less	
  warpage	
  than	
  SLA	
  



EXERCISES	
  



+	
   Esercizi	
  

Tecnologia	
   Costo	
  materiale	
  (€/
cm^3)	
  

Costo	
  per	
  pezzo	
  
(€)*	
  

Costo	
  aarezzatura	
  
(€)**	
  

Fresatura	
  CNC	
   0.1	
   15	
   40	
  

SLA	
   1	
   10	
   10	
  

FDM	
   0.1	
   5	
   5	
  

SLS	
   2	
   15	
   20	
  

InjecKon	
  
molding	
  

0.01	
   0.05	
   15000	
  

D:	
  Sulla	
  base	
  della	
  seguente	
  tabella,	
  s5mare	
  la	
  tecnologia	
  più	
  conveniente	
  
per	
  realizzare	
  50	
  dadi	
  da	
  gioco 

*incluso	
  costo	
  operatore	
  e	
  tempo	
  u5lizzo	
  macchina,	
   
**incluso	
  il	
  costo	
  della	
  progebazione	
  dell’oggebo,	
  e	
  della	
  generazione	
  di	
  
eventuali	
  file	
  CAM;	
  escluso	
  costo	
  acquisto	
  macchina 



+	
  

Parametro	
   Valore	
  
Plamorm	
  adhesion	
  type	
  (Brim)	
   SI	
   No	
  
Layer	
  thickness	
  (mm)	
   	
  	
  
Shell	
  thickness	
  (mm)	
   	
  	
  
Fill	
  density	
  (%)	
   20%	
   50

%	
  
70%	
  

Top/boaom	
  thickness	
  (mm)	
   	
  	
  
Print	
  speed	
  (mm/s)	
   	
  	
  
PrinKng	
  temperature	
  (°C)	
   	
  	
  
Filament	
  diameter	
  (mm)	
   	
  	
  

I	
  seguen5	
  screenshot	
  si	
  riferiscono	
  alla	
  fabbricazione	
  di	
  un	
  cubo	
  di	
  5	
  cm	
  di	
  lato	
  in	
  
ABS	
  u5lizzando	
  la	
  tecnologia	
  FDM.	
  L’estrusore	
  ha	
  un	
  diametro	
  di	
  0.4	
  mm.	
   


