
Research Experience for Undergraduates 2014 

Milwaukee School of Engineering 

National Science Foundation Grant 

June 1- August 8, 2014 

 

Design, Fabrication, and Optimization of Reusable Molds Using Additive 

Manufacturing for Three-Dimensional Micro-Tissue Applications 

 
Justin Clough 

Mechanical Engineering 

Milwaukee School of Engineering 

1025 N. Broadway Avenue 

Milwaukee, Wisconsin 53202 USA 

 

Rapid Prototyping Center 

Milwaukee School of Engineering 

1025 N. Broadway Avenue 

Milwaukee, Wisconsin 53202 USA 

 

Faculty Advisor: Dr. Vipin Paliwal 

 

Abstract 
 

This research focuses on the design, creation, and improvement of reusable molds for sub-

microliter test tubes in hydrogel.  The molds consist of a grid of small protrusions, or pegs, 

positioned on a large open surface. The molds were made of DuraForm PA using a Selective 

Laser Sintering (SLS) additive manufacturing machine at the Milwaukee School of 

Engineering’s (MSOE) Rapid Prototyping Center (RPC). The sub-microliter test tubes formed in 

the hydrogel filled wells are used to culture 3D mammalian micro tissues.  These micro-tissues 

behave more like in-vivo tissues than traditional monolayer cell cultures and improve the 

accuracy of toxicology research.  Molds were modeled using the Computer-Aided Design (CAD) 

software SolidWorks. Agarose and polyacrylamide hydrogels were tested; agarose was 

determined to be a more effective gel for this process. The mold can be autoclaved without any 

statistically significant detrimental effect on its form or function.  The mold’s effectiveness in 

forming sub-microliter test tubes in hydrogel samples was confirmed through multiple test runs 

with hydrogel. The quality of these sub-microliter test tubes formed in the hydrogel was checked 

using a microscope.  In conclusion, high precision molds used to create sub-microliter test tubes 

suitable for 3D mammalian cell growth can be produced on additive manufacturing machines. 
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1.  INTRODUCTION 
 
Micro-tissues are clusters of cells small enough to be supported in-vitro but large enough to mimic normal sized in-

vivo tissues for biological processes.  These micro-tissues are typically spheroids but may be engineered to take 

nearly any shape 
3
.  They can be created through various methods such as droplet formation and through a rocking 

method but most are expensive, difficult, and inefficient.   

   One method of micro-tissue growth includes making micron-sized, three dimensional (3D) impressions, or test 

tubes, in hydrogel.  A variety of different shaped were designed in this study to make the 3D impressions.  The 



designs used for this study were based off researched done by a Brown University group
3, 4

.  Hydrogel mixtures 

begin as various chemical powders that are mixed together and then mixed with distilled water.  When first mixed, 

the hydrogel is similar in viscosity to water.  The hydrogel cures over time to the consistency of Jell-O.  Hydrogel is 

typically supported and contained by a well.  A well is a plastic cup approximately one inch in diameter and one 

inch tall.  Hydrogel is ideal for growing micro-cultures because cellular growth media can flow freely though the gel 

to provide nutrients to the cells.  Once the impressions are made by the molds, cells suspended in growth media are 

pored over the impressions.  The cells settle to the bottom of the impressions to form clusters; these clusters then 

continue to grow to form micro-tissues
3
.   

   The molds used for experimentation were made on a Selective Laser Sintering (SLS) machine.  SLS is an additive 

manufacturing technique where a small amount of material in powder form is melted or “sintered” together by the 

use of a laser.  The laser is computer guided and does this for one layer of material, sintering all areas of the power 

this will become the finished part.  A roller then applies another thin layer of powder and the process is repeated 

until the entire part is made.  Once the part is fully sintered, a worker removes the excess the powered and the part is 

then ready to be used.  On the SLS machine available at MSOE’s RPC, the highest resolution was 12/1000 inch 

(0.305 millimeters).   

 

2.  METHODS & MATERIALS 
 

2.1.1 mold design, version 1 

 
Figure 1.A is the first mold version considered to create sub-microliter test tubes.  Figure 1 contains images of this 

version of the mold.  Figure 2 shows the placement of the mold in the well.  Figure 3 is a sectional view of the 

pattern left in the well from this mold; a picture of a completely formed well was not taken as the hydrogel could not 

retain its shape.   

 

 

 

 

 

 

 

Figure 1 A (Left):  Picture taken of the printed mold.  B (Right):  SolidWorks virtual image of the mold 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  A (Left):  Virtual image of the mold in place in a well.  B (Right):  SolidWorks created virtual image of the 

mold. 

 
Figure 3:  Virtual model of the impression left in hydrogel once the mold was removed.  A section view is shown for 

easier viewing of the impression.   
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   To use this mold, it was placed flat side down at the bottom of an empty well.  The well was then filled with liquid 

hydrogel.  Once the hydrogel cured, the entire well of hydrogel along with the mold was lifted up and turned upside-

down.  The mold was then removed.   

   During removal, this mold damaged the hydrogel due a bonding effect.  The hydrogel that made contact with the 

surface of the mold appeared to penetrate the material and it remained bonded to the mold after removal.  

Additionally, maintain hydrogel sterility and form while turning the well upside down was difficult.   

 

2.1.2 mold design, version 2 

 

After version 1 was tested, version 2 was designed as an improvement.  Figure 4 contains images of this version of 

the mold.  Figure 5 contains images of this version of the mold and its interaction with a well of hydrogel.  The 

plastic well is not shown in this image.  Figure 5.C is a side view of the mold sitting in an empty well in a well plate.  

Figure 6 is a virtually produced image of the pattern left in the well from this mold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  A(Left):  Top trimetric view of second mold design produced in SolidWorks.  Note the cavity centered at 

the top of mold to reduce total volume and additive manufacturing cost.  The arm on the far left of the image is a 

guiding arm.  The rectangular extrusion at the top is a lift handle.  B(Center):  Bottom trimetric view of the second 

mold design produced in SolidWorks.  C(Right):  Picture taken of mold printed at MSOE’s RPC.  

 

Figure 5  A(Left):  Mold shown placed in one empty well of a 6-well well plate.  Note the placement of the guiding 

arm is in the vacant slot of the well plate.  B(Center):  Virtual image of the second mold design placed in a full well 

of hydrogel.  C(Right):  Mold shown placed in one well of a 6-well well plate.  A side image is shown to show the 

depth the bottom of the mold reaches 

 

 

 

 

 

 

 

 

 

Figure 6:  SolidWorks produced image of the impression in the well that this version of mold produces.   
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   This mold was used by filling an empty well with a hydrogel in liquid form.  The mold is then placed on top of the 

well.  The outer collar of the mold rests on the top of the well, as shown in Figure 5.B, while the guiding arm sits in 

the vacant area of the well plate.  This ensured that the mold travels only vertically and that it could not rotate.  It 

could not rotate because the guiding arm would collide with the sides of the other wells.  The guiding arm was 

constructed at a 45  angle as compared to the orientation of the grid of pegs, as shown in Figure 4.B.  Since the arm 

was constrained to the empty space in the well, as shown in Figure 5.C, the pegs would appear to be collinear with 

the sides of the well plate.  As the mold was placed into the well, any excess hydrogel would spill out the top of the 

well and into the adjacent vacant area.  The hydrogel was then left to cure with the mold still in it.  Once the 

hydrogel was cured, the mold was pulled out.   

   This version of the mold encountered similar problems to the first.  The hydrogel in contact with the surface of the 

mold did not easily release and would tear away from the main body of the hydrogel.  These tears were typically 

centered on the peg bed and would make the well unusable.  Another problem was the mold sealed the top of the 

well from air and did not allow the hydrogels used (agarose and polyacrylamide) to properly cure.  This also caused 

a suctioning effect where the hydrogel filled well stayed connected to the mold and be removed from the well with 

the mold.   

 

2.1.3 mold design, version 3 

 

Drawbacks of version 2 were considered in the design of version 3.   It reduced contact area between the mold and 

gel to decrease the suction effect and allowed air flow to the surface of the hydrogel for better curing.  Version 3 is 

summarized in Figure 7 – 9.  For this version, a minimum volume method was designed to complement the mold.  

The minimum volume method is based on using SolidWorks to determine the least amount of hydrogel that can be 

used while still coming in contact with the peg bed.  It is beneficial because it lowers the amount of material needed 

and makes the hydrogels thinner.   

 

Figure 7  A(Left):  Virtual top-down trimetric view of the third version of the mold.  Note that the volume reducing 

cavity is kept from the second version along with the guiding arm and lift handle.  The four extruded cuts starting at 

the top of the mold and continuing downward are breathing holes.  B(Center):  Virtual bottom-up trimetric view of 

the third version of the mold.  Note the pegs are at the end of extrusions originating at the bottom of the mold.  

C(Right):  Picture taken of the mold produce at MSOE’s RPC.   

 

 

 

 

 

 

 

 

 

Figure 8  A(Left):  Virtually produced image of the mold forming a well of hydrogel.  Note the minimum volume 

method is applied so only the sub-microliter test tube part of the peg is in contact with the hydrogel.  B(Right):  Side 

image of the mold in an empty well.  Note the placement of the pegs as compared to the bottom of the well.   
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   The virtual well was added to an assembly file that included this version of the mold and the two parts were fully 

defined with physical constrains called mates as they would be in practical use.  Using the “Cavity” mold insert 

available in SolidWorks, the material of the hydrogel well that overlapped in space with the mold was removed.  

The well with the cavity was saved as a new part which had all excess hydrogel removed.  The “Mass Properties” 

evaluation tool was applied to the part to determine the remaining volume of the well.  This volume was found to be 

2.57 milliliters. Once this volume of hydrogel in liquid form was poured into an empty well, the mold was placed 

into the well in a similar manner to the previous version where the guiding arm was put in the vacant area in the well 

plate and the bottom of the collar of the mold would rest on the top of the well.  After the hydrogel cured, the mold 

was removed by pulling straight up on the lift handle.   

   A problem overlooked in previous versions is that the well-plate covers cannot be placed onto the well-plates 

when the molds were in use due to the lift handle.  This meant that any hydrogel wells created could not be used for 

cell growth as it could not be considered a sterile surface any more.  Another was the general fragility of the mold, 

primarily the extremities of the lift handle and the guiding arm.  A new advantage found with this mold is it 

produced thinner hydrogel wells than previous versions (approximately 3 millimeters thick).  The leanness of these 

hydrogel wells was beneficial because the sub-microliter test tubes, cells, and micro-tissues were viewed under an 

inverted microscope where the viewing lens of the microscope is positioned under the object.  A thin hydrogel well 

means that less hydrogel will obstruct the view of the microscope and a clearer image will be formed.   

 

2.1.4 mold design, version 4 

 

Observations from the previous three versions were considered during the creation of mold version 4.  This version 

closely mimics version 3, but includes a more effective volume reduction cavity by using the “Shell” feature 

available in SolidWorks and is overall a more compact design.  The thickness of the walls and bottom of the main 

body was reduced to 5mm.  Figure 9 contains images of the solid model of version 4.   

 
Figure 9  A(Left):  Bottom-up trimetric view of version 4.  Note the peg bed does not have any pegs and the ends are 

flat.  B(Right):  Top-down trimetric view of version 4.   

 

   The guiding arm in versions 2 and 3 was removed for version 4.  To replace the stabilizing effect of the guiding 

arm, the sides of version 4 are conical.  This ensures the mold is centered and leveled in the well.  The peg bed ends 

are shown flat because this version of mold was designed to be able to accept various peg types with little 

modification.  The pegs types are shown in sections 2.3.1 through 2.3.4 of this report.  This version was not 

produced or tested because the following version was designed quickly afterwards to be compatible with a post-

curing hydrogel well overlay that was also designed (section 2.2.1 of this report).   

 

2.1.5 mold design, version 5 

 

  The only modification from version 4 to 5 is the addition of two alignment spikes to the front of the well, as shown 

in Figure 10.  These spikes denote a bottom to the well.  From this, a top, left, and right can be assigned.   

(A) 
(B) 



 
Figure 10  A(Left):  Bottom-up trimetric view of version 5.  Note the placement of the two alignment spikes at the 

front of the peg bed.  B(Right):  Detail view of the alignments spikes.  Note the spikes extend beyond the end of the 

peg bed.   

 

2.2.1 alignment tool 
 

The microliter test tubes left in the hydrogel were difficult to see in contrast to the rest of the hydrogel.  The 

alignment tool makes locating and tracking the test tubes easier by using an alpha-numerical grid system, as shown 

in Figures 11 and 12. 

 
Figure 11:  Top view of the alignment tool.  Letters and numbers were designed in white while the rest of the mold is 

black.  This was printed on a ZCorp printer. 

 

 
Figure 12  Bottom-up view of the alignment tool.  Note how the holes of the tool line up with the test tubes of the 

hydrogel.  Also note now the two alignment pegs located at the bottom of the picture match the location of the 

indentation made by the alignment pegs of mold version 4.   

 

 

2.3.1 peg design #1 

 

The pegs are the part of the mold which forms the sub-microliter test tubes.  The general geometry and size of this 

design was based on work done by a Brown University research group 
3
.  In this study, test tubes 1100 microns long 

and 600 microns wide were seeded with cells.  Figure 13 shows both this peg design and hydrogel impression it 

leaves.   

 

 
Figure 13  A(Left):  Bottom-up view of peg design #1.  Note the bottom sphere is 600 microns in diameter.  

B(Right):  Impression left in hydrogel from this peg design.   
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2.3.2 peg design #2 

 

The general geometry and size of this design was based on work done by a Brown University group 
4
.  In this study, 

cells were seeded at the base of a cone and would form a toroid at the base of the cone.  The micro-tissue toroid 

would then begin to shrink in inner diameter as it progressed up the cone towards the tip.  Once the toroid reached 

the top of the cone, the study was ended.  With this design, it is theorized cells will form a toroid at the bottom of the 

conical base along with a spheroid at the top.  The toroid will then climb to the top of the cone to meet with the 

spheroid, forming one large micro-tissue.  Figure 14 shows both this peg design and hydrogel impression it leaves.   

 
Figure 14  A(Left):  Bottom-up view of peg design #2.  Note the top sphere is 600 microns in diameter, similar to 

peg design #1.  B(Right):  Impression left in hydrogel from this peg design.   

 

2.3.3 peg design #3  

 

The general geometry and size of this design was based on work done by a Brown University group where trench-

like impressions were made into hydrogel 
3
.  Figure 15 shows both this peg design and hydrogel impression it 

leaves.   

 
Figure 15  A(Left):  Bottom-up view of peg design #3.  Note the cylinder-like base is 600 microns in diameter, 

similar to peg design #1 and is elongated by 600 microns.  B(Right):  Impression left in hydrogel from this peg 

design. 

 

2.3.4 peg design #4  

 

The general geometry and size of this design was based on work done by a Brown University group 
3
.  However, the 

group only tried hexagon-like shape and not pentagon-like.  The loose cells suspended in media were placed into the 

indentation will first form toroids around the pegs.  The edges of the toroids will then bond to one another forming a 

honey-comb like structure. Figure 16 shows both this peg design and hydrogel impression it leaves.   

 
Figure 16  A(Left):  Bottom-up view of peg design #4.  Note the cylinder-like protrusions are 600 microns in 

diameter.  The spike in the center of the hydrogel is to reduce the change of a monolayer forming.  B(Right):  

Impression left in hydrogel from this peg design. 

 

2.4.1 SLS material and autoclave deformation 

 

The Molds in this experiment were created on the SLS additive manufacturing machine available at the Milwaukee 

School of Engineering’s (MSOE) Rapid Prototyping Center (RPC).  The machine is a Sinterstation 2500plus by 3D 
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systems with a resolution of approximately 305 microns.  The material selected for the molds was DuraForm PA as 

it was found to be able to withstand autoclaving at 121  and 110 kPa without critical failure or major deformation
1
.  

Autoclaving is necessary for biological experiments as it is used to sterilize equipment.  A test for deformation on 

the micrometer level was conducted on one of the created version 2 molds.  This was done by measuring linear 

dimensions of the mold at three points on each peg both before and after autoclaving.  The position of the 

measurement points is shown in figure 17.  The measurement was recorded and evaluated with a paired-t test. 

 
Figure 17 Measurement position for autoclave deformation test. 

 

3.  RESULTS & DATA ANALYSIS 
 
Micro-tissues formed within 48 hours when version 3 of the mold was tested with live cells.  Both agarose and 

polyacrylamide were tested with version 3 of the mold.  This was done by using the molds with each hydrogel.  The 

hydrogels would then be compared side by side and compared to the theoretical hydrogel.  Agarose was determined 

to take shape better and be easier for the user to work with.  It can be shown that there is no statistical significant 

difference created in the peg geometry by autoclaving in the base diameter (p=0.467, n=25), cap diameter (p=0.407, 

n=25), or height (p=0.420, n=25).  It is important that the pegs do not deform during autoclaving so the molds can 

be used many times.   

 

4.  CONCLUSIONS 
 
The molds produced during this study were successful in creating an environment to promote 3D micro-tissues 

growth in a relatively inexpensive, user-friendly, and efficient way as compared to other methods.  They are 

inexpensive mainly because they are reusable and require a small amount of material.  Therefore the only cost 

directly associated with the molds is the cost to print.  They are user-friendly because the molds themselves are 

simple to use and reuse.  The hydrogel wells are also easy for the user to use because of their simplicity.  The final 

versions of the molds are also very efficient at creating environments necessary to grow micro-tissues as almost all 

hydrogel wells are perfectly produced.   

 

5.  FUTURE WORK 
 
Peg design #2, #3, and #4 all should be tested as design #1 was the only one tested due to time constraints.   These 

designs should be tested because of their increased complexity as compared to design #1.  These results could reveal 

information about how 3D micro-tissues react to their surrounding geometrical environment. There are still many 

different shapes to consider, design, and test for the pegs.   

   Another factor to be considered is the machine resolution on which the molds were built.  At MSOE’s RPC, the 

greatest resolution possible was 12/1000 inch ( 305 micrometers).  There is currently applications available that can 

print with resolution up to 30 micrometers ( 12/10,000 inch) 
2
.   
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