Sing|e_Step Stereo”thography of costs, time, and availability. Biomedical applications can require

. the analysis of large sets of small size experimental models. For
Complex Anatomical Models most biomedical studies experimental models do not undergo im-
i portant load or extreme thermal conditions. Accordingly, me-
for Optlcal Flow Measurements chanical properties are not as crucial as manufacturing accuracy,
transparency, and production tini€able 1.

Diane de Zdicourt. Kerem Pekkan. Hiroumi In this Technical Note, our methodology is applied to the spe-

o . . 1 cific case of cardiovascular fluid dynamics modeling and more
Kitajima, David Frakes, and Ajit P. Yoganathan specifically, the total cavopulmonary connecti@CPC), which is

the current surgical procedure used to repair single-ventricle con-
Cardiovascular Fluid Mechanics Laboratory, Wallace H. genital heart defects, de Leval et |]. Two models were manu-
Coulter Department of Biomedical Engineering, factured using transparent rapid prototyping: an anatomical TCPC
Georgia Institute of Technology & Emory University connection that was reconstructed from a patient’s magnetic reso-

L . . .. nance imageg§MRI), and an RP replica of the idealized glass
School of Medicine, Room 2119 U.A. Whitaker Bundlng,mOolel that was studied by Ensley et [&], both shown in Fig. 1.

313 Ferst Dr., Atlanta, GA 30332-0535 The later model enabled comparisons with the previous smooth
glass surface experiments, and the effects of RP machining
grooves on the global hydrodynamics are investigated for valida-

Transparent stereolithographic rapid prototyping (RP) technolog{on Purposes.

has already demonstrated in literature to be a practical model

construction tool for optical flow measurements such as digita| .

particle image velocimetry (DPIV), laser doppler velocimetn? Materials and Methods
(LDV), and flow visualization. Here, we employ recently available 5 1 \10del Construction.
transparent RP resins and eliminate time-consuming casting al
chemical curing steps from the traditional approach. This not
details our methodology with relevant material properties an
highlights its advantages. Stereolithographic model printing with 1. Create an accurate digital model of the flow

our procedure is now a direct single-step process, enabling faster  volume;

geometric replication of complex computational fluid dynamics 2. Invert the design within a CAD software package to obtain a
(CFD) models for exact experimental validation studies. This  solid computer model of the experimental prototype; and
methodology is specifically applied to the in vitro flow modeling of 3. Manufacture the experimental rapid prototype and ensure
patient-specific total cavopulmonary connection (TCPC) mor-  optimal optical and surface quality.

phologies. The effect of RP machining grooves, surface qua{li%,

: lication the flow volume, the TCPC, is obtained from
and hydrodynamic performance measurements as compared ur app . ' 1
the smooth glass m%dels are also quantified. P ! P?I However, this methodology may be applied to other 3D
[DOI: 10.1115/1.1835367 imaging modalities and on any anatomical cavity. To compensate

for the out-of-plane sampling limitations inherent to MRI, adapta-
tive control grid interpolatior(Frakes et al[9]) was used to en-
hance the stack of raw images. The region of interest was seg-
1 Introduction mented in each slice using an in-house code. The 3D

representation of the TCPC was ultimately generatediincs

High accuracy optical flow measurement techniques, such @gaterialise Inc. Ann Arbor, M), turning the smoothing on to the
LDV and PIV, require the use of transparémt/itro models. Com-  mayimum settings, and saved as an STL file. STL files represent
plex patlent-spemflc anatomlcal mod_els have _tradltlonally beefaces with triangles. Subsequently, when importing an STL
reproduced with glass-blowing techniques, which are accomp@presentation of a volume into a CAD software package, the user
nied by high operator dependency and poor accuracy. Rapid pstains a large number of disjoint triangular surfaces. This prob-
totyping and Computer-aided desi¢BAD) technology has elimi- |em was circumvented by converting the STL file into an IGS file
nated operator dependence, enabling exact geometry replicatigfhin ceomacic sTubio 6 (Raindrop Geomagic Inc., Durham,

In literature, this approach is already described and has been gg) \which warps a manifold of quadrilateral nurbs patches over
plied skillfully to specific research areas of biomedical fluid mege points that define the STL triangles. Using this IGS format, the
chanl_cs[1—4]. In th(_ase studles_ the general methodology is to U$gconstructed TCPC volume was imported iTRO/ENGINEER
RP with opaqueresins to obtain an accurate water-soluble NeYAPTC Inc, Needham, MAdesign software. To assess the error
tive of the flow passage that is then encased in transparent Sk oduced by the successive format changes, the blood volume
gard® (Dow Corning Inc). This multistep process involves time-,sed for further design operation withiRO/ENGINEERWaS saved
consuming chemical casting procedures and carefully controllgd 5 STI and compared to the original STL file, USEEPMAGIC
vacuum curing conditions. As we will describe in this Note, WitrbUA,_lFY 6 (Raindrop Geomagic Inc., Durham, NCThe mean
the use otransparentRP resins these laborious casting and curingayiation was 0.02 mm with a maximum deviation of 0.05 mm.
processes can be eliminated from the methodology, allowing aa solid box was then designed surrounding this volume, which
faster, more direct single-step transition from computer files {9owed sufficient wall thickness for mechanical strength but was
transparent anatomic models. ) maintained as thin as possible to reduce PIV light absorption
. St.ereollthography is being used to fabricate opaque compone.mich is measured to be 15%/cm for the resin usédWhen
in wind tunnels for external flow measurements as an alternatlrggssime 4 mm proved to be a sufficient thickness for both crite-
to numerically controlled machining, Springi&]. Chuk and Th- i~ The actual experimental model was generated by Boolean
omson([6] detail the component requirements for surface finisky htraction of the anatomic blood volume from the box. The main
dimensional accuracy, and material strength as well as productiQfhstraints for box design are to avoid image distortion and laser
light scattering when performing PIV. The experiment in this sce-
go \tN_TJortn gti)rretshpogdence should %e_ éd_dre?sed bication in taua nario should be planned ahead of time to identify the axes through
ontribute: y the Bloengineering Division for publication in NAL OF H H H H H _
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- which th(? model will be illuminated and imaged. The outer sur
sion April 24, 2004; revision received September 13, 2004. Associate Editor: DaJiices faC'“g the camera and the laser ShPU|d be ﬂa.t and orthogonal
J. Beebe. to the acquisition and the laser beam axis, respectively. All angles

Since the core of this method is
, the goal is to obtain a solid computer representation of the
esired model. The general procedure is to
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Table 1 Comparison of transparent model alternatives. The orders of magnitude provided
here are based on the cost and production time estimates that were obtained for the particular
TCPC geometry shown in this study. Geometric accuracy represents the difference between
the manufactured model and the corresponding TCPC geometry as it is reconstructed in Mim-
ics (Materialise Inc., Ann Arbor, Ml ).

Prototype Cost Model  Production time Geometric  Optical qualities
complexity accuracy
Glass Low Limited Short Poor Very good
(140 9 (3 to 4 hours (2 to 3 mm?
Stereolithography with ~ High®  Acceptable Long Medium Good

Sylgard©(Dow Corning (5509 (7 to 8 day$ (0.1 to 0.4 mm
Direct stereolithography ~ High Good Short High Acceptable
with no chemical process (455 9 (13 hours (max 0.15 mm

aComplexity dependent.
bPrice including both RP and Sylgard costs.

in the box design should be away from the region of interest tbat are deposited from the bottom to the top of the prototype, as
avoid any light scattering within it. Depending on the geometryt is oriented in the SLA machingig. 2). Optimal surface quality
these constraints may lead to uneven wall thickness, which in twind transparency is obtained for the top surface. Our components
leads to uneven light distribution. The use of fluorescent particlegre thus oriented so as have the inner surfaces facing the top.
and image postprocessing algorithms can compensate for thgsese surfaces underwent no further polishing or surface finish.
problems. All other surfaces were polished, first using wet sandpaper of
If the model is built as a single block, construction supports willecreasing grain sizd00 followed by 60Dand then using coarse
be generated throughout the entire blood volume. Though easyaify fine polishing compound®o. 7 “rubbing compound” fol-
remove, these supports alter the inner surface of the model. Sgived by No. 7 “clearcoat polishing compound”Any typical
face quality can be recovered with fine polishing, potentially golishing compound could be used for this purpose. A transparent
the cost of geometrical accuracy. However, polishing the innggrylic paint(Rust Oleum “Gloss Clear 1901"was sprayed to
surfaces of the model is not always feasible depending on dimegthieve transparency. However, slight blurring still persisted on
sions and complexity. In this study, the models were split alonge side surfaces. The model should thus be designed so as to
the vessel axis into two parts. These two parts were glued baglow the surfaces through which PIV images will be acquired

together using epoxy glue, which generated a seam. Comparatyeace the bottom of the SLA machine. Accordingly, the side
measurements demonstrated that the seam had no significantdffifaces will be the ones through which the model will be

pact on data acquisition when located on the surfaces facing tfi§minated.

laser, but would distort all the data if located on any surface facing

the PIV camera. Transparent UV curable adhesigash as Deso- 2.2 Experimental Setup. In order to test the suitability of

bond™, DSM Somos®may also be used to position componentthe model for our experiments, flow visualization and DPIV were

together seamlessly, but are more expensive. run on the anatomical TCPC model. Additionally an RP replica of
While Sylgard models commonly take over a week to manufathe simplified glass modéFig. 1) previously studied by Ensley

ture, our model was built in 13 h using Vantico Renshape® Stt al.[8] was manufactured and the hydrodynamic power losses in

5510 resin in a SLA 250 machine with an accuracy of 0.1 minoth models were compared to quantify the impact of surface

(0.004 in). To preserve the optical quality of the model, no chemiroughness on RP model flow.

cal curing was performed. RP models are manufactured in layerd-low visualization was performed using an aqueous solution of

inflow-1
SvVC

outflow to
right lung

outflow to
left lung

Fig. 1 Left: Unstructured computational fluid dynamics grid of the anatomic solid model, the total cavopul-
monary connection (TCPC). Right: The corresponding stereolithographic duplicate for DPIV experiments, in
two halves. Top-left-corner: Simple idealized planar glass model studied by Ensley et al. [8].
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\S"}_‘Z;"W" flow loop Fig. 3 PIV was performed usinga TSI (TSI Inc, Shoreview, MN )
system. To ensure minimum image distortion, the outer sur-

faces facing the camera and the laser are flat and orthogonal to
the acquisition and the laser beam axis, respectively. Seeding
the flow with fluorescent particles while cutting off laser light
reflections with a color filter further improves PIV quality.
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Anat-oitl-ic_él iIP
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Fig. 2 Model orientation in the SLA machine as the anterior
half is being manufactured and recommendations for experi-

mental planning 3 Results

Figure 4 shows comparative results obtained in flow visualiza-
glycerin as a working fluid in order to match blood kinematidion, PIV, and CFD. Flow visualization was performed to ensure
viscosity (v=3.5cSt+1—0.1cSt). A mixture of dry pigments and that all flow features were well captured in PIV. Two opposite
liquid soap was used as a dye and injected into the model mflow streams coming from the superior and inferior vena cava
means of catheters. The model was illuminated from the postermwllided in the connection area. Due to smaller vessel diameter,
side with a halogen lamp. Images were acquired from the antertbe SVC flow demonstrated higher velocities than the IVC stream,
side with a CCD camera at 500 frame/s, Pekkan eftll. and thus governed the flow recirculation in the connection area.

PIV was performed with a TSITSI Inc, Shoreview, MN sys-  Additionally, the curvature in the SVC at the opening of the vessel
tem and two 17 mJ YAG laset§ig. 3). The working fluid was an generated a flow separation region. High-frequency instability due
aqueous solution of glycerin and sodium iodide matching botb the two colliding inflow streams was observed in flow visual-
blood kinematic viscosity and the refractive index of the resiization and further demonstrated with high-order time-accurate
(n=1.51). The solution was seeded with fluorescent particl&D studies. The velocity fields acquired via PIV compared well
(Rhodamine-B, diameter: 2.5 to @m). A color filter (A with our flow visualization results and were then used to validate

=570 nm) cut off all laser reflections from the model and onlyhe CFD simulations run on the same geometry.

allowed for the light refracted from the particles to shine through. Hydrodynamic control volume power losses in the simplified
Three-hundred double-frame images were acquired at 15 Hz. fapid prototypg1.03, 6.30, and 18.85 mW at 2, 4, and 6 L/min, at
adaptive threshold algorithm was applied to the raw images égual lung flow splitwith no inside polishing were systematically

improve cross correlation. The 300 resulting velocity fields wetg@gher than those previously measured in the glass m@de4,

then averaged. 5.50, 15.52 mW. These differences were not significant in the
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Fig. 4 Assessment of the flow field using flow visualization (left), PIV (middle ), and CFD (right) at 1 L/min;
inflow split: 60 /40 IVC/SVC; outflow split: 30 /70 left/right lung. Flow visualization dye is injected from the SVC.
Height (h) is measured from model anterior. The CFD simulations were run under the same conditions and
assumptions as the experimental setup, namely incompressible, laminar flow with steady inflow conditions, and

rigid, but smooth vessel walls.
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laminar regime p>0.1 at 2 and 4 L/min, which are the normalAcknowledgments
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