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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 

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 patterns to be created; b) it is a true 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 crucial 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 
appropriately sized and interconnecting pores to favor tissue 
integration and vascularization; (2) has large surface area and 
proper surface chemistry to favor cellular attachment, 
differentiation, and proliferation; and (3) has sufficient 
mechanical properties for handling and for the intended site of 
implantation [1].  

Numerous techniques have been developed to manufacture 
scaffolds to meet the above mentioned prerequisites. Such 
techniques include the conventional manual-based fabrication 
techniques and the newly emerged SFF techniques [2, 3, 4]. 
The major goal in scaffold manufacturing is to maintain high 
accurate control over its macro-structural (e.g. mechanical 
properties and porosity) and micro-structural (e.g. pore size, 
distribution, and interconnectivity) properties. Therefore, the 
key requirements for a controlled process include (1) the 
processing procedures and conditions should not adversely 
affect the material properties and subsequent clinical utility of 
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 for 
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. This has resulted 
in less than 500 µm penetration of the cells in the cross-section 
[1]. Also, most of them use toxic organic solvents and/or 
porogens, which limit their applications.  

SFF or RP is a group of techniques based on CAD and 
computer-aided manufacturing (CAM). They have the 
advantage of being able to build structures with predefined 
macro and microstructures. The most referred SFF techniques 
include LOM, 3-DP, SLS, and FDM. These techniques are 
capable of rapidly producing highly complex 3-D scaffolds or 
other biomedical structures with the aid of a CAD system. 
However, they suffer from consistency and repeatability, since 
most of these processes are not fully controlled and cannot 
reproduce the previous work with accuracy. And, these 
techniques (excluding FDM) are not truly direct-print 
processes. Certain material removing steps are involved, which 
in turn increases 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. 

The engineers at nScrypt have developed a true direct-print 
process for the manufacturing of scaffolds and other 3-D 
structures with great consistency and repeatability by using our 
CAB tool and the integrated Smart Pump. Unlike other SFF 
techniques mentioned above, our direct-print process fabricates 
scaffolds or other complex 3-D structures by extruding 
(dispensing) a liquid material into 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 material then polymerizes or solidifies, to form 

a solid structure. The flexibility in the types of materials that 
can be extruded ranges from acellular polymers to living cells 
encapsulated in some biopolymer. True 3-D structures are now 
possible on a wide range of substrates, even in vivo. Some of 
the advantages of the process are: a) researchers have full 
control over the patterns to be created; b) it is a true direct-print 
process with no material removal steps involved; c) it is highly 
consistent and repeatable; and d) it is efficient and cost-
effective. In this paper, a detailed process for printing PCL into 
defined 3-D architectures will be presented along with 
mechanical characterization results. 

 

COMPUTER AIDED BIOLOGICAL (CAB) TOOL 
 
Description of the CAB Tool 

The CAB tool (Figure 1) was created to fabricate artificial 
constructs that would demonstrate properties of native tissue 
(microenvironment, three-dimensional organization, and inter-
cellular contact). It is a dispensing system integrated with our 
novel pumping technology. It utilizes a CAD/CAM approach to 
build three-dimensional heterogeneous tissue models. The CAB 
tool is a multi-head (the Smart Pump, positive displacement 
pump, pneumatic syringe pump) through-nozzle deposition 
machine deemed to conformably deposit biomaterials, cells, 
and co-factors onto various supporting substrates to create 
surrogate tissues and tentative platforms for experiments in cell 
biology and tissue engineering.  

The system contains: a stage moving in the XY direction; a 
number of Z-traveling deposition heads; a fiber optic light 
source to illuminate the deposition area and cure 
photopolymers in-line; individual ferroelectric temperature 
controls for each deposition head; a water jacket temperature 
control for the stage; and a humidifier. Recent versions of the 
CAB tool are encapsulated in positively pressurized and 
ventilated casings that meet Biohazard II safety requirements. 
Piezoelectric and optical sensors allow for conformal 
deposition on uneven surfaces and even on live and moving 
targets. The CAB tool has been designed as a reconfigurable 
system, accepting new units and functions to face upcoming 
tasks. 

  

Figure 1, The CAB tool 
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The process of deposition is controlled by the motion 
control software and the CAD program allowing flexible 
alteration of parameters such as 3-D geometry of the deposition 
pathways, speed of deposition, air pressure in the pneumatically 
actuated heads, syringe plunger moving rate in the positive 
displacement heads, valve opening in the Smart Pump, and 
dispensing height. The CAB tool features accuracy and 
repeatability of the XYZ positioning of the dispensing nozzles 
with accuracy within a few microns.  

 
Description of the Smart Pump 

The Smart Pump (Figure 2) is the device that reproducibly 
dispenses a controlled volume of materials into a defined 
pattern. It is capable of dispensing materials up to 1,000,000 
cps precisely with accurately controlled air pressure, timing, 
valve opening, and dispensing height. The patented valve 
technology creates an aspirating function when the dispensing 
concludes, causing the material to be pulled back into the print 
nozzle. This removes the material on the tip and creates a fresh 
start for the next print session. The print tip, which has a 
conical shape both inside and outside, is optimized for the 
printing of highly viscous materials. The pressure needed to 
push material through the nozzle is greatly reduced when 
compared to that needed for the commonly used tubing/hub 
needle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Direct-Print of Scaffolds 
The scaffolds are printed in a layer-by-layer manner, as 

shown in the Figure 3. The path of the pen can be generated by 
most of the common CAD programs, such as AutoCAD. This 
file (in DXF format) is imported to our proprietary PathCAD 
software to generate the command file, called the script. The 
script controls the movement (position and speed) of the stage 
(X and Y), the movement of the dispensing pens (Z), the valve 
movement, timing, and air pressure. Also, the pressure can be 
adjusted on the fly. By controlling the movements of the stage 
and the dispensing pen simultaneously, we can generate true 3-
D structures [6, 7, 8]. Figure 3 illustrates a solution being 
extruded through the Smart Pump tip into a defined 3-D 
architecture.  

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SCAFFOLD DESIGN 
The design of the scaffold depends on the tissue or organ 

that will be repairing or replacing. It is believed that the spatial 
organization of cells within their 3-D environment has a huge 
impact on cell fate decisions, such as survival and apoptosis 
[9]. Thus, when creating a TE construct, it is critical that one 
takes into account the spatial organization of the cells within 
the construct as well as the scaffold material to be used. The 
porosity of the scaffold also has a direct impact on the 
performance of the construct.   

Scaffolds may be anywhere from solid to porous structures 
(Figures 4-6); and the scaffolds can be acellular or cellular, 
depending on the printing material used, such as collagen or 
hyaluronic acid (HA). The optimal pore size for scaffolds can 
vary from 5 µm for fibroblasts up to 100-400 µm for 
osteoblasts. Porosity can also have an effect on scaffold 
performance. Scaffolds with a lower porosity are designed to 
have greater mechanical strength, which is typical of 
applications in long bones, while scaffolds with a higher 
porosity allow for increased cell proliferation through the 
scaffold.  

The ideal scaffold design for any clinical application must 
balance the factors of mechanical strength and cell proliferation 
in order to produce a replacement construct that will induce 
healing and regeneration at the site of injury or trauma. As 
mentioned above, the CAB tool has the capability of 
incorporating different designs, which will be drawn in a CAD 
program and imported to the tool for printing. 

EXPERIMENT 
 

Materials 
 
PCL (molecular weight 80 kDa) and glacial acetic acid 

were both purchased from Sigma-Aldrich. PCL pellets were 
dissolved in acetic acid at a concentration of 40% (by weight). 
This concentration was found to be best for dispensing and ease 
of solvent evaporation, resulting in a solid structure. PCL 
pellets and acetic acid were placed in a glass bottle with a cap, 
and the solution was dissolved using a sonicator for 1-2 hours. 
After the PCL was fully dissolved, the solution was stirred with 
a spatula, backfilled into a 3-mL dispensing syringe (EFD, 
Providence, RI), closed with a stopper at the bottom and top of 

 

Figure 3, Schematic drawing of the direct-
print process 
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the syringe, and spun in a centrifuge at 2000 rpm for 5 minutes 
to remove air bubbles. This solution was then used for scaffold 
printing. 
 
Printing 

The syringe was connected to an air pressure line for 
dispensing of the PCL solution. The ceramic dispensing tip 
used had an inner diameter of 100 µm and outer diameter of 
150 µm. A pressure of 25 psi was used to push the PCL 
solution through the ceramic tip orifice and deposit onto the 
target substrate. The speed of the XY stage and the Z 
movement of the dispensing pump was 2.5 mm/sec. The 
printing speed is very important to the rate of evaporation of the 
acetic acid solvent, which therefore affected the creation of 
pores within the scaffold. A script (pen path) was created in 
AutoCAD and used to print the PCL scaffolds. The initial 
dispensing height was 50 µm and 25 µm between each layer.  

 
Porous Scaffolds 

Scaffold designs were entered into the PathCAD program 
to generate porous constructs that were 5.4 ´  5.4. A single line 
of extrusion was used to generate the struts; thus, the designed 
strut thickness (width of the lines used to fabricate the PCL 
scaffold) was 100 µm. The input pore size (the open space in 
between the lines of PCL) was 300 µm. The height of these 
scaffolds was varied between 1.5 mm (Figure 4) and 3.5 mm 
(Figure 5).  
 
Mechanical Characterization 

Preliminary mechanical testing was conducted with a 
specially designed scaffold (Figure 6). This scaffold was 
deigned to be 130 µm tall, with a strut thickness of 100 µm, and 

porosity similar to the porous scaffolds shown in figure 4 and 5. 
To test the strength of the scaffold, weights were added to a 
fixture attached to the triangular end of the scaffold, while the 
left end was fixed to another holder attached to a metal column.  

Once the scaffold failed after adding weights, the force was 
recorded, and the ultimate strength was calculated by dividing 
the force with the effective cross-sectional area (0.169 mm2). 

 
Fabricating Cylindrical Constructs  

Cylindrical constructs were generated using the CAB tool. 
The cylinder was built by printing in a helix fashion. The 
printed cylinder was 100 µm thick (wall), with a diameter of 3 
mm and a height of 1 mm. 

RESULTS 
 

Printed Porous Scaffolds 
Porous scaffolds are sometimes desired to provide an area 

for cells to migrate and proliferate or for controlled release of 
chemicals [10]. Scaffolds with different design in terms of 
overall shape and dimension (length, width, and height), line 
width, and pore size can be printed with the help of the CAB 
tool. In order to test the accuracy of the CAB tool using 40% 
(wt.) PCL, a scaffold that is 5.4 mm ´  5.4 mm and 1.5 mm tall 
was fabricated. Figure 4 demonstrates a representative scaffold 
that was printed using the CAB tool. It is clear from looking at 
this figure that the struts and pores within the scaffold are 
uniform and evenly spaced. To demonstrate that a taller 
scaffold can be generated using this tool, a 5.4 mm ´  5.4 mm 
scaffold was generated that was 3.5 mm tall (Figure 5). 

  

0              1 

Figure 4, A 5.4 ́ 5.4 ́  1.5 mm scaffold (unit 
in mm).  

 
5 mm 

Figure 5, A 5.4 ́ 5.4 ́  3.5 mm scaffold 

Figure 7, Broken PCL scaffold after 
mechanical testing 

 
2 mm 

Figure 6, Top-down view of a 130 µm 
tall scaffold for tensile testing. 
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