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ABSTRACT

Numerous solid freeform fabrication (SFF) or rapid
prototyping (RP) techniques have been employed in the field of
tissue engineering to fabricate specially organized three-
dimensional (3-D) structures such as scaffolds. Some such
technologies include, but are not limited to, laminated object
manufacturing (LOM), three-dimensional printing (3-DP) or
ink-jet printing, selective laser sintering (SLS), and fused
deposition modeling (FDM). These techniques are capable of
rapidly producing highly complex 3-D scaffolds or other
biomedical structures with the aid of a computer-aided design
(CAD) system. However, they suffer from lack of consistency
and repeatability, since most of these processes are not fully
controlled and cannot reproduce the previous work with
accuracy. Also, these techniques (excluding FDM) are not truly
direct-print processes. Certain material removing steps are
involved, which in turn increases the complexity and the cost of
fabrication. The FDM process has good repeatability; however,
the materials that can be used are limited due to the high
temperature needed to melt the feedstock. Some researchers
also reported that the scaffolds fabricated by FDM lack
consistency in the z-direction.

In this paper, we will present a true direct-print technology
for repeatedly producing scaffolds and other biomedical
structures for tissue engineering with the aid of our Computer
Aided Biological (CAB) tool. Unlike other SFF techniques
mentioned above, our direct-print process fabricates scaffolds
or other complex 3-D structures by extruding (dispensing) a
liquid material onto the substrate with a prescribed pattern
generated by a CAD program. This can be a layer-by-layer 2.5
dimension build or a true 3-D build. The dispensed liquid
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material then polymerizes or solidifies, to form a solid
structure. The flexibility in the types of materials that can be
extruded ranges from polymers to living cells, encapsulated in
the proper material. True 3-D structures are now possible on a
wide range of substrates, including even in vivo. Some of the
advantages of the process are a) researchers have full control
over the patternsto be created; b) it is atrue direct-print process
with no material removing steps involved; c) it is highly
consistent and repeatable; and d) it is highly efficient and cost-
effective. This paper will first give a detailed description of the
CAB tool. Then, it will present a detailed process for printing
polycaprolactone (PCL) into a defined 3-D architecture, where
the primary focus for these constructs is for use in tissue
engineering applications. Finally, mechanical characterization
results of the printed scaffolds will be included in the paper.

INTRODUCTION

Tissue engineering (TE) is an emerging technology where
artificial organs and tissues are constructed in vitro and
transplanted in vivo for the recovery of lost or malfunctioned
organs or tissues. For the most part, cellular TE constructs are
generated by seeding cells onto porous matrices, or scaffolds.
The specific 3-D architecture of these scaffolds directs the
migration and orientation of the cells within the construct.
Therefore, the scaffold is a very important component for tissue
engineering. Material plays an important role in building the
functional scaffolds. Besides being non-antigenic, non-
carcinogenic, non-toxic, non-teratogenic, and biocompatible, it
is crucia for the material to have controlled biodegradability or
bioresorbability so that the scaffold can eventually be replaced
by cells native to the host. And, the requirements for the
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production of TE scaffolds are: the scaffold (1) consists of a solid structure. The flexibility in the types of materitiat
appropriately sized and interconnecting pores to favor tissuecan be extruded ranges from acellular polymers to living cells
integration and vascularization; (2) has large surface area andencapsulated in some biopolymer. True 3-D structures are now
proper surface chemistry to favor cellular attachment, possible on a wide range of substrates, @uevivo. Some of
differentiation, and proliferation; and (3) has sufficient the advantages of the process are: a) researchers have full
mechanical properties for handling and for the intendedo$ite  control over the patterns to be created; b) it is a true dirétt-
implantation [1]. process with no material removal steps involved; c) liighly
Numerous techniques have been developed to manufactureconsistent and repeatable; and d) it is efficient and cost-
scaffolds to meet the above mentioned prerequisites. Sucheffective. In this paper, a detailed process for printing R i
techniques include the conventional manual-based fabricationdefined 3-D architectures will be presented along with
techniques and the newly emerged SFF techniques [2, 3, 4].mechanical characterization results.
The major goal in scaffold manufacturing is to maintaighhi
accurate control over its macro-structural (e.g. mechanical
properties and porosity) and micro-structural (e.g. paze, si
distribution, and interconnectivity) properties. Therefaites
key requirements for a controlled process include (1) the
processing procedures and conditions should not adversely
affect the material properties and subsequent clinical udfity
the scaffolds; (2) the process accurately controls the macro and
micro structure; (3) the scaffolds are consistent; (4) the
different batches of scaffolds are repeatable [5]; and (5) the
process should be flexible enough to fabricate architectures fo
different tissues and organs.
Conventional scaffold fabrication techniques such as gas
foaming, fiber bonding, phase separation, melt molding,
emulsion freeze drying, solution casting, and freeze drying are
incapable of precisely and repeatedly controlling the micro
structure of the scaffold in terms of pore size, geometry,
interconnectivity, and spatial distribution of pores. The
scaffolds fabricated by these techniques have a foam structure,
which is difficult for cells to migrate through. Thiasresulted
in less than 500m penetration of the cells in the cross-section )
[1]. Also, most of them use toxic organic solvents and/or Figure 1,The CAB tool
porogens, which limit their applications. COMPUTER AIDED BIOLOGICAL (CAB) TOOL
SFF or RP is a group of techniques based on CAD and
computer-aided manufacturing (CAM). They have the pegcription of the CAB Tool
advantage of being able to build structures with predefined — The CAB tool (Figure 1) was created to fabricate artificial
macro and microstructures. The most referred SFF techniquesgonstructs that would demonstrate properties of nativeetissu
include LOM, 3-DP, SLS, and FDM. These techniques are (microenvironment, three-dimensional organization, and inter-
capable of rapidly producing highly complex 3-D scaffolds or cejiylar contact). It is a dispensing system integrated with o
other biomedical structures with the aid of a CAD system. noye| pumping technology. It utilizes a CAD/CAM approach to
However, they suffer from consistency and repeatability, since pild three-dimensional heterogeneous tissue models. TBe CA
most of these processes are not fully controlled and cannotigg| is a multi-head (the Smart Pump, positive displasgm
reproduce the previous work with accuracy. And, these pnymp pneumatic syringe pump) through-nozzle deposition
techniques (excluding FDM) are not truly direct-print  machine deemed to conformably deposit biomaterials, cells,
processes. Certain material removing steps are involvedhwhi  ang co-factors onto various supporting substrates to create
in turn increases the cost of fabrication. The FDM process hassyrogate tissues and tentative platforms for experimentslin cel
good repeatability; however, the materials that can be used areyiglogy and tissue engineering.
limited due to the high temperature needed to melt the  The system contains: a stage moving in the XY direction; a
feedstock. Some researchers also reported that the scaffoldgymper of z-traveling deposition heads; a fiber optic tligh
fabricated by FDM lack consistency in the z-direction. _ source to illuminate the deposition area and cure
The engineers at nScrypt have developed a true direct-printphotopolymers in-line; individual ferroelectric temperature
process for the manufacturing of scaffolds and other 3-D controls for each deposition head; a water jacket temperature
structures with great consistency and repeatability by uging _ control for the stage; and a humidifier. Recent versionthef
CAB tool and the integrated Smart Pump. Unlike other SFF caB tool are encapsulated in positively pressurized and
techniques mentioned above, our direct-print process fasicat yentilated casings that meet Biohazard Il safety requirements.
scaffolds or other complex 3-D structures by extruding piezoelectric and optical sensors allow for conformal
(dispensing) a liquid material into the substrate with a geposition on uneven surfaces and even on live and moving
prescribed pattern generated by a CAD program. This can be aargets. The CAB tool has been designed as a reconfigurable

layer-by-layer 2.5 dimension build or a true 3-D buileT  gystem, accepting new units and functions to face upcoming
dispensed liquid material then polymerizes or solidifiesorm tasks.
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