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Abstract
The fabrication of artificial biodegradable scaffolds for cell implantation and
growth is a rapidly growing field in bioengineering research, with a wide variety of new
and potential methods and applications. At Tufts University, a micropunching device has
been developed to punch PCL. It is believed that micropunched holes and slots in
multiple layers of PCL, when aligned, can form micro-tubules and micro-channels. This
can be used to provide vascularity in tissue scaffolding in order for cells to be able to
proliferate and excrete an extracellular matrix. There currently does not exist a device
that is able to accurately and precisely align and adhere multiple layers together.
A device was built to accurately align 10+ layers with the use of image
processing and a motorized X, Y and theta stage. Multiple automated and manual image
processing methods were explored in MATLAB™. Due to complications resulting from
deformations and shadows from the micropunching process, the final method utilized
individually-selected points on an image of the punched surface to determine the
locations of multiple alignment markers. These locations were used to calculate the
number of steps for the X, Y and theta stage motors to rotate to bring about alignment of
the PCL layers. Image processing tests were performed with 30 μm layers of copper.
Adhesion of PCL layers was separately tested and determined to be possible; the use of a
Joule heating plate and a power supply set to 3.67A and 8V combined with a pressure of
30 psi resulted in adequate adhesion of 10+ layers of PCL without melting.
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Chapter 1: Introduction
1.1 Background
The fabrication of artificial biodegradable scaffolds for cell implantation and growth is a
rapidly growing field in bioengineering research. Typically, a biodegradable scaffold is
seeded with progenitor cells, which are capable of excreting an extracellular matrix
(ECM) as the cellular construct grows and the temporary scaffold degrades. Most cells in
the human body naturally reside within these ECMs [1].
Although significant effort has been focused on utilizing native living tissue to
produce cellular constructs, sustainable cell densities have yet to be reliably produced.
While native tissue scaffolds allow for superior biocompatibility, they lack the physical
and mechanical support necessary for load bearing applications [1], [2]. Artificial
scaffolds could provide this strength, but living tissue (e.g., the progenitor cells) requires
a mass transport system capable of delivering nutrients and oxygen as well as removing
the metabolic wastes that might accumulate in the matrix. Without such a vascular
system, cells residing within the matrix cannot develop a sustainable density.
Multilayer stacking of polymer membranes is a new method of creating a
scaffold with a vascular network, which may be capable of supporting a viable cell
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population.

Figure 1: Left: three 2D layers with microporosity features; Right: stacking the layers to create tubes
and channels

Figure 1 is a schematic representation of how three porous membrane layers can
be aligned and joined to form a continuous 3D structure. The structure on the right shows
how a micro-tubule and a micro-channel can be created by the lamination of individual
layers. Each membrane layer can be rapidly formed by using a micropunch, providing an
efficient method to manufacture the components of the tissue scaffolds. The layers can be
laminated together with heat and pressure. However, there is currently no method for
efficiently, accurately, and reliably aligning and bonding multiple layers.

1.2 Problem Statement
Technology has been developed at Tufts University to create engineered microscale
porosity in 2D polymer membranes using a micropunching process. Multilayer stacking
of these porous polymer membranes is being investigated as a method to create a 3D
microvascular architecture that will aid in perfusion of seeded scaffolds. However, to
create 3D microtubules with a diameter of approximately 100-200 μm, hole features on
each membrane layer must be precisely aligned to corresponding features on a mating
layer to within approximately 5-10 μm. The aim of the proposed research is to develop
the equipment and methods necessary to accurately align and thermally bond successive
polymer membrane layers.
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1.3 Hypothesis
Utilizing a combination of hardware and software, polymer membranes with a thickness
of 30-50 μm and an engineered microporosity of 100-200 μm can be stacked, aligned,
and thermally bonded such that mating circular features on successive layers can be held
to a radial positional accuracy of less than 10 μm while forming a 3D micro-vascular
network.

1.4 Goal
The goal of the proposed research is to create a prototype of a semi-automated microlaminator to demonstrate the methodology necessary to successively stack at least 10
polymer layers. Each layer will have a thickness of 30-50 μm and a microporosity that,
when stacked, will result in a vasculature structure consisting of both micro-tubules and
micro-channels. For this initial system, each polymer layer will be placed on the device
by hand, but is to be automatically aligned and thermally bonded to successive mating
layers.

1.5 Research Objectives
The research objectives of this thesis are the following.
i.

Investigate the feasibility of laminating polycaprolactone (PCL) membranes
(30-50 μm thick) by using a combination of heat and pressure;

ii.

Determine the ideal temperature range for laminating successive layers of
PCL without material degradation;

iii.

Determine the optimal method (in terms of both speed and accuracy) of
aligning mating features of circular holes (100-200 μm diameter) and
elongated slots (100-200 μm width) on two layers of PCL;
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iv.

Determine if a system based on image recognition can be used to adequately
align PCL layers;

v.

Design, develop, and test a micro-laminator to demonstrate repeatability of
the system and related hardware by aligning and bonding 10 PCL layers (3050 μm thickness per layer);

vi.

Visually inspect cross sections of the 10 layer PCL laminated stack to verify
a functional microtubular network with proper feature alignment (e.g., less
than 10 μm radial positional tolerance of circular holes on mating layers).
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Chapter 2: Survey of the Literature
2.1 Extracellular Matrix Overview
The extracellular matrix (ECM) of cells in a tissue is composed of water, proteins and
polysaccharides. It provides the necessary structural support for cell growth and tissue
development. Each individual tissue in the body has a unique ECM that provides the
necessary scaffolding along with biochemical and biomechanical cues for tissue
metamorphosis [3]. Cells adhere to the ECM using a variety of cell receptors. The ECM
also facilitates mass transport to the cells that have adhered, allowing oxygen and
nutrients to reach the cells while also facilitating the removal of metabolic wastes. The
ECM must also be able to support load bearing operations while maintaining the
necessary elasticity that is required by each tissue type.
There are a variety of ways that the ECM can be formed. Figure 2 shows the
various scaffolding methods used in tissue engineering. The first method, which is the
method we adopted, uses premade porous scaffolds. This can consist of native (from
allografts and xenosgrafts) and synthetic materials. Native materials have ideal
biocompatibility, allowing for cell viability, but tend to be physically weaker and less
resilient than synthetic materials. Researchers have been trying to develop technology
capable of reinforcing the natural materials so that they can be used for load-bearing
operations, but that process is ongoing [1]. Synthetic material is formed into scaffolds
through a variety of methods such as multilayer stacking, 3D deposition, 3D sacrificial
molding, incorporation of gases, and weaving of fibers.
The next method uses a decellularized extracellular matrix. This involves
removing the cells currently located on the native tissue with a combination of chemical,
physical and enzymatic methods. Examples include freezing and thawing the tissue or
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placing the tissue in an ionic solution and using an enzymatic method (trypsin/EDTA) to
remove the cells from the matrix [1]. Although this preserves the natural scaffold, the
scaffold is weakened due to the methods used to remove the native cells from the tissues.

Figure 2: “Schematic diagram showing different scaffolding approaches in tissue engineering.” Figure
and caption from Chan et al [1].

The third method depicted in Figure 2 uses cell sheets with a secreted
extracellular matrix. This method consists of using cells that are able to form their own
ECM without the use of enzymes. The cells are placed on a culture dish until confluence,
after which the layer is detached and the process is repeated to form multiple layers of the
ECM [1]. This method is able to form the cell densities required in an ECM but is not
ideal due to the difficulty inherent in forming thick tissues. It also is not optimal for loadbearing tissues such as bone tissue.

7
The final method shown in Fig. 2 uses cell encapsulation in a self-assembled
hydrogel matrix. This method requires encapsulating living cells in a semi-permeable
membrane, often a hydrogel. The hydrogel must be able to form a solid polymer
meshwork. This allows for a one step process that seeds cells and forms a scaffold.
Afterwards, the scaffold is injected into the body. The main disadvantage of this method
is that it yields scaffolds with poor mechanical properties [1].
The ideal scaffold has a specific set of properties. It must be highly porous to
allow for mass transport for the seeded cells. It must be biodegradable and have a
controllable rate of degradation. The scaffold must have suitable surface chemistry to
allow for cells to adhere to and grow on it. It must have mechanical properties adequate
for the purposes of the specified cell. Lastly, it must be able to form the necessary shapes
and sizes for the tasks required of the specified tissues [4].

2.2 Vascular Network
Tissue engineering is a vast and growing field, but vascularization remains an important
issue. Naturally occurring tissues have vascular systems consisting of arteries, veins, and
capillaries capable of gas and nutrient exchange along with metabolic waste removal.
This is one of the more difficult components to imitate in artificial tissue scaffolds.
Vessels have successfully been manufactured at a small scale, but replicating them in
large artificial tissues in a stable and sustainable manner has proven to be a difficult
challenge in the bioengineering world [5].
As such, many researchers have been focused on developing the required
vascularity. Some have explored using inkjet-based and syringe-based printing methods
to produce vascularity, while others have found promise in tubular structures formed in
hyaluronan-gelatin hydrogels [6]. Regardless, Woodruff tells us that to obtain vascularity,
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the distance between pores and pore interconnections within the artificial scaffold must
be at minimum of 400 µm[7]. Once researchers are able to successfully produce and
sustain vascularity, artificially-created tissue scaffolds can be used to replace damaged,
problematic, and missing tissue within the body.

2.3 3D Printing Tissue Scaffolds
A common method of scaffold fabrication pursued by researchers is 3D printing
(additive manufacturing). This method involves using a rapid prototyping machine in
conjunction with computer aided design software to manufacture a desired scaffold shape
from a file [8]. The material used by the bio-printer or plotter is either a melted biocompatible polymer or a solution of living cells that will later mature. The bio-plotter is
able to deposit the material of the scaffold layer by layer, which allows it to introduce the
desired porosity and internal structures.
One of the main drawbacks of 3D printed tissue scaffolds is the difficulty in
getting cells to adequately attach and proliferate. This source of this problem is that the
strands produced by 3D printer are too smooth. Kim mentions that one of the key points
for a successful tissue scaffold is suitable surface chemistry and topography for cells to
adhere and grow. To create this, Kim modified a rapid prototyping machine to remove
the smoothness inherent in the printed tissues by developing a piezoelectric vibration
system that agitated the platform as the scaffold was formed. This allowed for rougher
strands that promoted cell adhesion to be produced [4].
The other solution for adequately seeding cells within the tissue scaffold and
allowing for proliferation is to include living cells within the 3D printing process. One
approach is using hydrogels with embedded cells that can be extruded through the 3D
printer’s nozzle. Some hydrogels that have been used in bioprinting include agarose,
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PEG, alginate, and GELMA [9]–[11]. Hydrogels are used because they do not spread
when printed into a crosslinker solution, allowing for controlled cell placement in the
scaffold [7]. In the valve-based droplet ejection method, droplets of cell-encapsulating
hydrogels are dropped on demand, so the number of cells can be determined by actuation
of the valve [9]. This helps place cells in both the desired location and the desired
quantities.
3D printing is a popular choice due to the ease of manufacturing a scaffold with
the desired porosity and structures. It yields good mechanical properties, allowing for
load bearing applications. However, there are several major disadvantages to 3D printed
scaffolds. Depending on printer resolution, the finished scaffold may not exhibit the
necessary vascularity at the proper scale. Improving the resolution slows the printing
process. 3D printed scaffolds also tend to be less bio-compatible than those produced
using methods that reutilize native cell tissue.

2.4 3D Sacrificial Molding
As stated previously, the main two issues with 3D printing are the speed of production
and resolution of the tissue scaffold. As such, 3D sacrificial molding has been explored
by some researchers as an alternative. In this method, instead of using 3D printing to
create the necessary scaffold porosity, patterns are used to create the porosity before
being either removed or dissolved away to make the final scaffold.
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Figure 3: “Schematic showing the creation of a microfluidic channel with the use of a gelatin pattern.”
Image from Golden et al [12].

In 2006, Chrobak proved that it was possible to form a microvessel by the
physical removal of a single rod from ECM gel [12], [13]. In 2007, Golden’s research
proved that more complex shapes could be formed in hydrogels to develop a microfluidic
network. Meshes of gelatin were encapsulated in a hydrogel, after which the hydrogel
was heated up. The heat caused the gelatin to melt, after which PSA or 1% BSA was used
to flush out the melted gelatin from the hydrogel, leaving behind channels [12]. This does
not fully form an adequate tissue scaffold as this experiment was only tested with one or
two hydrogel layers.
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Figure 4: Top: filaments of the matrix to be dissolved away; Bottom: process by which the scaffold is
formed. Figure from Miller et al [2].

Miller has further developed the concept of sacrificial molding by printing a 3D
carbohydrate glass lattice and encasing it in either plastic or rubber and living cells.
Afterwards, the lattice is dissolved to leave channels in its place [2]. The dissolved
filaments form vessels, while locations with filament interlinkages form intervessel
junctions. It was proven that these structures allow for perfusion, meaning that nutrients
and wastes can be adequately brought into and out of the system. This whole process
takes only minutes once the lattice is formed and the cells appeared viable, making it a
promising route for forming extracellular matrices [2].
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Creating an ECM using sacrificial molding is faster than 3D printing the scaffold
and the resolution of the finished product is not a concern. The surfaces are also not too
smooth to prevent cell proliferation. The main disadvantage of the method is the need to
flush out the sacrificial material and the associated waste. Another disadvantage is the
need to create the exact structure of the mold – if the mold is 3D printed, the process is
slowed once again.

2.5 Multilayer Stacking
Multilayer stacking relies on adhering multiple layers of a membrane together to develop
the scaffolding necessary for an ECM. Holes are punched or otherwise formed within the
membranes, which allows for the layers to form the microvascularity required in a tissue
scaffold. The layers of the membrane are usually a biocompatible polymer, such as
polycaprolactone (PCL) or poly(glyceol-sebacate) (PGS).

Figure 5: “PGS membranes were (A) laser microablated to make one-layered scaffolds with accordionlike honeycomb pores, and (B) stacked and laminated to produce two layered scaffolds.” Both figures
and captions from Park et al [14].

Multilayer stacking often relies on trenches or pores on one layer that can be
aligned with similar structures on a second layer [10]. In 2010, Park developed
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accordion-like honeycomb structures with pores, seen in Fig. 5, which could be seeded
with heart cells. A total of eight million cells were seeded in each scaffold in a 24-well
insert. The honeycomb structures were formed by microablation of ~240 μm thick PGS
[14]. Once two layers were formed and seeded, they were laminated together to form a
two layer construct by stacking with an offset of in-plane pore structures and then
compressing the layers under a 50 g weight for 18 hours at room temperature [14]. This
resulted in a 6 mm diameter and ~500 μm thick structure. The two layer scaffold was
able to show interstitial perfusion, allowing for mass transport of nutrients and metabolic
waste to and from the cells, respectively. This process to form these layers should ideally
be repeatable to allow for multilayer (i.e., with more than two layers) stacking.
In 2013, Neal continued Park’s work and experimented with different aspect
ratios of rectangular struts on layers. His goal was to achieve mechanical properties
similar to native tissue by using a variety of pore patterns, aspect ratios and strut widths
to develop structure features at the tissue scale [15]. Unlike in the previous experiment,
this method uses silicon wafer molds to form the structures rather than microablation
from a laser. The material used was PGS prepolymer. Two layers were formed in the
same manner as before, but in this case the top layer contained through holes while the
bottom layer was bounded by a thin PGS film. Heart cells were seeded in three different
constructs determined by finite element analysis. This paper once again proved the
viability of multilayer stacking, as α-actinin, a cardiomyocyte marker that was not
originally seeded, was found in all three scaffolds proving cell viability and maturation
[15].
A note from Park mentions that alignment of the scaffolds was difficult due to
the small size of the layers [14]. Instead of using offset pore structures, Simon (in 2013)
formed a polymer mesh as a support for a multilayered 3D cell culture. He used a
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modified version of Cells-In-Gels-In-Paper (CiGiP), which uses slabs of paper-reinforced
gels. He used an open polymer mesh to support the embedded cells. The modified CiGiP
was printed with hydrophobic wax patterns containing 96 hydrophilic zones for cells to
reside. The layers were easily stacked and peeled apart, which allowed for analysis of the
scaffold.

Figure 6: “Scheme summarizing the stacking of multi-zone sheets of CiGiM and CiGiP to generate 3D
cell cultures with collective millimeter-scale thicknesses (9 layers 180mm thick/layer = 1.6 mm thick).
We spotted 120,000 cells into each of the central nine zones of each layer. The generated stack was
cultured for 9 days before de-stacking and analysis.” Figure and caption from Simon et al [16].

Simon solved the issue of alignment with the addition of two metal plates (that align with
the hole diameters and positions of the zones of the multi-zoned mesh) and the use of 4
threaded holes. Screws were passed through the holes to guide alignment as well as to
fasten the sheets together [16]. Simon managed to obtain cell proliferation in his
research. The disadvantage of Simon’s current technique is the lack of ideal porosity size.
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Each layer consisted of 25 circles, each 6 mm in diameter, which is far larger than the 50
µm diameter that is suggested by Tien [16], [17].
Papenburg (2011) presented another method of multilayer stacking. Microchannels were formed on each layer such that nutrients could perfuse across the
membrane. The sheet itself had inner porosity at the scale of 10 µm, which allowed for
diffusion of nutrients and metabolic waste throughout the system [18].

Figure 7: “(a) Illustration of multi-layer stacking; cells cultured on micropatterned sheets which are
subsequently multi-layer stacked for the microchannels to provide space for cells to grow (b)
Multilayer scaffolds featuring 250mm channels.” Figure and caption from Papenburg [18].

As seen in Fig. 7, the cells that are seeded within the channels had room to flow across
the layer. There were two ways to stack these layers. Figure 7a shows stacking in the
vertical direction, while Fig. 7b shows stacking by rolling the layers together.
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The main advantage of multilayer stacking is the ability to obtain desired
structures and porosity. Another advantage is that the mechanical properties that result
from multilayer stacking may not exist in decellularized tissue matrices. The main
disadvantage of this method lies in alignment of the layers. Park noted that, as the
structures are so small, alignment is never perfect. If a solution to this were found,
multilayer stacking could become a much more viable option in tissue engineering. This
method is also somewhat slower than sacrificial molding due to the need to laminate
layers together.

2.6 Micropunching
Ideally, there should be a way to rapidly form the layers needed for multilayer stacking.
As discussed, these layers need to contain holes and channels that connect throughout the
stack in order for the scaffold to have the required porosity. This can be done with the
help of microforming. Microforming defines at least two dimensions of the part in the
sub-millimeter range [19]. One type of microforming is micropunching.
In 2013, Schmitt was able to make a micropunching machine capable of
punching micrometer scale holes in PCL. As PCL is elastic at room temperature, this was
done by using liquid nitrogen to cool the PCL down to below the glass transition
temperature to a brittle state before holes were punched. The holes are consistently
punched and, once automated, the process can be done efficiently.
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a)

b)

Figure 8: “a) Exploded view of female die assembly. b) Porosity study on a 33 𝝁𝒎 thick PCL film
punched with a 201𝝁𝒎 male die and a 208𝝁𝒎 female die for 11% clearance. Porosity 62%.
Magnification 50x.” Figures and captions from Schmitt’s Master’s thesis [20].

Figure 8a shows Schmitt’s micropunching machine, while the Fig. 8b shows a series of
successfully punched holes in PCL. His thesis shows that layers required for stacking can
be rapidly produced using automated micropunching. Given this, the last step required is
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to develop a method to accurately align the layers to form a microtubule network within
the tissue scaffold.

2.7 Alignment Methods
Some consideration of the different alignment methods that currently exist in other fields
is illuminating. Alignment methods have long been relevant in manufacturing, especially
in the semiconductor industry.

2.7.1 Semiconductor Industry
Manual methods in the semiconductor industry
The semiconductor industry has long sought methods for alignment at the microscale, preferably with less than 2 µm of misalignment. At the beginning, manual
alignments were greatly preferred due to the ease of adaptability. It was easier to retrain
human operators to detect a different pattern than it was to create a new program to do a
specific alignment task that may need to change in the future.
Manual alignment has also been used in photolithography to align a mask to a
wafer. In this process, an operator views the mask and wafer through a microscope, and
alignment is achieved once the fiduciary marks of the mask and the wafer coincide [21].
A newer method of aligning the mask and wafer consists of using the moiré technique.
One version of this technique involves a mask and wafer with equispaced concentric
circles [21]. The mask is placed in an illuminated alignment microscope, whereupon the
circular gratings on the mask and wafer produce a moiré pattern, which is a pattern of
light diffraction through the mask and wafer. The moiré pattern gives the operator
information about misalignment. King, in 1972, explained that “for each cusp-like curve
that passes through the common point the mask and wafer are misaligned by one-half the
pitch of the gratings.” Figure 9a shows a misaligned moiré pattern and Fig. 9b shows an
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aligned pattern. Figure 9c shows the moiré contrast as a function of displacement from
the image plane.
The main downsides of these manual alignment processes were, like their
advantages, tied to the human operators. Unsurprisingly, manual alignment led to slow
speed and high loss due to misalignment as the operators became fatigued [22].

(a)

(b)

(c)
Figure 9: “(a) A moiré pattern consisting of 4 micron gratings. There are 8 curves resulting in a 16
micron misalignment. (b) Perfect alignment, where circular beats are observed. Figures from King
[21]. (c) A graph showing moiré pattern contrast as a function of displacement from the image plane of
the alignment light.” Figure from Sugimoto [23].

20

Automated methods in the semiconductor industry
Over time, the semiconductor industry turned to automation to reduce costs. One
of the early methods involved translating a silicon wafer below a sensor to determine the
streets (locations on a wafer where material has been cut away) between each die (or
copy of the pattern being etched) and then determining repetitive patterns on the streets
[22]. As the industry tried to cut costs and reduce the size of the silicon wafers, the streets
started becoming narrower. The industry also started to cut test patterns into the streets to
reduce waste of full wafers, meaning that the repetitive patterns targeted by the older
alignment method would no longer be present. As using the streets was no longer a viable
option, this method became obsolete [22].
Several newer methods rely on alignment keys, which are markers that can be
detected with optical objectives and are used to align different layers. One such method
uses infrared light to align the wafers. As silicon is transparent in the infrared spectrum,
alignment keys on each wafer can be seen and aligned relative to one another [24]. This
can be seen on the left of Fig. 10. The downsides of this method include the possibility of
the wafers not being transparent due to heavy doping and the need for both sides of the
wafer to be double-polished for optimal results. The most significant issue lies in the
diffractions that can result from the infrared imaging, which may result in errors on the
order of 5 µm. [24]
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Figure 10: “Left: Infrared alignment of two silicon wafers by through wafer IR video imaging. Right:
Wafer to wafer alignment using wafer backside alignment keys.” Figures and captions from Mirza.
[24]

The MEMS industry standard for alignment that it issued in the year 2000 made use of
alignment keys to align the front of one wafer to the backside of a second wafer with an
optical objective. This can be seen on the right in Fig. 10. There are some disadvantages
of this method that are common to most methods of alignment, such as the need for the
rest of the wafer to be precisely aligned with respect to the alignment keys. If it is not, no
degree of precision in aligning the keys will cause the remainder of the wafer to be
properly aligned. Precise registration of the alignment keys to one another is also
required, without which errors of 1 µm may be introduced [24].
Mirza introduced a new method of alignment that utilizes the SmartView
Alignment Method, as shown in Fig. 11. Instead of just one objective, there are two
microscope objectives that are used to align the two wafers. Each of the two objective
observes one of the keys. The positions of the two keys are determined and stored
separately, after which the two wafers are automatically aligned by the system.
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There are several issues that need to be addressed for the SmartView alignment
system to be able to maintain accuracy. First, the wafers cannot be separated by more
than 50 𝜇𝑚 lest horizontal movement errors be magnified as the wafers are brought
together. Second, the viewing optics must stay stable relative to one another (e.g., by
having a rigidly mounted microscope frame). Third, the system must be able to be
recalibrated to correct for drift or slop within the mechanisms. This is solved by using
reference targets that the machine can read to verify its own positioning [24].

Figure 11: Process overview of precision aligned wafer to wafer bonding using the SmartView
alignment method.” Figure and caption from Mirza [24].
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Keyed Alignment
Integrating symmetric alignment structures with an alignment method that
depends solely on image processing can greatly improve accuracy. Symmetric alignment
structures are opposing features on different layers or wafers that can interface with one
another, much like interlocking puzzle pieces. Lee, in 2006, augmented the SmartView
alignment system with integrated keyed alignment structures as a secondary alignment
method for silicon wafers. The structures are formed by standard lithography and reactive
ion etching (commonly known as RIE) on the silicon wafer. The tapered sides, seen in
Fig. 12, aid in alignment by sliding and interlocking into one another after initial
alignment is performed by the SmartView alignment system. The resulting accuracy
increases from 1 µm for the SmartView system to just 0.25 µm, a 75% improvement
[25]. The use of both methods results in a high accuracy system but increases the cost of
the process as the alignment structures need to be added onto each wafer.

Figure 12: “Side view of interlocking mechanism of keyed alignment structures.” Figure and caption
from Lee [25].
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Additional Misalignment Issues
A study of wafer-to-wafer alignment methods in the semiconductor industry has
resulted in a list of further misalignment issues that may occur. Lee mentions
misalignment occurring in translation, rotation and run-out [26]. Run-out refers to
expansion of the material, which can come from residual stresses in the wafer and from
thermal expansion. Translation and rotation are issues that will unquestionably occur in
the alignment of PCL. This will be resolved using image processing, along with X-YTheta motorized stages that will fix translation and rotation respectively. Run-out is a
possible issue that may occur due to thermal expansion. The layers will be laminated
together using a thermal source present on one face, which may result in a thermal
gradient across the layers. Testing will be done to determine if this will be an issue.

2.7.2 Other Industries
Liquid Crystal Displays (LCDs)
Just as for silicon wafers, there is also a need for accurate alignment methods for
liquid crystals for display manufacturing. It was found that these crystals have a tendency
to align themselves along grooves in a surface (when present), as this minimizes the
elastic energy on the groove surface [27]. Lin, in 2009, developed a method capable of
forming grooves on a polymer film, as shown in Fig. 13. Polymer membranes are first
adhered to one another with pressure and heat and then separated. This results in a
separation wave that propagates through the material, forming the desired grooves [27].
After this, the liquid crystals are able to self-align within the grooves.
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Figure 13: Formation of grooves in a polymer membrane. Figure taken from Lin [27].

Fuel Injectors
Still other alignment methods are common outside of the electronics industry,
including for macro scale applications. One example is in fuel injector manufacturing.
Figure 14 shows the concept behind aligning multiple layers of platelets with channels or
holes etched on each layer to assemble an injector. The layers are stacked using
alignment pins and then bonded, resulting in a monolithic structure with internal channels
[28]. This is the same basic method that will be applied in the creation of micro-channels
and micro-tubules for tissue scaffolding applications.
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Figure 14: “Plate diffusion bonding concept.” Figure and caption from Rusnaldy [29].
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Chapter 3: Image Processing
3.1 Numerical Model One
MATLAB™ was the primary software used in this project. It was first used to determine
the feasibility of alignment by simulation. This was done with the image processing and
computer vision toolboxes associated with MATLAB™.
The first proof of concept of an image-based solution was developed and tested
to determine if MATLAB™ could adequately translate two misaligned images into
alignment. This process is known as image registration.

Figure 15: The left picture shows misalignment between the square and the circle. After the
MATLAB™ simulation ran, the square layer was successfully translated into the center of the circle.

The first step was to determine if code could be written to translate and align a
square with a circumscribing circle when only a portion of the square was initially within
the circle. In Fig. 15, the visible region is shown as white, as light would be seen passing
through the region where the circle and square-shaped “holes” overlap. Two separate
images of a circle and a square were programmed to be misaligned by an arbitrary
amount, as long as the circle and square touched at some point. Afterwards, a bounding
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box was created using the three visible corners of the overlap region (i.e., the visible
corner of the square and the ends of the intersected arc of the circle). This box was used
to determine the first translation step.

Figure 16: Translational alignment in the first MATLAB™ simulation.

Figure 16 shows the image registration process. The blue circle and the red square are in
partial alignment at the start. The smallest rectangle required to fully contain the visible
overlapping region of the cutouts in the two layers (with sides aligned with the x and y
axes of the image) is calculated using the bounding box function in MATLAB™.
Afterwards, the distance is determined from each corner of the new rectangle to the
nearest actual overlapped (white) pixel. For example, in the configuration shown in Fig.
16, this distance would be zero for the top-left, top-right, and bottom-left corners, as they
all coincide with the overlapping region. The distance for the remaining corner is the
minimum distance from the corner to the edge of the overlapping region. With this
information and the use of vector addition, we are able to determine where to move the
red square in the next step. Once the translation is completed, the simulation repeats the
process. Once the vector sum equals zero (e.g., when the corners all coincide with the
circle), the simulation is considered completed and the layers registered.
In reality, the micropunching device is not able to punch perfectly square holes,
as it is not able to punch sharp corners. The result is rounded squares that would have to
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be aligned to the circle. However, as the bounding box method produces rectangles, these
rounded corners are effectively filled in, as can be seen in Fig. 17.

Figure 17: Given the rounded circle on the left, a bounding box is created from the furthest vertical
and horizontal components resulting in the red rectangle being used on the right.

While this first proof of concept simulation allows for translation of the layers, it
does not solve the important issue of rotation. It is possible that the two layers would not
have parallel x and y axes. The first step before proceeding with translational movement
would be to align the two coordinate systems. This is difficult to achieve as the layers
would rotate from the axis of rotation of the theta stage and not from the center of the
alignment hole. Trigonometry and the distance formula can be used to calculate the
amount of rotation necessary to align the coordinate systems, but this may also move one
of the holes out of view.
Should no portion of the square be aligned with the circle, we would need to
approach a solution using algorithms to seek the circle via translation. If the search is
exhaustive (i.e., the square layer is translated a single pixel at a time), the attempt may
take too long. Should the square translate multiple pixels at a time, we might miss the
circle completely. An optimal translational seeking algorithm would need to be
determined.
To avoid many of these issues, the image-processing-based algorithm may be
used for fine alignment adjustments only. The rough alignment could be done with
fiduciary marks on the PCL membrane layers or physical pins on a staging fixture.
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Ideally, this would align the system well enough to proceed with only minimal additional
translational alignment.

3.2 Experimental Models
The first experimental model was aimed at determining if the numerical model
could be used in a real situation. This was done by cutting a circle and square into two
separate sheets of cardboard and scanning the images into MATLAB™. As the circle and
square were cut by hand, they were imperfect, much as the micropunched PCL would be.
It was slightly more difficult to translate the images into alignment due to the coloring of
the cardboard and the need to turn the white portions of the scanned image transparent to
allow for layer overlap. During the first attempt, the MATLAB™ code entered an infinite
loop due to the imperfectly cut sides of the square – the alignment criteria were never
fully satisfied. Image registration was obtained once the code was modified to allow for
tolerances when determining the completion of the algorithm.
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Figure 18: Top: Left shows what can be seen at the beginning before alignment occurs. Right shows
what can be seen with the best case scenario for alignment. Bottom: Left shows the misaligned image
with outlines of where the square and circle actually are. Right shows the best case scenario for
alignment with outlines of where the square and circle actually are.

As can be seen in Fig. 18, the edges of the alignment images are rougher than
their digitally-drawn counterparts due to the scan and subsequent rescaling in
MATLAB™. Although the square and circle are not perfectly aligned in the right side of
Fig. 18, it is the optimal solution given the pixel count of the images (that is, the total
error from the corners to the border of the circle is minimized). The distances from each
corner of the square to the edge of the circle are all less than one pixel in length. The cost
function is shown in Equation 1.
(1)
4

𝐽(𝐶1𝑥 , 𝐶1𝑦 , 𝐶2𝑥 , 𝐶2𝑦 , 𝐶3𝑥 , 𝐶3𝑦 , 𝐶4𝑥 , 𝐶4𝑦 ) = ∑ √(𝐶𝑖𝑥 − 𝑏𝑖𝑥 )2 + (𝐶𝑖𝑦 − 𝑏𝑖𝑦 )2
𝑖=1

𝐶𝑖𝑥 = 𝑡ℎ𝑒 𝑥 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑟𝑛𝑒𝑟 𝑖
𝐶𝑖𝑦 = 𝑡ℎ𝑒 𝑦 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑟𝑛𝑒𝑟 𝑖
𝑏𝑖𝑥 = 𝑡ℎ𝑒 𝑥 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑙𝑜𝑠𝑒𝑠𝑡 𝑏𝑜𝑟𝑑𝑒𝑟 𝑝𝑜𝑖𝑛𝑡
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𝑏𝑖𝑦 = 𝑡ℎ𝑒 𝑦 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑙𝑜𝑠𝑒𝑠𝑡 𝑏𝑜𝑟𝑑𝑒𝑟 𝑝𝑜𝑖𝑛𝑡
Although the original model works with two layers, adding in additional layers
would require punching ever-smaller holes in each successive layer or wasting space on
the PCL layers for viewing ports for the alignment shapes, as shown in Fig. 19. This tells
us that this is not the optimal solution as it requires the use of additional material, similar
to alignment streets in the semiconductor industry.

Figure 19: There needs to be empty space on each layer to allow for alignment of succeeding layers.

33

3.3 Numerical Method Two
Instead of utilizing squares and circles, it is possible to drive alignment of layers using
circles of the same size. With two misaligned circles, as seen in Fig. 20, the translational
direction and distance can be determined to achieve image registration. This requires
knowledge of the pixel diameter of the circles. For example, the MATLAB™ command
regionprops gives a variety of measurements for a given shape in an image, including the
minor axis length. The intersection of two circles of equal diameter is a symmetric lens
shape having a minor axis length less than the diameter of the circles. As such, if we
know the diameter of the circles, we can find the distance that the circles must be
translated to become concentric. Additionally, if we know the orientation of the lens, we
know the direction of translation as well.

Translation Aligned

Known Diameter: 120 Pixels
Minor Axis Length: 50 Pixels
Difference: 70 Pixels

Figure 20: Alignment using 2 circles.

This method is much faster than the square and circle method as it does not
involve translating multiple times to achieve alignment. It also does not require “streets”
or wasted space to achieve alignment in the real system. This method also removes the
need for multiple punch shapes. Multiple layers can be aligned using the same markers
on each layer.
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As in the previous method, it is necessary to also achieve rotational alignment.
Once one circle is aligned, the algorithm seeks to determine the rotational alignment. It is
assumed that the layers are only misaligned by a small amount - up to 15 degrees in
either direction relative to the center of the aligned pair of circles. The MATLAB™
algorithm checks the total area of the aligned portions of the layers from -15 to 15
degrees.

Figure 21: Starting with one aligned pair of circles, the algorithm seeks to achieve rotational
alignment.

It stores each of these areas in a vector and then determines the angle at which
the total visible area was maximized. It then rotates the layers back to that angle to
achieve rotational alignment. This process is not as quick as the first pair of circle
alignments but is robust against the second pair of circles being entirely out of alignment
before the seeking process begins. Larger rotational differences are possible but searching
through a wider arc would slow down the algorithm. Figure 22 shows how the alignment
occurs step by step. The ideal starting position has one pair of circles partially aligned.
Otherwise, the alignment algorithm would have to do a blind search to obtain partial
alignment. Figure 22b-22c shows that once partial alignment is obtained, full alignment
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of one pair of circles is a single-step process. Figre 22d is the the result after an iterative
search for the maximum total visible area from -15 to 15 degrees from the starting
position.

a)

b)

c)

d)

Figure 22: (a) The two layers are entirely unaligned so only black is shown. (b) After seeking, a portion
of one pair of circles is aligned. (c) Using the alignment algorithm, one pair of circle is fully aligned. (d)
After rotation seeking, the 2 layers are aligned.

These MATLAB™ simulations were performed by using a single picture with 2
circles drawn onto a dark background, as shown in Fig. 23, as it is assumed that the
punched holes will allow more light through than the rest of the polymer layer. Once in
MATLAB™, two copies of the same image were used. One was unaltered, representing
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the stationary layer. The other was translated vertically and horizontally as well as rotated
a random amountbetween -15 and 15 degrees. The images were then placed on top of one
another and mixed together in black and white using the imfuse command with a black
and white threshold setting of 0.9. This may result in an image akin to either Fig. 22a or
Fig. 22b (that is, fusing the images may result in total misaligned or partial alignment of
at least one pair of circles). The command bwboundaries was used to determine the
locations where “holes” or white spots appear in the image. Regionprops was then used
to obtain the aforementioned measurements from the regions identified by bwboundaries.
Occasionally, small overlapping regions may trigger a false positive – for
example, a cluster of four white pixels may be detected as a small but fully-aligned circle,
as in Fig. 24.To prevent this, a 10 pixel area minimum was added to the algorithm. This
may require a longer seeking time at the start to obtain partial alignment, but eases the
process of figuring out where the true circle alignment is actually occurring.

Figure 23: Original image on left and rotated on right.
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Figure 24: Pixilation causes MATLAB™ to detect two false holes.

Chapter 4: Hardware
4.1 Adhesion
PCL was chosen for this project due to its low melting point (approximately
60°C) along with its proven biocompatible nature and FDA approval status. The polymer
is brittle at low temperatures, meaning holes can be micropunched cleanly after the PCL
is cooled with liquid nitrogen.
It is necessary to determine the optimal temperature and pressure required for adhering
PCL layers, as the layers must be bonded in place after alignment to remain usable.
Adhering the layers together using an adhesive such as glue is not ideal. The adhesive
would have to be applied carefully to prevent unevenness in the final product. The
adhesive would have to be FDA approved and biocompatible and adds to the cost of the
process. Many adhesives also harden when cured, which would change the structure and
mechanical properties of the scaffold.
It is possible to adhere the structure together using heat and pressure. Neal, in
2013, adhered elastomers together with a 200g weight at room temperature for 15 hours
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[15]. Increasing the temperature should result in faster adhesion but, should too high of a
temperature be used, the features in the polymer may degrade or disappear. Testing was
required to determine the optimal temperature and pressure with which to achieve
adequate adhesion between layers. This testing was accomplished with the use of a
heating plate (VMR 300), a thermocouple thermometer (Fluke 52II), an assortment of
known weights (100g, 300g, and 500g), an aluminum block, and a piece of extruded
polystyrene covered in adhesive tape. Two PCL layers were placed in between the
aluminum block and the foam (as seen in Fig. 25). Weights were then rested on top of the
foam to achieve a desired pressure. The thermocouple was screwed into the aluminum
block to determine the temperature of the heating plate. The foam block was necessary in
this experiment to prevent conduction of the heat to the weights themselves. The block
was covered in adhesive tape to prevent the PCL from adhering to the foam.

Figure 25: VWR Model 300 used for adhesion experiments (at a heat setting of approximately 2.5).
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After experimenting with a variety of temperatures, it was determined that
approximately 51°C for 30 seconds with a 500g weight on top of the foam resulted in
adequate adhesion. Further experiments showed that increasing the weight to 600g-800g
and the temperature to 55°C seemed to improve adhesion rate and reduced the time
necessary for adhesion. Adhesion quality was tested by hand. The two layers of PCL
were mechanically pulled apart to see if the layers would separate easily or if adhesion
had been achieved.
The pressure required for adhesion is determined by the weight used and the size
15

1

of the foam block, which is 16 in by 1 4 in. This dimension was incorporated into the final
mechanical design.

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =

𝐹𝑜𝑟𝑐𝑒
𝐴𝑟𝑒𝑎
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4

( ")*(1 ")

𝑔

𝑘𝑔

= 427 𝑖𝑛2 = 661 𝑚2 = .94 𝑝𝑠𝑖

(2)

The required pressure can be obtained by using the force of compressed springs in place
of the weights. The spring mechanism can be seen in Fig. 26. As the mechanism is
compressed, the springs produce an opposing force.

Figure 26: Spring mechanism to create the desired adhesion pressure.

As the mechanism is 3.5 in x 3.5 in, to obtain the same pressure as from a 500g
weight on the foam, a force of 11.5 𝑙𝑏𝑓 from the mechanism is required.
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500g: 𝐹 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 = (. 94

𝑙𝑏
)∗
𝑖𝑛2

600g: 𝐹 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 = (1.13

(3.5 𝑖𝑛) ∗ (3.5 𝑖𝑛) = 11.5 𝑙𝑏𝑓

𝑙𝑏
)∗
𝑖𝑛2

(3.5 𝑖𝑛) ∗ (3.5 𝑖𝑛) = 13.8 𝑙𝑏𝑓

(3)

(4)
(2)

𝑙𝑏

700g: 𝐹 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 = (1.31 𝑖𝑛2 ) ∗ (3.5 𝑖𝑛) ∗ (3.5 𝑖𝑛) = 16.0 𝑙𝑏𝑓
𝑙𝑏

800g: 𝐹 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 = (1.51 𝑖𝑛2 ) ∗ (3.5 𝑖𝑛) ∗ (3.5 𝑖𝑛) = 18.5 𝑙𝑏𝑓

)
(5)

(6)

McMaster-Carr sells two suitable springs (part numbers 9435K74 and
9435K115) that have a rated load of 3.91 𝑙𝑏𝑓 and 7.91 𝑙𝑏𝑓, respectively. As the
mechanism has 4 springs to evenly distribute the force, there would be a total force of
15.6 𝑙𝑏𝑓 or 31.64 𝑙𝑏𝑓, respectively. Spring 9435K74 produces a force within the range
calculated above, so it was chosen. Shoulder bolts (part number 97345A104) were also
purchased from McMaster-Carr to allow for reduced rubbing between the springs and the
aluminum as the springs compressed. A channel machined onto the top piece of
aluminum allows for compression within the mechanism so that the shoulder screw does
not extend beyond the dimensions of the mechanism when compressed. This mechanism
was added onto the assembly to produce the required force for adhering.

4.2 Prototype Design
To utilize the image processing previously discussed, a device needs to be built
to physically meet the translational and rotational requirements necessary for the PCL
layers to achieve alignment. After alignment, the PCL layers must be adhered together.
To facilitate precision alignment and adhesion of multiple PCL layers, this prototype
assembly consists of numerous parts and subsystems. In this system, X, Y and rotational
alignment are automated, while adhesion is partially automated. The process is as
follows: two layers of PCL are placed on the prototype, following which X, Y, and
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rotational alignment are achieved via image processing; heat and pressure is then used to
adhere those layers together, after which the process is repeated to obtain the designed
thickness.
Figure 27 shows a block schematic of the different parts that come together to
form the final assembly. To control the assembly, it is also necessary to have a computer
to actively analyze alignment. A power supply is required to power the x-axis, y-axis and
rotation stage, as the Arduino system is not capable of providing the necessary current to
power the stepper motors. A compressor is necessary for the spherical vacuum bearing to
fix parallelism errors in the system. The Arduino controls the motion of the stages and the
activation of the heating plate.

Figure 27: Schematic of hardware design.
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The function of the X, Y, Z, and rotation stages are mostly self-explanatory—
they allow for rotational, side to side, and vertical alignment adjustment. The X and Y
stages are based conceptually on hobby CNC or 3D printing machines. They each utilize
a 68 oz.in (400 steps/rev) stepper motor purchased from SparkFun (part number ROB10846) controlled with the Big Easy Driver, also purchased from SparkFun (part number
ROB-12859). The driver is powered by a YiHUA DC power supply (model number YH305D) capable of outputting up to 30V and 5A (see Fig. 28). Each stepper motor was
originally connected to a 3/8”-40 ultra-smooth threaded rod (McMaster-Carr part number
6350K137) using a modified ACME Z-axis coupling purchased from lulzbots.com (SKU:
817752011099). The coupling needed to be drilled out to accept the rounded motor shaft.
The lulzbot coupler resulted in misalignment of the motor shaft and the threaded rod and
so had to be changed to a precision machined aluminum flex 5mm to 3/8” coupler from
Quintessential Universal Building Device.
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[30]

[31]

[32]
Figure 28: Top left: 68 oz.in (400 steps/rev) stepper motor; Top right: Big Easy Driver; Bottom left:
YiHUA DC power supply YH-305D; Bottom right: shaft coupler.

The 3/8”-40 rod in conjunction with 400 step stepper motor results in a 1.59
micrometer movement per step, as shown below:
1 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛
400 𝑠𝑡𝑒𝑝𝑠

1 𝑖𝑛𝑐ℎ

∗ 40 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 = 0.0000625

𝑖𝑛
𝑠𝑡𝑒𝑝

𝜇𝑚

= 1.59 𝑠𝑡𝑒𝑝

Figure 29 shows the concept of the X and Y stages. The threaded rod is the
center rod of the three shown in the figure. It is threaded through a 3/8”-40 ultra-smooth
threaded nut (McMaster-Carr part number 6350K175) that is embedded in an aluminum
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block mounted onto a platform. On the sides are two shafts (McMaster-Carr part numbers
6061K102 and 6061K12) that help support the weight of the platform and the stages and
subsystems above. The shafts fit through two separate pillow-block linear bearings; one
is a self-aligning linear bearing (McMaster-Carr part number 6255K32) and the other is a
fixed alignment bearing (McMaster-Carr part number 8649T2). The self-aligning bearing
allows the platform to travel without binding, while the fixed alignment bearing reduces
the platform’s wobble.

Figure 29: X or Y stage concept.

The Z-axis is not automated and is purchased off the shelf. It is a Newport
Corporation model MVN80 precision ball bearing vertical linear stage (see Fig. 30). It
has 0.5 inch of travel and a 25 pound load capacity. It is assumed that once alignment is
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achieved the human operator will raise the assembly to allow for lamination of the layers.
It utilizes a standard resolution micrometer with 25 mm of travel and a 23 lb load
capacity (Newport model number BM1.25).

[32]
Figure 30: Newport MVN80 precision ball bearing vertical linear stage

The rotation stage is essentially a turntable. The stage rotates using a stepper
motor connected to an aluminum moment arm. The turntable itself is based on a 2 in
shaft (2.75 in outer diameter) steel thrust needle-roller bearing cage assembly (McMasterCarr part number 5909K43) sandwiched in between two .032 in thick washers. The
washers are embedded into slots cut into aluminum to provide the bearing assembly a
smooth surface to roll on (see Fig. 31). A moment arm is attached to the top of the
turntable, which is connected to a 4-40 shoulder screw embedded in an aluminum block.
In the aluminum block is embedded a 3/8”-40 precision nut (McMaster-Carr part number
6350K175). The nut rides on a 3/8”-40 threaded rod connected via a coupler to a stepper
motor. The coupler and motor are the same models as those used for the X and Y stages.
This allows for small-angle rotational alignment corrections. It is assumed that the
rotational corrections will be less than 15 degrees.
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Thrust
bearing

Washers

Stepper
motor
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Figure 31: Top: exploded view of the turntable; Bottom: turntable with the moment arm.

A spherical bearing, shown in Fig. 32, is used to correct for possible parallelism
issues. That is, the spherical bearing will correct for the two mating surfaces for the PCL
layers not being parallel. The spherical bearing works with a vacuum—once the correct
parallelism is determined a compressor is switched on which locks the bearing in place.
This is necessary to prevent uneven pressure being placed on the layers of PCL, which
would result in poor alignment or poor lamination.
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a)

b)

Rubber gasket

Top of bearing

Bottom of
bearing
Mounting layer
Vacuum block
Vacuum fitting

Figure 32: a) Spherical bearing assembly. b) An exploded view of the spherical bearing.

A force sensor is utilized in the assembly to determine and help maintain the
necessary amount of pressure to obtain adhesion of the two PCL layers after alignment. It
was calculated earlier that lamination was possible at 0.94 psi. The force sensor used in
this assembly is the Loadstar Sensor iLoad Pro Digital Load Cell. It transmits readings to
a computer using serial communication over a USB connection, allowing for easy
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integration with MATLAB™. A set screw attaches the top of the sensor to the next level
of the assembly.

Figure 33: Operation of the iLoad Pro.

[33]

Above the force sensor is an insulation layer that protects the lower subsystems
of the assembly from the heating plate. The insulation used is Airloy insulation, a type of
aerogel. It was purchased from Aerogel Technologies. Airloy is a polymer that has the
same thermally insulating properties of aerogel, but is also mildly flexible and easily
machined [20].
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[34]
Figure 34: Airloy is a type of aerogel that has superior structural properties, allowing for
machinability.

Above the thermally insulating layer is the thermal layer. The heating component
is currently a thingomatic heating board, shown in Fig. 35, originally intended for use in
the Thing-O-Matic 3D Printer. It is a manufactured etched PCB that can provide Joule
heating The thingomatic heating board was chosen as it is rated to be able to reach the
maximum desired temperature of ~60°C—the melting point of PCL [35]. After testing
with a thermistor, the thingomatic heating board was indeed able to reach and surpass
60°C. The exact temperature can be controlled by varying the amount of voltage sent to
the board. A MOSFET is used to control the power sent to the board without the high
voltage and current flowing through the Arduino Mega, which would burn out the
microcontroller. The MOSFET in turn requires a heat sink to dissipate the heat generated
during its operation.
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[36]
Figure 35: Thingomatic heating board.

The original method of holding the PCL in the device relied on using a vacuum
component, following Schmitt’s example in his micropunching device. The device was
used to hold the female and male dies in place during the micropunching process. An
attempt to hold the PCL in place on the micropunching device determined that the
method was not suitable for the lamination process. The vacuum suction was far too
weak and it was difficult to secure the PCL in place. Although a stronger vacuum could
be used, the other issues deterred that choice. Instead a clamping mechanism is used, as
shown in Fig. 35. The first layer PCL is secured under tension such that it remains flat in
the clamping assembly. The other layer of PCL is held in place in a similar manner, as
shown in Fig. 36. The difference between the two clamps is that the top layer has
concentric circles cut out for the microscope objective. The only portion of the PCL that
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the microscope objective sees is within the 0.313 in diameter hole cut through the block.
It is necessary to make sure that the micropunched holes lies within that cutout. It is also
desirable for the micropunched holes of the bottom layer to be located near this hole to
reduce active seeking time.

PCL Strip

Sides

Figure 36: Bottom clamping mechanism.

Sides
PCL Strip

Figure 37: Top clamping mechanism.
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The microscope objective used is a 20x Edmund Optics NT38-339 20X din
objective used in tandem with an AmScope MA500 5MP C-mount CMOS camera. A
fiber optic cable is attached to the camera to allow for a halogen light to be shined onto
the target object. The microscope assembly is shown below in Fig. 38. The assembly
allows for manual adjustment of the X, Y, and Z motion of the microscope. There are X,
Y, and Z stages along with a rapid Z stage. The rapid Z stage allows for more rapid
vertical movement of the objective. The ability to move the microscope is crucial as it is
necessary to locate the top layer’s micropunched holes. The Z stage is necessary as the
objective is only able to focus on one layer of the PCL at a time. The top layer will be in
focus and a top alignment hole will be located before the objective’s focus is shifted to
the bottom layer.

[20]
Figure 38: Microscope assembly. Figure from Eric Schmitt's thesis.
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Both the microscope assembly and the top clamp are mounted onto an 80/20
cage. 80/20 was chosen as its modularity allows for flexibility in the assembly process.
The cage is also used to help mount the PCL layers into the clamps, as the clamps can be
more easily removed and replaced onto the structure. The cage is shown below as part of
a rendering of the full assembly in Fig. 39.

Figure 39: Rendering of assembly
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Figure 40: Top—assembled device. Bottom—wiring.
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Chapter 5: Testing
Testing is necessary to determine how well the prototype and image processing method
chosen works. The aim is to determine how well the device is able to align. The objective
was to obtain alignment within 10 μm radial tolerance between the features on the two
layers. We measured the radial tolerances between the features on the layers.

5.1 Protocol
1) Micropunch holes. Each layer must be a minimum of 3 inches long so that there
is adequate room for the strips to be clamped and tensioned.
2) Lower the Z-stage and clamp one layer onto the bottom clamp with the punched
holes near the center of the clamp. Clamp one side and apply tension to the layer
before clamping the other side of the layer.
3) Raise the Z stage so that the bottom clamp touches the top clamp. Turn on the
vacuum bearing.
4) Turn on the halogen light and focus the camera on the bottom layer.
5) Manually adjust the X, Y, and theta stages such that the camera can see both
alignment holes.
6) Lower the Z-stage and add the top layer in roughly the same location as the
bottom holes, as seen through the camera software (ISCapture or AmScope).
7) Manually confirm that the holes are in partial alignment.
8) Acquire separate images of the focused top layer and the focused bottom layer.
9) Import the images into MATLAB™ and determine the necessary number of steps
for rotational alignment.
10) Turn on the power supply and open the Arduino IDE’s serial monitor.
11) Select the rotation stage and input the calculated number of steps.
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12) Acquire a new image focused on the bottom layer and import into MATLAB™.
13) Determine the necessary number of steps for X and Y translation.
14) Repeat step 11 for X and Y translation.
15) Acquire a final focused image of the bottom layer. A new image of the top layer
is unnecessary as the top layer should not have moved.

5.2 Hole Alignment
Hole alignment was principally tested with 30 μm thick copper sheets. An attempt was
made to test 50μm sheets of copper as well, but the current configuration of the
micropunching device is not capable of punching 50 μm sheets without shattering the
punch (a 200 μm gauge pin). Punched copper yields cleaner holes than punched PCL.
PCL also cannot be punched without the use of liquid nitrogen to cool the polymer down
to its glass transition state, as discussed previously. The left-hand side of Figure 41 shows
the deformation (rather than a clean hole) that results from punching PCL at room
temperature. The right-hand side of Figure 41 shows what a punched copper sample may
look like. The contrast between the punched location and the rest of the copper sheet is
comparatively well defined. Figure 42 shows what a well punched PCL hole can look
like under an SEM.

Figure 41: Left: punched PCL at room temperature using the onboard microscope; Right: punched
copper sample.
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Figure 42: SEM image of a micro hole punched with 17.1 % die clearance (70 μm thick PCL film).
Figure and caption from Sagar [37].

The easiest method to hasten or eliminate the random seeking method to obtain
partially aligned holes, involves using the camera to roughly align the two layers during
clamping. The bottom layer was clamped down first and brought into focus under the
microscope. The microscope would then be aligned towards the location of the bottom
pair of holes. The bottom layer would then be lowered out of the way and the top layer
would be inserted into the top clamp. The punched holes of the top layer would then be
aligned to the general location of the bottom pair of holes, with use of the camera,
reducing the need to search for the bottom layer of holes for an extended period of time.
The X and Y stage drive rods could be turned manually or using Arduino commands
during this process.
Unfortunately, while MATLAB™ is capable of controlling certain types of
cameras using the image processing toolbox, the AmScope camera is not compatible. As
such, it is necessary to save the file and manually call the name in MATLAB™.
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Ideally, each image has the top layer in focus and features of both the top and
bottom layer in view, as shown in Fig. 43. As discussed previously, such an image allows
us to find the translation necessary to fully align one pair of circles. This requires a
known pixel diameter for the circles, which can be obtained by using a Meiji Techno
Japan objective micrometer (described on the packaging as MA292, X, 1/100, 0.01mm)
to determine the scaling of the image. This was determined to be 100 μm to 160 pixels.
Using the AmScope software it is also possible to measure the diameter of the punched
hole with the in-software measurement tools, resulting in a 215.738 μm diameter hole,
which translates to a pixel diameter of 314.18 pixels. This information is then coded into
the MATLAB™ image processing code.

Figure 43: Two layers of copper that are partially aligned.

It was discovered that circle recognition is even more difficult in reality than for the
distorted circles in the simulated methods discussed previously. Initially, the program
relied on converting the image to black and white and then looking for the partially
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aligned circles. However, the contrast between the aligned circles and the copper layers is
insufficient to yield a clear picture. Figure 44 shows Fig. 43 in black and white with
thresholds (i.e., the level of gray or brightness, from 0 to 1, that a pixel must be to be
turned black or white) of 0.1-0.9.

a)

c)

e)

b)

d)

f)

c)

)

g)

h)
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i)

Figure 44: a-i) Fig. 42 is turned black and white with MATLAB™’s im2bw command. The threshold
increase by 0.1 from 0.1 to 0.9 respectively.

Figures 44 d. and e. are the images best depicting the locations of partial
alignment. The image processing code requires that the overlapping aligned regions be a
different color (e.g., white) than the rest of the image (black in the initial tests). This
black and white threshold images show that this is not the case in reality—multiple white
patches can be found both inside and outside the aligned region. The boundaries of the
partially aligned are also very rough due to shadows resulting from micropunching,
making an automatic search for the partially aligned circles more difficult. Other issues
that crop up from attempting to automatically locate the holes can be seen in Fig 45. The
micropunching device does not always make perfect cuts; Fig. 45 shows on the left both
an imperfect circle on the top layer and a second edge on the bottom layer. It is also
difficult, as discussed previously, for the microscope to focus on both layers at the same
time in order for MATLAB™ to process the image. Getting relatively focused top and
bottom layers requires for the 2 pieces of copper be fully in contact with one another,
making it difficult for the bottom layer to be moved into alignment.

61

Figure 45: Left: an edge created in the punching process on the bottom layer and imperfect circle on
the top layer. Left and Right: blurriness that may be encountered when trying to focus on both layers.

In practice, a new method is then used for MATLAB™ image processing: the
two layers are brought into focus and imaged separately, resulting in two different images
to compare. This results in a small change in objective scale, but it is insignificant due to
the thickness of the copper sheets. This can be seen in Fig. 46.

Figure 46: Left: focused top layer; Right: focused bottom layer.

It is clear that micropunched holes in copper are difficult to detect, image, and
align. As such, still another processing and alignment method was developed. The aims
were to a) reduce the need for randomly searching for partially aligned circles at the start
of the process, and b) ease the determination of the angle necessary to correct rotational
misalignment. Careful insertion of the copper or PCL into the clamps helps to assure that
we start off with somewhat aligned holes, such as Fig 43 and 45, which allows the
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random search to be skipped. Random searching would be more useful were the camera
able to directly communicate with the MATLAB™ software. It also became clear that, to
meet the second goal, autonomous hole detection could not be relied upon. As such, the
new method is less autonomous and instead relies on 3 user-selected points to define a
circle. The following equation defines a circle, where (h, k) is the center of the circle and
r is the radius.
(𝑥 − ℎ)2 + (𝑦 − 𝑘)2 = 𝑟 2

(7)

Given 3 points (x1, y1), (x2, y2), and (x3, y3), 3 equations exist:
(𝑥1 − ℎ)2 + (𝑦1 − 𝑘)2 = 𝑟 2

(8)

(𝑥2 − ℎ)2 + (𝑦2 − 𝑘)2 = 𝑟 2

(9)

(𝑥3 − ℎ)2 + (𝑦3 − 𝑘)2 = 𝑟 2

(10)

The centers of the circles (h, k) can be found using determinants of matrices of the
coordinates of the selected points.
𝑥12 + 𝑦12
|𝑥22 + 𝑦22
𝑥32 + 𝑦32
ℎ=
𝑥1 𝑦1
|𝑥2 𝑦2
𝑥3 𝑦3

𝑦1 1
𝑦2 1|
𝑦3 1
, (11)
1
1|
1

𝑥1 𝑦𝑥12 + 𝑦12
|𝑥2 𝑥22 + 𝑦22
𝑥3 𝑥32 + 𝑦32
𝑘=
𝑥1 𝑦1 1
|𝑥2 𝑦2 1|
𝑥3 𝑦3 1

1
1|
1

𝑟 = √(𝑥1 − ℎ)2 + (𝑦1 − 𝑘)2

(12)

(13)

The radius was calculated as a check against the known diameter of the micropunch
gauge, as the micropunched holes were seen to have variations in size. These variations
were due to deformations resulting from the punching process, along with degradation of
the punch after repeated use. The program now asks for the user to manually pick 3
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points on the edges of each circle (2 sets on the top layer and 2 sets on the bottom layer).
This can be seen in Fig. 47. Figure 47a and b show the original focused-layer images.
Figure 47c and d show where the manually selected points and the calculated circles. The
previous equations solve for the locations of the centers of the circles. Once the center is
found, lines can be draw connecting the centers of the top layer and the centers of the
bottom layer. The intersection of the two lines determines the angle that the layers must
be rotated relative to one another to obtain rotational alignment, as shown in Fig. 48.

a)

c)

b)

d)

a)

)

Figure 47: a) Shows the top layer focused. b) Shows the bottom layer focused. c) Three points are
chosen to depict the edges of the pair of circles on the top layer. d) The circles are depicted on the
bottom layer. Note: MATLAB™ shows a compressed version of the image due to the pixel resolution of
the layers.
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a)

𝜃

𝜃

𝜃

b)

𝜃

Figure 48: a) The two layers with the centers connected. b) The lines and the angle formed between the
intersecting lines.

The method to determine the translation necessary for alignment relies on the
centers of the circles. Assuming that the distance between the top pair of holes and
bottom pair of holes is equal, we only need to look at two circles out of the four that we
have—for example, the left-hand circle on both layers. Should the top layer’s left-hand
circle’s center be located at (x1, y1) and the bottom layer’s left-hand circle’s center be
located at (x2, y2), it is straightforward to determine how far the bottom layer must move
to align the two.
𝑥𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑥1 − 𝑥2

(14)
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𝑦𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑦1 − 𝑦2

(15)

The code is listed in Appendix A.3. Should the holes on the layers not be equidistant, it is
possible to average the differences in centers for the left side holes and the right side
holes, to obtain the optimal alignment. It is better to obtain optimal average alignment
versus alignment of only side as the tolerances will stack up for later layers that need to
be aligned.
The alignment method is straightforward in theory, but less so in actual
application. The 3 points chosen to define the circle may vary significantly, resulting in a
wide variety of circle centers and diameters. A major contributor to this issue is the
deformations that exist in the punched copper. Another contribution comes from shadows
that result from the deformation. These shadows obscure the edges of the circle and lead
to guesswork about their location. As the scale we are dealing with is relatively small,
200 μm, any small deviations results in a significant change in angles and center
locations.

5.1.1 Results and Discussion
A series of experiments were run to test how successful translational and
rotational alignment was with the device. Table 1 shows the percentage errors that were
calculated from the final image taken after rotation and translation of 13 experiments. It
takes into account x and y pixel locations of the holes on both the left and right sides of
the copper layers. The bottom centers are compared to the centers of the top layer.

% 𝑒𝑟𝑟𝑜𝑟 =

𝑥𝑡𝑜𝑝 − 𝑥𝑏𝑜𝑡𝑡𝑜𝑚
∗ 100%
𝑥𝑡𝑜𝑝

(16)

The angle listed is not a percentage error, but is instead degrees of misalignment as the
ideal angle is 0 °. It is important to note that these values can vary depending on where
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exactly the points on the circle are chosen. Deformation and shadows on the edges of the
circles make the circles difficult to define precisely, s discussed above.

Test
1
2
3
4
5
6
7
8
9
10
11
12
13

Alignment Errors
Right side (%)
Left side (%)
x
y
x
y
11.37
-11.33
8.27
0.67
-4.38
23.82
-43.94
25.54
12.03
23.43
7.14
24.83
13.58
15.72
13.35
18.45
12
8.09
10.36
14.12
12.27
9.26
5.46
15.37
12.95
10.46
7.69
15.65
11.68
6.64
2.93
15.18
5.94
15.03
14.38
18.76
7.91
8.97
-11.19
15.76
6.27
8.45
-7.77
12.49
6.57
3.99
-8.82
11.33
9.73
12.7
-8.25
18.04

Final Angle (°)
6.57
3.51
3.33
2.7
3.41
3.56
3.2
4.63
3.15
2.94
2.4
3.83
3.71

Table 1: Percent error for the right and left side translations and final rotational misalignment error.
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Figure 49: Percent error for the right and left side translations and final rotational misalignment error
shown as a scatter plot.
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Analyzing the absolute value of the previous data gives us the statistics shown in
Table 2. It can be seen that the angular errors are relatively small, with a median of 3.6°
and a mean of 3.7°. There appear to be some outliers in the data, most notably in the
translational misalignment in y for both the left and right sides. The left has a maximum
point at 40.9%, which is more than 2.5 standard deviations from the mean and the
median. For the right side, the maximum is 50.0%, which is more than 3 times the
standard deviation from the mean and median. Figure 50 better shows the presence of
outliers in the Y_left and Y_right data—the whiskers for the plots are long for Y_right
and Y_left. Although the mean and median percent errors may not seem incongruous, it
is necessary to look at the actual distances of misalignment.

Statistics

Mean
Standard
Deviation
Median
Minimum
Maximum

Left side

Right side

Final
Angle

X
(% error)
7.55

Y
(% error)
14.94

X
(% error)
10.42

Y
(% error)
13.63

3.66

3.05
8.2
2.91
13.38

9.89
13.76
0.01
40.92

1.94
9.97
7.04
14.77

13.40
8.9
1.27
55.97

1.15
3.35
2.02
6.57

Table 2: Statistical data from the percent error of the experimental data.
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Figure 50: Box and whiskers plot of the percent error.

The pixel difference between the left-hand circle center locations for test 1 are
31.84 and 119.25 pixels in the x and y directions, respectively. The scale for micrometers
to pixels conversion is 100 to 160, resulting in a 19.9 μm x misalignment and 74.53 μm y
misalignment. This clearly shows unreasonably large misalignment, as the stated goal
detailed in the research objective was for less than 10 μm radial tolerance. Table 3 and
Fig. 51 give further details regarding the distance of misalignment, showing the statistics
of the full set of data points. The mean misalignment for X_left, Y_left, X_right, and
Y_right are 16.97 μm, 48.11 μm, 65.55 μm, and 36.47 μm while the medians are
18.88 μm, 46.15 μm, 64.91 μm, and 29.67 μm, respectively. None of those values fall
within the desired tolerance, with misalignment being particularly prominent for y_left
and x-right, making this a non-viable technique or device for multi-layer stacking per the
stated goals.
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Statistics
Mean
Standard
Deviation
Median
Minimum
Maximum

X_left
(𝝁𝒎)
16.97

Y_left
(𝝁𝒎)
48.11

X_right
(𝝁𝒎)
66.55

Y_right
(𝝁𝒎)
36.47

6.91
18.88
6.44
30.17

27.67
46.15
0.04
106.91

12.37
64.91
44.74
93.92

27.22
29.67
4.01
116.24

Table 3: Statistics regarding pixel deviation.
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Figure 51: Box and whiskers plot of table 3, showing μm misalignment statistics.

Another point of interest is the locations of the centers of the circles of the top
layer’s circle’s centers, as throughout this set of experiments the copper layer was never
moved, meaning that the centers should always be in the same location. Table 4 lists the
locations of both sets of circles in the x and y directions. Looking at the numbers, it is
clear that there is some variation between the different tests. Table 5 and Fig. 52 show the
statistics regarding the top layer circle positions. They show that, while there was
variation, it was relatively minimal from test to test. This is likely related to the fact that
the top layer circles were clean and had minimal edge deformation, making point
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selection simple and repeatable. The statistics show standard deviations less than the 10
μm allowable radial tolerance mentioned before—7.55, 6.29, 6.7, and 3.79 μm
respectively.

Test
1
2
3
4
5
6
7
8
9
10
11
12
13

X_left
384.97
384.63
357.31
360.77
342.18
349.21
358.74
356.84
355.40
353.79
351.91
350.88
354.32

Top Layer
Y_left X_right
554.59 1047.40
556.62 1046.80
537.46 1014.00
541.21 1017.50
519.36 1017.50
539.48 1016.00
539.36 1019.80
536.63 1016.30
556.71 1019.00
544.36 1020.70
542.32 1017.00
548.64 1020.70
554.32 1017.50

Y_right
521.68
520.05
506.79
516.89
507.09
511.28
506.23
509.33
518.30
514.47
516.42
512.00
526.60

Table 4: Pixel locations for the top layers’ circle’s centers.

Statistics
Mean
Standard Deviation
Median
Minimum
Maximum

X_left
358.54
12.08
355.40
342.18
384.97

Y_left
543.93
10.07
542.32
519.36
556.71

X_right
1022.32
10.72
1017.50
1014.00
1047.40

Y_right
514.39
6.07
514.47
506.23
526.60

Table 5: Statistics regarding the locations of the top layer’s circles’ centers.
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Figure 52: Box and whiskers chart for the locations of the top layer’s circle’s centers.

The statistics were then recalculated with the final images from experiment 17 to
see if the locations of the points truly have an effect on the final angle. The points were
chosen and the circles calculated a total of 13 times. The locations of the centers of the
circles can be seen in Table 6 various related statistics are shown in Table 7, and a box
and whiskers plot of the angles is shown in Fig. 53. This seems to show that there is a
large variation in angle even as the same circle is defined repeatedly: the first quartile is
3.3° and the third quartile is 6.8°. Figure 54 clearly shows how the three circle-defining
points need to be carefully selected (or reselected, should the resultant circle be
erroneously sized due to shadows and deformations).
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Top Layer
Tests X_left

Bottom Layer

Angle

Y_left X_right Y_right X_left

Y_left

X_right Y_right (°)

1

349.21 539.48 1016.00 511.28 368.56

472.47

912.43 458.13 0.91

2

351.51 557.90 1014.40 528.86 369.79

468.39

932.10 478.13 3.50

3

352.03 553.17 1026.10 497.05 370.67

456.56

921.27 455.98 4.70

4

355.70 543.43 1009.40 530.21 361.99

359.68

876.94 386.60 4.15

5

362.40 562.74 1015.30 523.93 366.00

435.80

770.10 329.03 11.40

6

358.04 560.31 1007.10 467.69 374.36

439.88

1047.20 495.60 12.86

7

343.49 545.45 1006.50 525.10 368.98

498.62

911.39 457.86 2.54

8

297.97 529.04 1016.90 511.82 388.56

452.35

998.03 531.44 2.54

9

158.42 551.54 1026.20 523.51 354.90

430.44

935.12 474.04 6.15

10

354.63 549.88 1018.10 523.29 348.98

508.65

886.21 410.69 8.04

11

353.76 558.14 1016.60 523.18 365.83

452.62

961.49 501.41 7.70

12

342.20 539.28 1016.70 524.21 374.88

468.16

884.75 427.11 3.32

13

355.09 355.09 1016.90 526.05 372.40

437.00

916.37 450.33 3.90

Table 6: Results from running 13 tests to determine the locations of the centers of the top layer’s circles

Statistics
Mean
Standard
Deviation
Median
Minimum
Maximum

Angle
(°)
5.52
3.43
4.15
0.91
12.86

Table 7: Statistics regarding the angle between the circles.
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Figure 53: Box and whiskers chart for the angle changes in Table 7.

a)

b)

c)

Figure 54: a-c) show the variations in circles if the points selected are not chosen well.

During these experiments, the MATLAB™ software was used for image
processing before switching over to the Arduino interface to control the stepper motors.
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Had a MATLAB™ compatible imaging program been used, Simulink could have been
used instead of the Arduino IDE to send the code to the Arduino. Although MATLAB™
has an Arduino compatibility plugin, a .m file is not able to send the commands to the
Arduino at a fast enough rate, resulting in delayed and slow motor motion. Simulink is
able to convert schematics directly into machine code that the Arduino understands,
eliminating those issues.
As a note, the spring assembly was removed for data collection. The spring
assembly introduced additional tolerance issues and made the device less rigid. This
resulted in poor alignment results. As will be discussed below, the additional force from
the springs turned out to be unnecessary for PCL adhesion, as the Z-stage provided
adequate force.

5.2 PCL Adhesion
Due to the unavailability of high-quality and well-punched PCL, alignment tests
using PCL were not possible. The available PCL was extruded into a sheet at too high a
temperature, resulting in low-quality PCL. The layers are striated, and occasionally have
folds or holes in the surface, as shown in Fig. 55. Using a micrometer on the surface, the
layer’s thickness varies across its width. Four different test locations resulted in
thicknesses of .051, .054, .070 and 0.062 mm.
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Figure 55: Low-quality PCL with noticeable striation.

As testing of hole alignment was not possible, a general test for whether adhesion
of 10+ layers is possible was performed. The protocol for this process was as follows:
1) Clamp a layer of PCL into the bottom and top clamp.
2) Manually align the layers so there is overlap between the layers.
3) Ensure that the power and ground wires for the heating plate are connected to the
Arduino and the power supply. (Separate wires are used for the heating plate and
motors due to the high current that has to be sent, resulting in the MOSFET
heating up and melting the breadboard.)
4) Turn on the power supply and connect the Arduino and force sensor to a
computer.
5) Raise the Z-stage until the force sensor registers approximately 120 lb.
6) Open the Arduino serial monitor, activate the heating plate, and select a length of
time for heating (e.g., 2500).
7) After 10-11 minutes of heating (reaching a heating plate sensor reading of 825,
which decreases as the heating plate temperature increases), the layers should be
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adhered. During this time, the Z-stage may need to be adjusted to maintain
approximately 120 lb of force.
8) Wait until the heating plate has cooled down to a sensor reading of at least 932
before unclamping the bottom layer, slowly lowering the Z-stage, and removing
the bottom layer from the bottom clamp. This layer is adhered to the top layer; at
this point it can also be clamped onto the top clamp or left hanging.
9) Clamp on a new bottom layer and repeat previous steps until at least 10 layers are
adhered.
While testing it was observed that although the heating plate sensor was reaching
temperatures beyond 60°C, the PCL was not adhering. This problem was due to the
clamps being made of aluminum 6061. The aluminum blocks are more conductive than
the PCL, resulting in greater heat transfer to the clamps than to the polymer and the PCL
not adhering. Adding a 1/8” rubber gasket to the top clamp, giving a more insulated top
surface, solved this problem. After this addition the PCL was able to adhere. A test was
also conducted to determine if the adhered layers should be placed in the top or bottom
clamp for successive layers. The result was clamping the adhered layers to the top
resulted in a smaller chance of the PCL melting. Figure 56 shows two stacks of adhered
PCL, with a) showing how the PCL layer might melt if clamped to the bottom layer and
b) showing better adhesion without melting.
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a)

b)

Figure 56: Both a and b show adhesion of PCL layers. a) The bottom layer melted when clamped to the
bottom. There are 10 layers. b) There are 11 layers and no melting occurred when clamped to the top
clamp.

Also of note is the fact that an artifact of adhesion can be clearly seen in Fig. 56 –
there is a bump or bubble in the center of the PCL. This is the location of the microscope
objective hole. To remove this bubble, the hole needs to be plugged. Another solution is
to not put the holes and slots that form the micro-tubules and micro-channels in view of
the microscope objective (i.e., only having the alignment holes in view). The PCL
containing the alignment holes can be trimmed off of the completed stack, resulting in a
cleaner block of adhered PCL layers.
The power supply was set at approximately 3.67A at 8V to achieve adhesion.
One of the heating curves can be seen in Fig. 57. A force of 120 lb of force was chosen as
that gives 30 psi, more than the minimum necessary pressure discussed above; this
allowed for quick adhesion once the desired temperature was reached.
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Figure 57: A sample heating curve for PCL adhesion.
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Chapter 6: Conclusions
6.1 Image Processing and Alignment
An alignment device and multiple image processing algorithms were developed in an
attempt to investigate the possibility of multi-layer stacking of polymer membranes. After
repeated experiments, it was determined that the current method of approach is not
viable. The alignment device is not rigid enough to not flex while the mechanism moves.
This has resulted in inaccurately aligned layers. One of the most difficult challenges to
surmount was image processing of imperfect circles. As shadows and deformations in the
layer resulting from micropunching muddle the automated circle detection, investigations
veered towards manually choosing 3 points on the edge of each circle. The result of this
was improved circles, but unless the points were carefully chosen the circles and their
centers would vary. This again results in inaccurate alignment.

6.2 PCL Adhesion
As punched PCL was not available to test adhesion, layers of PCL were instead
manually stacked to determine if the device was able to adhere a minimum of 10 layers of
PCL. The device was able to achieve this process, but the heating plate’s temperature
sensor values had to be watched before the power supply was switched off. An
improvement to this solution would be a control system that turned off the heating plate
when it reached the ideal temperature. The force sensor reported a steady drop in force
over time, so automating the Z-stage with a control system to maintain the desired force
should also be integrated into the design. It is necessary to test adhesion with
micropunched PCL layers to determine if internal stretching of the PCL layer may result
in problems in alignment.
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6.3 Future Work
It is the opinion of the author that multi-layer stacking is a feasible method for
tissue scaffolding. For this method to be truly viable, the system would need to be able to
detect and handle deformations of the layers that result from micropunching. This could
be solved with a more sophisticated image processing algorithm or an improved
micropunching method. It is necessary to test adhesion with micropunched PCL layers to
determine if internal stretching of the features on the PCL layer may result in problems in
alignment.
Additionally, a stiffer device could be built to reduce dimensional inaccuracies.
As each stage and assembly was built one on top of another, the final design resulted in a
swaying cantilever. This can be improved upon with a revised design, such as using a
Stewart platform, a mechanism that relies on 6 prismatic actuators to achieve 6 degrees of
freedom of movement. While the mechanism and control are more complicated for a
Stewart platform, this mechanism is stiffer than and has applications in CNC milling
machines and flight simulators.
Improved integration of the various components of the device would also be
ideal. The AmScope MT was incompatible with MATLAB™, which made integration of
the Arduino commands into one program difficult. Simulink is able to generate Arduino
code, but due to the need to take multiple pictures and difficulties involving loops and
Arduino pin outputs in Simulink, this solution was not used in the final approach.
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Appendix A: Image Processing
A.1 Numerical Model One
clear all
clc
close all
circle=imread('circle4.png');
square=imread('roundedsquare4.png');
square=imcomplement(square);
figure, imshow(square)
movehoriz=300;
movevertical=0;
next_step=[movehoriz movevertical];
htranslate=vision.GeometricTranslator;
htranslate.OutputSize='Same as input image';
htranslate.Offset=next_step;
y=step(htranslate,square);
y2=y;
test=im2bw(imfuse(y,circle),.7);
test2=test;
horiz=0;
vertical=0;
figure,imshow(test)
while sqrt((next_step(1))^2+(next_step(2))^2)>1
[B,L] = bwboundaries(test2,'noholes');
% imshow(label2rgb(L, @jet, [.5 .5 .5]))
% hold on
for k = 1:length(B)
boundary = B{k};
% plot(boundary(:,2), boundary(:,1), 'w', 'LineWidth', 2)
end
stats=regionprops(L,'all');
% rectangle('Position',stats(1).BoundingBox);
bounding=ceil(stats(1).BoundingBox); % y x width height
corners=[bounding(2) bounding(1); bounding(2) bounding(1)+bounding(3);
bounding(2)+bounding(4) bounding(1)+bounding(3); bounding(2)+bounding(4) bounding(1)];
distances=length(test)*ones(4,1); % nw ne se sw shortest distance from corner to boundary in that
order
nearest_pts=zeros(4,2);
next_step=zeros(1,2);
for c=1:1:4
for i=1:1:length(boundary)
calc_dist=sqrt((corners(c,1)-boundary(i,1))^2+(corners(c,2)-boundary(i,2))^2);
if calc_dist<distances(c)
distances(c)=calc_dist;
nearest_pts(c,1)=boundary(i,1);
nearest_pts(c,2)=boundary(i,2);
end
end
next_step(1)=next_step(1)+(nearest_pts(c,1)-corners(c,1));
next_step(2)=next_step(2)+(nearest_pts(c,2)-corners(c,2));
end
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horiz=horiz+next_step(1);
vertical=vertical+next_step(2);
release(htranslate)
htranslate.Offset=next_step;
y2=step(htranslate,y2);
test2=im2bw(imfuse(y2,circle),.9);
imshowpair(y2,circle)
pause(.5)
close all
end
imshow(test)
%figure, imshow(test2)
horiz
vertical
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A.2 Numerical Method Two
%%clear all variables and close all things open
clear all
clc
close all
%% take in images and move them
upper_orig=imread('iscapture\IS_34_bak.jpg');
diameter=282; %118.7 originally
movehoriz=10; %initial horizontal movement
movevertical=30; % initial vertical movement
init_angle=15; % initial angle change
next_step=[movehoriz movevertical]; % have to be positive next step
lower_orig=imtranslate(upper_orig, next_step, 'OutputView','full'); %same image just moved so
thus upper_orig used
lower_orig=imrotate(lower_orig,init_angle,'bilinear','loose'); %loose resizes to fit rotated image
fuse_orig=im2bw(imfuse(lower_orig,upper_orig),.7); %.9 orignally
%% need backup for search
lower_orig_backup=lower_orig;
upper_orig_backup=upper_orig;
fuse_orig_backup=fuse_orig;
%% Find one circle
[B,L] = bwboundaries(fuse_orig,'noholes');%noholes looks for solid regions
stats=regionprops(L,'all');
% imshow(label2rgb(L, @jet, [.5 .5 .5]))
search_range=260; % 260 pixels in each directon //currently not working for large translations
search_steps=20; % 20 steps
step_size=search_range/search_steps;
quad=1; %quandrant on coordinate system
small=0; %if the area is too small
%if found location isn't empty, but area is less than 10 pixels set small
%to 1
if ~isempty(B)
if stats(1).Area < 10
small=1;
end
end
if (isempty(B) || small==1)
for step_x=0:1:search_steps
for step_y=0:1:search_steps
if quad==1
lower_orig=imtranslate(lower_orig_backup, [step_x*step_size 0], 'OutputView','full');
upper_orig=imtranslate(upper_orig_backup, [0 step_y*step_size], 'OutputView','full');
elseif quad==2
lower_orig=imtranslate(lower_orig_backup, [0 0], 'OutputView','full');
upper_orig=imtranslate(upper_orig_backup, [step_x*step_size step_y*step_size],
'OutputView','full');
elseif quad==3
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lower_orig=imtranslate(lower_orig_backup, [0 step_y*step_size], 'OutputView','full');
upper_orig=imtranslate(upper_orig_backup, [step_x*step_size 0], 'OutputView','full');
else
lower_orig=imtranslate(lower_orig_backup, [step_x*step_size step_y*step_size],
'OutputView','full');
upper_orig=imtranslate(upper_orig_backup, [0 0], 'OutputView','full');
end
fuse_orig=im2bw(imfuse(lower_orig,upper_orig),.9);
[B,L] = bwboundaries(fuse_orig,'noholes');
stats=regionprops(L,'all');
if ~isempty(B)
small=0;
if stats(1).Area < 10
small=1;
end
if small == 0
break;
end
end
end
if ~isempty(B)
break;
end
end
quad=quad+1;
end
if ~isempty(B)
boundary = B{1};
stats=regionprops(L,'all');
orig_visible_area=stats(1).Area;
angle=90-abs(stats(1).Orientation);
trans_dist=diameter-stats(1).MinorAxisLength;
trans_x=cosd(angle)*trans_dist;
trans_y=sind(angle)*trans_dist;
if stats(1).Orientation>=0
temp_lower=imtranslate(lower_orig, [5 5], 'OutputView','full');% [5 5] is just a random small
amount
temp_fuse=im2bw(imfuse(temp_lower,upper_orig),.9);
[B_temp,L_temp] = bwboundaries(temp_fuse,'noholes');
stats_temp=regionprops(L_temp,'all');
if isempty(stats_temp)
temp_visible_area=0;
else
temp_visible_area=stats_temp(1).Area;
end
if temp_visible_area>orig_visible_area
lower_translated=imtranslate(lower_orig, [trans_x trans_y], 'OutputView','full');
upper_translated=upper_orig;
else
upper_translated=imtranslate(upper_orig, [trans_x trans_y], 'OutputView','full');
lower_translated=lower_orig;
end
else
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temp_lower=imtranslate(lower_orig, [5 0], 'OutputView','full');
temp_upper=imtranslate(upper_orig, [0 5], 'OutputView','full');
temp_fuse=im2bw(imfuse(temp_lower,temp_upper),.9);
[B_temp,L_temp] = bwboundaries(temp_fuse,'noholes');
stats_temp=regionprops(L_temp,'all');
temp_visible_area=stats_temp(1).Area;
if temp_visible_area>orig_visible_area
lower_translated=imtranslate(lower_orig, [trans_x 0], 'OutputView','full');
upper_translated=imtranslate(upper_orig, [0 trans_y], 'OutputView','full');
else
upper_translated=imtranslate(upper_orig, [trans_x 0], 'OutputView','full');
lower_translated=imtranslate(lower_orig, [0 trans_y], 'OutputView','full');
end
end
translated_fused=im2bw(imfuse(lower_translated,upper_translated),0.9);
end
%% Find second circle
[B_translated,L_translated] = bwboundaries(translated_fused,'noholes');
stats_translated=regionprops(L_translated,'all');
cent_y=stats_translated(1).Centroid(2);
cent_x=stats_translated(1).Centroid(1);
all_areas=zeros(1,31);
test_angles=-15:1:15;
for i=1:1:length(test_angles)
temp_lower=rotateAround(lower_translated,cent_y,cent_x,test_angles(i));
area_fuse=im2bw(imfuse(temp_lower,upper_translated),0.9);
[B_area,L_area] = bwboundaries(area_fuse,'noholes');
stats_area=regionprops(L_area,'all');
for j=1:1:length(stats_area)
all_areas(i)=all_areas(i)+stats_area(j).Area;
end
end
[max_area,max_area_index]=max(all_areas);
lower_final=rotateAround(lower_translated,cent_y,cent_x,test_angles(max_area_index));
final_fused=im2bw(imfuse(lower_final,upper_translated),0.9);
imshow(fuse_orig_backup)
figure
imshow(fuse_orig)
figure
imshow(translated_fused)
figure
imshow(final_fused)
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A.3 Final Method
close all
%clc
%clear all
orig_top=imread('AmScope\20150824\17_00_top_start.jpg');
orig_bottom=imread('AmScope\20150824\17_00_bot_final.jpg');
imshow(orig_top)
%% find first top left circle
[x1,y1]=ginput(3);
top1=[x1(1)^2+y1(1)^2 y1(1) 1; x1(2)^2+y1(2)^2 y1(2) 1; x1(3)^2+y1(3)^2 y1(3) 1];
top1_2= [x1(1) x1(1)^2+y1(1)^2 1; x1(2) x1(2)^2+y1(2)^2 1; x1(3) x1(3)^2+y1(3)^2 1];
bot1=[x1(1) y1(1) 1; x1(2) y1(2) 1; x1(3) y1(3) 1];
h1=det(top1)/(2*det(bot1));
k1=det(top1_2)/(2*det(bot1));
r1=sqrt((x1(1)-h1)^2+(y1(1)-k1)^2);

th = 0:pi/50:2*pi;
xunit = r1 * cos(th) + h1;
yunit = r1 * sin(th) + k1;
hold on
plot(xunit, yunit,'r','MarkerSize',12,'LineWidth', 3)
plot(x1(1),y1(1),'x','MarkerSize',12,'LineWidth', 3);
plot(x1(2), y1(2),'x','MarkerSize',12,'LineWidth', 3);
plot(x1(3),y1(3),'x','MarkerSize',12,'LineWidth', 3);
%% find top right circle
[x3,y3]=ginput(3);
top3=[x3(1)^2+y3(1)^2 y3(1) 1; x3(2)^2+y3(2)^2 y3(2) 1; x3(3)^2+y3(3)^2 y3(3) 1];
top3_2= [x3(1) x3(1)^2+y3(1)^2 1; x3(2) x3(2)^2+y3(2)^2 1; x3(3) x3(3)^2+y3(3)^2 1];
bot3=[x3(1) y3(1) 1; x3(2) y3(2) 1; x3(3) y3(3) 1];
h3=det(top3)/(2*det(bot3));
k3=det(top3_2)/(2*det(bot3));
r3=sqrt((x3(1)-h3)^2+(y3(1)-k3)^2);
xunit3 = r3 * cos(th) + h3;
yunit3 = r3 * sin(th) + k3;
hold on
plot(xunit3, yunit3,'r','LineWidth', 3)
plot(x3(1),y3(1),'x','MarkerSize',12,'LineWidth', 3);
plot(x3(2), y3(2),'x','MarkerSize',12,'LineWidth', 3);
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plot(x3(3),y3(3),'x','MarkerSize',12,'LineWidth', 3);

%% find bottom left circle
figure
imshow(orig_bottom)
[x2,y2]=ginput(3);
top2=[x2(1)^2+y2(1)^2 y2(1) 1; x2(2)^2+y2(2)^2 y2(2) 1; x2(3)^2+y2(3)^2 y2(3) 1];
top2_2= [x2(1) x2(1)^2+y2(1)^2 1; x2(2) x2(2)^2+y2(2)^2 1; x2(3) x2(3)^2+y2(3)^2 1];
bot2=[x2(1) y2(1) 1; x2(2) y2(2) 1; x2(3) y2(3) 1];
h2=det(top2)/(2*det(bot2));
k2=det(top2_2)/(2*det(bot2));
r2=sqrt((x2(1)-h2)^2+(y2(1)-k2)^2);
th2 = 0:pi/50:2*pi;
xunit2 = r2 * cos(th) + h2;
yunit2 = r2 * sin(th) + k2;
hold on
plot(xunit2, yunit2,'r','LineWidth', 3)
plot(x2(1),y2(1),'o','LineWidth', 3);
plot(x2(2), y2(2),'o','LineWidth', 3);
plot(x2(3),y2(3),'o','LineWidth', 3);

%% find bottom right circle
[x4,y4]=ginput(3);
top4=[x4(1)^2+y4(1)^2 y4(1) 1; x4(2)^2+y4(2)^2 y4(2) 1; x4(3)^2+y4(3)^2 y4(3) 1];
top4_2= [x4(1) x4(1)^2+y4(1)^2 1; x4(2) x4(2)^2+y4(2)^2 1; x4(3) x4(3)^2+y4(3)^2 1];
bot4=[x4(1) y4(1) 1; x4(2) y4(2) 1; x4(3) y4(3) 1];
h4=det(top4)/(2*det(bot4));
k4=det(top4_2)/(2*det(bot4));
r4=sqrt((x4(1)-h4)^2+(y4(1)-k4)^2);
xunit4 = r4 * cos(th) + h4;
yunit4 = r4 * sin(th) + k4;
hold on
plot(xunit4, yunit4,'r','LineWidth', 3)
plot(x4(1),y4(1),'o','LineWidth', 3);
plot(x4(2), y4(2),'o', 'LineWidth', 3);
plot(x4(3),y4(3),'o','LineWidth', 3);

93
%% find rotation angle
%(x1,y1) and (x3,y3) are the top layer
%(x2,y2) and (x4,y4) are the bottom layer
u=[h1-h3, k1-k3];%vector one
v=[h2-h4, k2-k4] % vector 2
angle=acosd((u(1)*v(1)+u(2)*v(2))/(sqrt(u(1)^2+u(2)^2)*(sqrt(v(1)^2+v(2)^2))))
anglesteps=angle/(.0586) %.0586 degrees is how much the angle changes per step %pos=ccw
%%
scale=.394;
steps=zeros(1,4);
if h2>h1
xmove=(h1-h2);
else
xmove=-1*(h1-h2);
end
if k2>k1
ymove=-1*(k2-k1);
else
ymove=(k1-k2);
end
selection=[1 2 3 4];
steps(1)=xmove*scale;
steps(2)=ymove*scale;
steps;

h1
k1
h3
k3
h2
k2
h4
k4
%% error statistics of misalignment
angle
xerrorper1=(h1-h2)/h1*100
yerrorper1=(k1-k2)/k1*100
xerrorper2=(h3-h4)/h3*100
yerrorper2=(k3-k4)/k4*100
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Appendix B: Hardware
B.1 Easy Driver Schematic

[31]
Figure 58: SparkFun Easy Driver schematic.
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B.2 Heating Board Schematic

[39]
Figure 59: Thingomatic heating board schematic.

Abbreviation
R1

Part Name
Resistor, 4.7K 0.5W

R4

Resistor, 1.0K 0.5W

R29
C1
100 V LED

Thermistor, NTC 100K
Capacitor, ceramic 0.1uF
LED – red

Part Number
71CRCW12064K70JNEAH
71CRCW12061K00JNEAH
71-NTHS1206N1N1003JE
80-C1206C104K3H
645-598-8210-107F

Table 8: Parts purchased from Mouser for the heating plate. Taken from thingiverse.com. [39]
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B.3 Force Sensor (Loadstar iLoad Pro)

[33]
Figure 60: Data sheet specifications to the Loadstar iLoad Pro Digital USB integrated load cell.
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B. CAD Files

Figure 61: SolidWorks drawing for the external base of the device.
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Figure 62: A SolidWorks drawing showing a spacer used between the external base and the rotation
base.
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Figure 63: SolidWorks drawing of the base of the rotation stage.
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Figure 64: SolidWorks drawing of the rotation motor mount.

101

Figure 65: SolidWorks drawing of the rotation moment arm.
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Figure 66: SolidWorks drawing of the rotation threaded rod block.
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Figure 67: SolidWorks drawing of the Y-stage base.
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Figure 68: SolidWorks drawing the Y-stage motor mount side.
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Figure 69: SolidWorks drawing of the Y-stage threaded rod block.
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Figure 70: SolidWorks drawing depicting the X-slider platform.
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Figure 71: SolidWorks drawing showing the X-stage motor mount side plate.
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Figure 72: SolidWorks drawing showing the non-motor mount side plate.
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Figure 73: SolidWorks drawing showing the X-stage threaded rod block.
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Figure 74: SolidWorks drawing of the Z-stage base platform.
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Figure 75: SolidWorks drawing of the bottom piece of the spring assembly.
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Figure 76: SolidWorks drawing of the top piece of the spring assembly
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Figure 77: SolidWorks drawing of the bearing vacuum plate.
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Figure 78: SolidWorks drawing of the force sensor mounting platform.
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Figure 79: SolidWorks drawing of the aerogel base.
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Figure 80: SolidWorks drawing of the piece on top of the aerogel.
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Figure 81: SolidWorks drawing of the piece on top of the heating plate.
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Figure 82: SolidWorks drawing of the bottom clamp's body.
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Figure 83: Solidwork drawing of the sides that attach to the clamp's body.
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Figure 84: Solidwork drawing of the top clamp's body.
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Figure 85: SolidWorks drawing of the microscope assembly mounting base.
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Appendix C: Heating Plate Curves
Heating Plate
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Figure 86: Heating plate sensor values and corresponding temperatures as a set of 3 merged data sets.

The 3 sets of data vary slightly from each other, which could possibly have to do with the
differences in temperature while inside lab. Another possibly is the amount of contact
between the thermocouple and the heating plate.
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Figure 87: Another cooling curve, with the power supply set to 7.2V and 3.38A. This resulted in a
much slower heating curving, taking closer to 38 minutes to reach the adhesion temperature.
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Figure 88: Additional cooling curve at 8V and 3.67A; this is the curve on the 4th layer of adhesion.
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Appendix D: Simulink Code
Simulink code can be used instead of the Arduino interface. Code was written to reduce
the number of different pieces of software necessary to achieve alignment.

Figure 89: Simulink code to replace Arduino code.
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Figure 90: Inside of the Stage 2 block.

