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Abstract
Three dimensional synthetic tissue scaffolds with simulated micro-vascularity
can be produced by multilayer stacking of 2D porous membranes. In order to make 2D
porous membranes, cryogenic micropunching of thin Polycaprolactone (PCL) films was
investigated experimentally and through finite element simulation using DEFORM 3D.
Material properties of PCL, below its glass transition temperature, were determined
experimentally through uniaxial compression testing of samples immersed in liquid
nitrogen. Micropunching experiments were carried out for two film thicknesses, 40 μm
and 70 μm. Three different die clearances were considered for each film thickness: 15%,
30%, and 45% clearance for 40 μm thick films, and 8.6 %, 17.1 %, and 25.7 % clearance
for 70 μm thick films. For each experiment, the peak punching force was measured for a
nominal hole diameter of 200 μm. Experimentally determined material properties of PCL
were used in the finite element simulation to predict peak punching forces for comparison
to experiments. The predicted peak punching forces matched the measured forces with
best case error of 2% and worst case error of 31 %. Maximum achievable porosity was
also investigated experimentally and through simulation by punching one hole close to a
pre-existing hole and reducing the minimum web thickness between holes gradually by
steps of approximately 10 µm in 70 μm thick PCL films. The maximum achievable
porosity was determined to be approximately 75% for 200 μm diameter holes arranged in
a hexagonally close packed pattern in 70 μm thick PCL film. Apart from PCL, thin
copper foils were punched and peak punching force was measured and compared with the
numerical results to study the predictive capability of conventional finite element
simulation when feature dimensions are comparable in size to material grains. It was
concluded that Crystal Plasticity Finite Element simulations are not necessary for
predicting the peak punching force while micropunching copper foil for the range of die
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clearances considered in the current research. Finally, a new analytical model was
developed to study the effect of slanted punches on the punching force and verified by
finite element analysis. An association between the instantaneous rate of shear area
propagation and the punching force profile was predicted analytically and confirmed by
finite element simulation.
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Chapter 1
Introduction
1.

Introduction

1.1.

Problem Statement
Development of tissues and organs from synthetic and natural scaffolds has been

a persistent goal of research in the field of tissue engineering. The need for such research
is pressing given that on average 18 people die every day as they wait for an organ
transplant according to a recent study by the U.S. Department of Health and Human
Services [1]. Presently, research in the field of tissue engineering has focused mainly on
small scale development of tissue samples for testing and analysis, rather than on mass
production technologies. However, as the market for tissue engineering and regenerative
medicine increases, scaling-up laboratory prototyping methods to create efficient mass
production processes will become paramount to delivering a cost effective solution.
A synthetic 3D engineered mircoarchitecture that is suitable for a cell scaffold is
of interest to many researchers. Ideally, the mircoarchitecture has sufficient home sites
for seeding of progenitor cells and adequate vascularity to facilitate transport of oxygen
and nutrients, as well as to facilitate waste removal as the cells grow. The goal of a well
designed synthetic scaffold is to have microfluidic channels that mimic natural tissue
vascularity [2]. In general, microvascular structures are necessary for mass transport
across length scales of approximately 200 um to promote healthy cell growth [3].
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Conventional scaffold development methods, such as solvent-casting with
particulate leaching, gas foaming, phase separation, melt molding, freeze drying, and
solution casting are not suitable for engineering a vascularized scaffold, due to their
inability to produce a mircoarchitecture where pore size and arrangement are specified, as
opposed to randomly distributed, in cases where microfluidic vasculature are needed.
Solid freeform fabrication methods (additive manufacturing) like 3D printing,
stereolithography, fused deposition modeling, and phase-change jet printing can be used
to fabricate engineered porous microstructures. However, most of these methods require
an internal support structure, which needs to be dissolved at the end of the fabrication
process. Residuals from the solvent process can be potentially toxic to the seeded cells. In
addition, these methods are primarily intended for rapid prototyping and not for high
volume industrialized manufacturing, where the demands for production efficiency are
much greater.
A relatively new approach to fabricating synthetic 3D tissue scaffolds with
engineered microporosity is multilayer stacking of 2D porous polymeric membranes.
This is an attractive alternative to free form methods due to the potential for high
throughput manufacturing without the use of solvents. In the current research, the 2D
layers are created by rapidly punching micro-scale holes and patterns of holes in thin (2570 um) polymer films that can be mass produced by hot melt extrusion. Recently, a new
micropunching machine and cryogenic process have been developed at Tufts University
to manufacture 2D porous membranes with a specific pore size, geometry, and location
[4]. The next step in the manufacturing process, which is outside the scope of this thesis,
is to properly align, stack, and bond the individual 2D membranes to create a 3D tissue
engineering construct with holes for cell seeding and with micro-tubules to simulate
tissue vascularity.
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1.2.

Purpose of the Study
The aim of this research is to investigate the application of finite element analysis

(FEA) to simulate the micropunching process and to predict cryogenic punching forces in
Polycaprolactone (PCL), a biocompatible, biodegradable polymeric membrane. If the
finite element method proves suitable, as verified by micropunching experiments, it will
be a powerful numerical tool that can be used by engineers to optimally design robust die
sets and related equipment for industrialization of the micropunching process. The
research also focuses on analyzing maximum achievable porosity within a single
polymeric membrane, the effect of die clearance on peak punching force, and the effect
of processing parameters on hole quality.
It is desirable to have a high level of porosity to maximize the volume of seeded
cells, while minimizing the degree of biodegradation necessary for resorption of the
sacrificial scaffold. Finally, some aspects of punch geometry e.g. slanted punch face are
investigated through the development of analytical and numerical models in an effort to
design a punch that requires less force to produce a hole, thereby increasing die life and
reducing energy consumption.

1.3.
i.

Research Objectives
Characterize the uniaxial compression true stress-strain behavior
(constitutive relationship) of Polycaprolactone (PCL) when cooled below the
glass transition temperature;

ii.

Conduct research into validating a finite element model of the
micropunching process through experiments with PCL membranes to predict
final hole geometry, peak punching force, and minimum web thickness
between adjacent holes;
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iii.

Determine the relationship between punch clearance and maximum
achievable porosity when creating thin webs between a line of adjacent holes
in PCL membranes;

iv.

Characterize the relationship between punch clearance and peak stamping
force to determine if there is an optimum clearance when creating microscale
holes in PCL membranes;

v.

Study the effect of punch geometry on the punching force profile when the
top surface of the punch is either parallel or skew to the surface of the
workpiece, with the skewed surface causing a “can opener” effect when
micropunching; and

vi.

Assess the predictive capability of a finite element model when
micropunching copper foil where the grain size is comparable to material
thickness and hole size.

1.4.

Hypothesis
The finite element method can be used to accurately predict the effect of die

clearance on punching force and on web tearing during cryogenic microscale hole
punching of a polymer membrane.

1.5.

Punching Process Terminology
Micropunching is a relatively new technology. However, macro-punching is a

well understood, developed, and extensively used forming process. The basic steps and
methods in a micropunching process are no different than the punching process at a
macro scale. Therefore, details of a typical punching process are presented here. As
shown in Figure 1.1, a typical macro-scale punching setup has four major components.
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i.

Male Die or Punch

ii.

Female Die or Die Plate

iii.

Guide Plate or Stripper Plate

iv.

Workpiece

Figure 1.1 Schematic of a typical punching or blanking process [5]

The male die (punch) exerts a force on the workpiece, where a shearing process
facilitates punching a hole or blanking an edge. When creating a circular hole, the
diameter of the punch is typically the same size as the desired hole in the workpiece.
However, the hole in the female die is slightly larger than the male punch, creating a
clearance between the dies.
In general, the female die is fixed in place as the male die translates
perpendicular to the workpiece surface. Often, a guide plate (stripper plate) secures the
workpiece while the male die creates the desired hole geometry. In some cases, as shown
in the schematic of Figure 1.1, the guide plate has an impingement ring to further
constrain material flow near the male die i.e. fine blanking. Also, a cushion or ejector can
be used to support and remove the punched or blanked part.
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In the case of a sheet metal workpiece, the wall geometry of the sheared hole has
some typical features as shown in Figure 1.2.

Figure 1.2 Typical punched hole profile. Figure courtesy: [4]

There are four visible attributes to the sheared sidewall in metal punching: (1)
rollover depth, (2) sheared or burnish depth, (3) fracture depth, and (4) burr height. The
distribution of these four zones across the thickness of the punched wall indicates the
quality of the punching process i.e. burnish and breakout diameter. The effect of process
parameters, such as die clearance, edge radius, and workpiece ductility on the relative
distribution of these geometric zones have been studied extensively and are discussed in
Chapter 2.
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Chapter 2
Background – Survey of Literature
2.

Survey of Literature

2.1.

Tissue Engineering
Currently in the United States, the number of men, women, and children in need

of life saving organ transplants is 115,000 [1], which is more than enough to fill a large
football stadium. One name is added to the waiting list every 10 minutes and,
unfortunately, the gap between the number of patients on the waiting list and the number
of donors continues to widen, Figure 2.1.

Figure 2.1 Continuous widening of the gap between number of patients in waiting list and
number of transplants. Figure courtesy: [6].
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To meet this growing demand for tissues and organs, the market for artificial
tissue is growing exponentially. Tissue engineering and regenerative medicine in the
United States was a $6.9 billion market in the year 2009, but it is expected to grow to
about $32 billion by the year 2018 [7]. This market is growing in all regions of the world,
but particularly in the United States, Figure 2.2. Therefore, research to develop different
methods to create artificial tissues and organs is of paramount importance to improve the
livelihood of patients and in some cases to save their lives. New manufacturing methods,
particularly those with high production rates and economical cost, are of particular
interest to the tissue engineering industry.

Figure 2.2 Worldwide tissue engineering, cell therapy and transplantation market. Size and
growth by region, 2009. Figure courtesy: [7]
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Multilayer stacking presents a significant manufacturing challenge. Clinically
relevant treatments for hundreds of thousands to millions of patients annually requiring
various tissue implants will require the fabrication of hundreds of billions to trillions of
holes per year. Consider just the example of tissue implants for knee cartilage repair as a
substitute for using total knee arthroplasty (TKA), in which metal implants are used to
completely replace the mating ends of the tibia and femur. Cartilage tissue implants
(CTIs) could provide a much less traumatic and much less expensive alternative to TKA.
They also could be administered much earlier in the progression of cartilage degradation,
with consequent improvements in mobility, reduction of lost wages, and/or need for care.
With the aging of the US population, the number of candidates for this procedure is
estimated to grow to 3.48 million in 2030 [8]. Table 2.1 shows that servicing just 10% of
this population with CTIs instead would require fabricating on the order of 50 billion
microscale holes.
Table 2.1 Example calculation of holes required to create a cartilage tissue implant by
multilayer stacking

Category
(A) 10% of estimated annual number of candidates for total knee
arthroplasty in 2030

Quantity
350
Thousand

(B) Number of cartilage tissue implants per patient (medial and lateral
condyle)
(C) Area of single implants

2
1 cm2

(D) Number of 50 μm thick membrane layers for a single 0.5 mm thick
implant

10

(E) Number of holes per cm2 (60% porosity and 100 μm average hole
diameter)
Total number of holes required per year (product of A through E)

7600
53 billion
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Biologists currently use rapid prototyping methods to create holes in single polymer
layers for laboratory testing. Unfortunately, these methods are likely not going to scale
economically to meet the clinical need. Laser ablation uses raster scanning and thus is a
sequential process. It is difficult to imagine that it could create the huge number of holes
required. Micro molding is a parallel process, but suffers from the difficulty of separating
the thin membranes from the mold. Tearing of the web between holes occurs if the webs
are too thin, and thus it is unclear if the porosities required for tissue engineering
applications can be achieved. However, as shown in Table 2.2, only ten micropunching
machines developed in the current research, each operating 3000 hours per year, could
produce all of the holes required for the cartilage repair example.
Table 2.2 Manufacturing capacity (holes per year) of one cryogenic micropunching machine

Category

Quantity

(A) Number of compound die sets in a progressive die

10

(B) Number of punches per compound die set

100

(C) Strokes per hour (30 per minute)

1800

(D) Hours of operation per year (2 shifts with 25% downtime for

3000

maintenance)
Total number of holes per machine per year (product of A through D.)

5.4 billion

Most tissues are comprised of multiple types of cells that are well organized in
the extra cellular matrix (ECM). The specific functions of a particular kind of tissue are
determined by its mircoarchitecture i.e. extensive vascular networks. Artificially
achieving such functionality requires extremely precise scaffold structures. Currently,
available artificial tissues are limited to simple architecture and cellular organization. One
such example is engineered cartilage tissue, which has limited need for vasculature as
compared to cardiac tissue. Artificial tissues like the heart and liver, which need to be
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metabolically active, are still in the development stage. Tissue engineers have been trying
to develop more complex vascular networks in vitro (outside of the body under
conditions that simulate the host environment). In order to enhance biomimicry, scaffolds
with three dimensional features are essential where different types of cells can be seeded
and also where ECM molecules can be spatially distributed [7].
Conventionally, several different techniques have been used by researchers to
develop three dimensional engineered microarchitectures to be used as synthetic tissue
scaffolds. One such method is photomask based direct polymerization. A photomask is a
two dimensional pattern that will let light pass through it in some selected areas. The
wavelength of light can be carefully chosen to initiate polymerization of a prepolymer
compound layered below the mask. A sequence of such patterns can be used to make
very complex features. A drawback of this method is that it can only create feature
geometry along layer thickness i.e. it is a “line-of-sight” method in the direction of the
projected light. Also, residues of the solvent for the prepolymer can be toxic in nature and
can potentially hinder cell growth. This method is generally suitable for various
hydrogels and polymers containing acrylate groups [7]. Figure 2.3 shows the schematic
of the direct polymerization process for developing tissue scaffolds.
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Figure 2.3 Demonstration of photomask technique to create micropatterned structures. A)
Prepolymer is loaded into a container of specified dimensions with a transparent top surface
containing the photomask. UV light passing through the photomask to the photosensitive
prepolymer causes polymerization only in the regions where UV light is able to pass through.
B) Subsequent UV light application enables layer-by-layer fabrication of 3D structures. C)
Functional 3D hepatic tissue created using this technique. Figure courtesy: [9]

Another popular approach for making tissue scaffolds is micromolding. With this
method, the substrate material is generally an elastomeric polymer which is molded with
the help of ultraviolet light between a flat and a patterned die. This is one of the most
widely used methods to produce features of many shapes and sizes ranging from 1 μm to
500 μm [11-13]. Drawbacks of this method include material hydrophobicity and swelling
of the elastomeric molds. Figure 2.4 shows the schematic of the micromolding method.
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Figure 2.4 Hyaluronic acid (HA) micromolding process with Poly(dimethylsiloxane) (PDMS)
structures as molds. A) without cells B) with cells. Figure courtesy: [10]

Tissue scaffolds can also be fabricated using several rapid prototyping
techniques. Stereolithography (SLA) was first introduced by Charles W. Hull in 1986
(US Patent 4575330). In this method, the scaffolds are fabricated on a platform immersed
in a tank of liquid polymer. The polymer is cured layer by layer with a laser. This method
can have two different approaches: (1) “top-bottom” where all prepolymer is already in
the tank and is cured layer by layer while lowering the platform after each layer is cured,
and (2) “bottom-top” approach, where the prepolymer is pipetted into the container for
each layer on top of the previous layer. An improved version of stereolithography to
produce high resolution is called micro-stereolithography. Unlike conventional
stereolithography where the complete layer is traced by the laser, in microstereolithography a dynamic mask is prepared for individual layers using an array of
digitally controlled micro-mirrors. Features as small as 20 μm have been fabricated into a
tissue scaffold by using this method [14-16]. The schematic of this method is shown in
Figure 2.5.
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Another rapid prototyping method is known as Melt Dissolution Deposition
System. In this method, the prepolymer is either in powder form or in molten form. If it is
in powder form, certain portions of a layer are heated carefully using a laser beam, which
causes bonding of the heated particles. This method of melt dissolution is known as
Selective Laser Sintering (SLS). This method has been used to create tissue scaffold from
polycaprolactone (PCL) [17], a biodegradable material on which current research is
focused. For bone tissue scaffolding, SLS has been used with several materials like
ceramic [18, 19], polymers [20, 21] and composites [22-24].
In the case where the prepolymer is in a molten state, it is deposited from a very
small extrusion tip layer by layer, solidifying quickly as it cools [25]. This melt
dissolution method is called Fused Deposition Modeling (FDM). Complex three
dimensional micro-features can be made using this technique. The disadvantage of FDM
is its low resolution which limits the minimum size of features that can be incorporated
into the scaffold.

DIGITAL MICRO-MIRROR DEVICE (DMD)
Plat form moves
down with every
layer

PREPOLYMER WITH CELLS

UV
source
Plat form moves
down with every
layer

Projection lens

Motion Stage

UV
curable
resin

Figure 2.5 Schematic of stereolithography system for tissue engineering applications. A)
Top-down approach where the platform is moved downwards after each layer of
prepolymer is photopolymerized, B) Bottom-top approach where the prepolymer is pipetted
one layer at a time, C) Digital micromirror arrangement for microstereolithography. Figure
courtesy: [12]
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As the name suggests, the methods discussed in the rapid prototyping approaches are
suitable for prototyping, but are not intended for mass production. In general, laser
rastering methods are likely too slow to be considered for mass manufacturing.
Gas foaming is another method to create tissue scaffolds from various polymeric
materials. This method is used to fabricate controlled porous scaffolds of different pore
sizes. In this method, an inert gas is mixed with molten prepolymer to create a two phase
substance populated with bubbles of the inert gas. Once the polymer solidifies around the
bubbles, the gas diffuses out gradually, leaving behind a highly porous structure to be
used as a tissue scaffold. The typical inert gas used is CO2, which is mixed with a
continuous polymer phase under high pressure and the solution is saturated with CO2 [26,
27]. The pore size is controlled by adjusting various process parameters like temperature,
pressure, depressurizing rate, and relative concentration of various components. This
method has been used successfully to make tissue scaffolds from different polymers like
Polylactic Acid (PLA), Polylactic-co-glycolic Acid (PLGA) and Polycaprolactone (PCL)
[26-29]. This method has also been used successfully to create composite scaffolds.
Tropoelsatin and elastin were mixed in pressurized CO2in an aqueous solution along with
a cross linking agent. Highly cross linked and porous composite scaffolds were obtained,
which were further shown to support human skin fibroblast growth and migration across
the structure [30]. The SEM image of the resulting cross linked porous structure is shown
in Figure 2.6. Unfortunately, this method does not support engineering a vascular
network as the pores are random. Therefore, the cells tend to thrive on the surface of the
scaffold, but perish within the center of thicker tissue constructs.
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Figure 2.6 SEM images of scaffold with controlled microporosity. A) Tropoelastin/elastin
composite fabricated by using dense gas CO 2, B) the composite supported human skin fi
broblast growth and migration. C) PCL/elastin scaffold produced by gas foaming/salt
leaching process, D) the fabricated scaffold promoted primary articular cartilage
chondrocyte adhesion and proliferation. Figure courtesy: [31]

Another method to make scaffolds by controlling pore size is Porogen Leaching.
In this method, various porogen particles are mixed with a molten polymer. Once the
polymer solidifies, the porogen and polymer construct is immersed in a suitable solvent
to dissolve and leach out the porogen particles. This leaves behind a highly porous
polymeric scaffold [31]. Porogen materials like salt [29, 32-35], sugar [35], paraffin [36]
and gelatin [37-39] have been proven successful in tissue engineering applications to
develop various highly porous biomaterials. Different pore characteristics, such as pore
size, porosity, and pore interconnectivity are controlled by the particle shape, size, and
concentration [29, 35, 40, 41].
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A combination of gas foaming and porogen leaching has been used to fabricate
three dimensional porous structures from PCL by Salerno et al. [38]. The porogen
material used was gelatin and the gas used for foaming was a mixture of CO2 and N2.
After dissolving the porogens and diffusing the bubbles, the resulting microstructure had
a pore size distribution in a bimodal fashion. It generated micro pores of average size 38
μm in diameter and macro pores of average size 312 μm in diameter. The resulting
microstructure SEM images are shown in Figure 2.6.
It is only a matter of time before off-the-shelf artificial tissue will be available to
be used by doctors for a wide spectrum of treatments. Patient specific artificial organs
will no longer remain just an academic discussion. Ongoing trials and research will soon
establish the feasibility of the extensive use of such artificial tissues and transplantable
organs. Given the waitlist for transplantable organs and the growing demand of artificial
tissue, the tissue engineering industry is most likely to fall short of adequate production
to meet market demands unless it adopts more efficient ways to produce artificial tissues.
The conventional methods such as direct polymerization, micro-molding, and rapid
prototyping are not fast enough or economical enough to meet the market demand.
Researchers need to focus their attention towards the production side of scaffold
manufacturing. Presently, very little research has been done to address the issue of
scaling-up rapid prototyping methods to meet a growing demand for engineered 3D
scaffolds, where size, location, and interconnectivity of the porosity are controlled
precisely by the designer.

2.2.

Micropunching Machines and Dies
The first paper on micropunching was published by Joo et al. in 2001 [42]. In this

early work, they demonstrated micro-punching by creating 100 μm diameter holes in 100
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μm thick brass foil. Similar to a conventional punching process, they used a stripper plate
to hold the workpiece, which was also used to align the male punch to the female die.
The stripper plate and the female die were fabricated using a micro Electric Discharge
Machining (micro EDM) process from tungsten carbide sheets of thickness 1 mm. The
micropunch was fabricated from tungsten carbide by using a diamond grinding wheel. A
schematic of this micropunching process is given in Figure 2.7, where t is the material
thickness and c is the one sided die clearance.

Figure 2.7 Schematic of micro punch process. Figure courtesy: [42]

In 2005, Joo et al. continued their research on micropunching, demonstrating the
ability to punch holes of diameter 100 μm, 50 μm, and 25 μm in thin brass and steel foils
of thickness 100 μm, 50 μm, and 25 μm, respectively [43]. This time, however, a stripper
plate was not used to guide the punch, but instead a linear guide system with high
accuracy was used for alignment. In their publication, the difficulties of a micropunching
setup were elucidated, particularly achieving the ultra high precision alignment between
the male punch and the female die, where the die clearance is typically an order of
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magnitude less than material thickness. To achieve precise alignment, they used an
optical microscope and a beam splitter assembly to accurately align the punch with the
center of the female die hole. A schematic of the vision system is shown is Figure 2.8.

Figure 2.8 Vision system for die alignment during micropunching. Figure courtesy: [42]

In 2005, an innovative technique was demonstrated by Rhim et al. to overcome
the alignment difficulties in micropunching [44]. They fabricated the female die using
Deep Reactive Ion Etching (DRIE) from a single crystal (100) silicon wafer. There was
no male die as such; instead, a flexible silicon polymer pad was used to punch an array of
small holes simultaneously. Under high pressure of 1.1 - 1.8 GPa, the flexible pad
deforms into the holes on the silicon wafer, punching holes in the mating workpiece,
Figure 2.9. Holes with sizes varying from 2 μm to 10 μm in diameter were punched in
copper sheets of thickness 3 μm and titanium sheets of thickness 1.5 μm. Unfortunately,
there are two major drawbacks to their method. This method cannot be used for high
production rates as the punch-out (the blank of material removed from the workpiece)
must be etched away after each hole punching operation. Also, this method is only

20
suitable for very thin metal sheets as they require less shearing force for punching, which
makes it less suitable for tissue engineering applications with polymers.

Figure 2.9 Schematic of flexible punching process. Figure courtesy: [44]

In 2006, Chern et al. published a paper on a new micropunching method based on
Electric Discharge Machining (EDM) [45]. They fabricated the male punch from
tungsten steel using a method called Wire Electro Discharge Grinding (WEDG). The
male punch is then used as an electrode for making the female die through micro-EDM.
Since both dies are fabricated on the same machine, they do not require further axial
alignment, thus avoiding one of the major challenges of the micropunching process. In
the same year, Chern and Chuang published another paper demonstrating the fabrication
of noncircular punches using the WEDG method and also showed the feasibility of mass
micro-punching by automating the micropunching setup [46]. In 2007, Chern et al.
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demonstrated they could punch triangular and hexagonal holes in a 100 μm thick brass
sheet [47]. The side length of the punched triangles and hexagons were 200 μm. The only
drawback of Chern‟s method is that it would be difficult to accommodate both EDM
micropunching of tissue scaffolds on the same machine as EDM will require a dielectric
solution tank making the tissue material more exposed to potential contamination and
toxicity.
In 2009, Xu et al. investigated the use of ion beam irradiation on the surface
finish of micro punches [48]. In 2010, Kolleck et al. combined microforming and
micropunching to fabricate micro holes with a raised edge in steel sheets [49]. Their
method demonstrates the scope of work which can be accomplished by modifying
process parameters, such as die geometry during micropunching. The schematic of the
process is shown in Figure 2.10.
Di et al. validated a different approach for micropunching in thin metallic films,
where in 2011 they used a laser driven flyer to induce spallation delamination [50]. This
process uses the energy of a laser beam shock wave to induce micropunching of thin
metallic foils. They could make fine microstructures in Gold films of thickness 50 nm,
100 nm, 200nm, and 500 nm coated on glass substrates and polyamide substrates. Their
method is limited to very thin metallic foil which is not suitable for tissue engineering
applications. A schematic of the process is shown in Figure 2.11.
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Figure 2.10 Forming and punching process with modified blanking die. (a) Initial state, (b)
forming stage, (c) punching stage, (d) opening stage. Figure courtesy: [49]

Figure 2.11 Schematic of setup for micro-punching process based on spallation delamination
induced by laser driven flyer. Figure courtesy: [50]

In 2011, Xu et al. investigated the apparent variation in material strength during
micropunching when length scales are reduced to the size of a single metallic grain,
generating a so called “size effect” [51]. The size effect on the shear strength of brass
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and steel foils was presented. Observations of an uneven distribution of the shear and
fracture zone in the micropunched holes demonstrated material anisotropy. In addition, it
was determined that shear strength of the brass and stainless steel foil increases as the
length scale is decreased, Figure 2.12.

Figure 2.12 Ultimate Tensile Strength with respect to length scale. Figure courtesy: [51]

Xu et al. published an additional paper in April 2012 that demonstrated the size
effect on the fracture mechanism during micropunching [52]. The combined effect of
grain size, foil thickness, and blanking clearance was investigated. It was concluded that
there exists a minima of the peak blanking force when the relative blanking clearance
(ratio of single side die clearance to foil thickness) is changed, Figure 2.13.
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Figure 2.13 Effects of relative blanking clearance on maximum blanking force and ultimate
shearing strength. (a) t = 100 μm and(b) t = 200 μm. Figure courtesy: [52]

They also showed that the apparent ultimate shear strength is a minimum when the
blanking clearance and grain size are equivalent, Figure 2.14. A schematic of the
blanking process with different ratios of blanking clearance and grain size provides some
insight into explain the size effect, Figure 2.15.

Figure 2.14 Effects of the ratio of blanking clearance to grain size on ultimate shearing
strength. Figure courtesy: [52]
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Figure 2.15 Size effectmodelofgrainsizeinmicro-punching1-micropunch; 2-microdie;3metalfoil.(a) c/d > 1; (b) c/d = 1 and(c) c/d < 1. Figure courtesy: [52]

Two months later, in June 2012, Xu et al. published a follow-on paper that focused on
rapid production of a 200 hole micro array (50 x 4 holes, 600 um diameter) [53]. This
was accomplished by automating the brass foil feeding mechanism with servo motor
control.
Although a tremendous amount of research has been directed towards
understanding micropunching in metallic foil, there is no record of work done on
micropunching polymeric films. Also, no research has been done to investigate the effect
of different process parameters on maximum achievable porosity and web stress, which
are very relevant topics in the development of synthetic scaffolds for tissue engineering
applications.

2.3.

Modeling Micropunching Using Finite Element Methods
All tissue scaffolds have features that range from submicron to sub-millimeter in

size. As such, the underlying physics falls in the mesoscopic range. Production of
components with features in the mesoscopic length scale has been of interest to
researchers of not only the biomedical field, but also of electrical engineering.
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Miniaturization of components through microfabrication techniques has been the driving
force behind technology developments in the field of microelectromechanical systems for
decades. However, the production rates through conventional micromanufacturing
techniques such as micro machining and micro molding are often not high enough to
meet the market economics of high volume and low cost. Therefore, researchers are
focusing more towards microforming process for the last decade.
Microforming not only meets the efficient production rate requirements, the
processes can increase component versatility and reliability due to the excellent
mechanical properties of the applicable workpiece materials. Several microforming
techniques such as micro-extrusion, micro bending, and micro blanking have been
developed by different research groups over the last decade and have been modeled using
the finite element method to understand the effect of material and processing
requirements on finished part quality and equipment demands [74]. While most of the
finite element modeling of microforming operations has considered metals as the
workpiece material, it is worth mentioning different developments in the field as the same
principles are likely to apply for the fabrication of tissue scaffolds from biodegradable
polymers.
Blanking processes, where the nominal size of the blanks are at least an order of
magnitude higher than the thickness of the sheet, can be assumed to be equivalent to
simple plate shearing. Several other factors will contribute to the resultant product when
the sheet thickness or the feature dimensions are of same size order as the grain size of
the workpiece material. Plate shearing has been extensively studied both experimentally
and through finite element simulations by different researchers. Since shearing and
fracture during blanking or punching operations involve very high deformations and
strain gradients, not all commercially available FE codes are suitable for simulating such
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manufacturing processes. Codes such as DEFORM (an explicit Lagrangian solver used in
this research) are developed specifically for simulating high deformations and have been
used by industries for about two decades.
For shearing, or any other deformation-flow simulation, either a Lagrangian or
Eulerian method can be used to solve the FE equation set. The Eulerian method has been
proven to be less computationally expensive as it eliminates the need for frequent
remeshing. It is best suitable for fluid flow simulation where a control volume approach
can be used. However, it is not the preferred method when it comes to simulating fracture
or shear where contact and large deformation are involved. In fracture or shear
simulations new surfaces are formed and moved continuously, requiring a new control
volume at each time step. In the Lagrangian method, this issue is resolved by frequent
remeshing, with acknowledgement that it is more computationally demanding.
Regardless, fracture behavior and surface generation can be easily incorporated in the
Lagrangian method [54].
Solution methods to the FE equation are normally classified as implicit or
explicit. With implicit computation, an iterative method is used to solve for the future
state of the model after each increment of deformation i.e. to update the model from time
t to t + Δt, the computation uses information at t + Δt. With the explicit method, the
finite element equations are solved directly without the need for convergence criteria i.e.
the model is updated from time t to t + Δt by using information available at time t. There
have been many studies comparing the two solution methods in metal forming
simulations [55, 56]. In general, the explicit method is more suited for simulating the
punching process because the implicit method can have difficulty converging to a
solution when the elements experience large deformation and contact [55].
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Shearing and fracture involve large deformations. Therefore, finite deformation
formulations may seem appropriate. However, DEFORM is based upon incremental
deformation or small deformation theory where processes involving large deformations
and even rotations can me simulated as a combination of a large number of smaller steps
[57]. If the step size is small enough no significant loss of accuracy occurs.
Details of the FE code DEFORM were first published in 1991 by Oh et al. [58].
DEFORM is capable of handling a wide variety of material models including
viscoplasticity, thermoelasticity and powder materials under nonisothermal conditions.
The most significant feature of DEFORM is automatic mesh generation based on a
multiple number of criteria set by the user, such as boundary curvature, temperature
distribution, strain distribution, strain rate distribution, and a user defined element size
window [59]. Similarly, as the simulation progresses, the deformed geometry will be
remeshed based on several other user defined criteria such as interference depth, stroke
increment, time increment, and step increment. Besides these criteria, the geometry will
be remeshed if the elements get distorted enough to generate a negative Jacobian, which
will make the simulation unstable [59].
Out of several available solver types, „Lagrangian Incremental‟ is best suitable
for operations like punching, blanking, transient machining, forging, rolling, extrusion
and other heat transfer and heat treat applications. DEFORM can solve highly nonlinear
time dependent problems by creating a series of FE solutions at discrete time steps. At
each step the values of some key variables such as velocities and temperatures are
calculated based on the boundary conditions. All other derivable variables such as stress
and strain are determined from these key variables. The solution increment step can be
defined in terms of time, stroke length of the primary die or both, depending on the
demands for resolution. The selection of time step or the stroke increment is based on a
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few rules-of-thumb to avoid inaccuracies and instability in solutions. For example, for
better accuracy the displacement of any node should not exceed 1/3 of the element side
length in one simulation step and for simulations where the deformations are highly
localized, it advised to keep the stroke step as small as 1/10 of the element side length
[59].
One of the major aspects of micropunching simulations is the ability of the code
to accurately predict the shear failure i.e. initiation and growth of a fractured crack. There
are many damage models that exist in the literature to predict fracture, with most based
on plastic work done per unit volume. The threshold for damage formation is given by
Equation 2.1
̅̅̅

∫

( )
̅

(2.1)

where ̅ is the effective plastic strain, ̅ is the effective plastic strain at fracture, and

is

the principle stress.
Several such damage criteria are described, and a new one is introduced, by Zhu
et al. in 1992 [60]. One of the most widely used damage models was given by Cockroft
and Lantham about half a century ago in 1968, also intended to be used in this study [61].
The critical damage threshold for the Cockroft and Lantham model is given by Equation
2.2
̅

∫ (
where,

is the critical damage threshold,

̅

)

̅

(2.2)

is the maximum principal stress, ̅ is the

effective stress, ̅ is the effective total strain, and ̅ is the effective total strain at fracture.
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The Cockroft and Lantham damage criteria has been successfully used by several
researchers to predict shear fracture. In 2002, Domblesky and Zhao published a paper
validating the use of this criterion in simulating plate shearing [62]. They demonstrated
the effect of a critical damage value on the distribution of rollover, burnish, and fracture
of a surface during plate shearing. Another paper published in the same year by
Domblesky and Zhao further evaluated the damage criteria in predicting the
microhardness of AISI 1020 steel plate numerically and comparing it with published
experimental data [54].
In each of the aforementioned simulations, element deletion was used to initiate a
fracture and to further propagate a crack. In DEFORM, all elements with an accumulated
damage value more than the critical damage value are deleted, creating a crack or a void
if the number of such elements exceeds a preset value, which is typically around 4 [59].
The element deletion method to propagate a crack may cause some loss of total volume,
but it has been shown that if the elements are dense enough at the locations with high
strains, the total volume loss after element deletion is negligible [54]. The application of
DEFORM has been to study metals, but the transition to plastics is not considered to be
problematic, as long as the proper material model is utilized.
The applicability of DEFORM to micropunching of metal foil is affected by the
size effect. In macroscopic components, the material property is the aggregated average
of the properties of all grains in the component and can be assumed to be homogeneous
in nature. However, this is not the case with mesoscopic components, where the
anticipated features are on the size scale as the grains in the workpiece. The material
properties are highly anisotropic within a single grain. As the atomic lattice orientations
vary from grain to grain, so are the material properties in a particular direction of the
global coordinate system. This causes inhomogeneity in material properties across a
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component. This not only makes the variance in the produced components high, but also
makes the FE simulation of such production processes more challenging.
For macroscopic component fabrication, commercial FE software packages
normally use continuum homogeneous material properties. However, for microforming
processes, several modified finite element methods have been used. The most widely
used method is Crystal Plasticity Finite Element (CPFE). Huang first wrote a user defined
material model subroutine for CPFE to be used with Abaqus in 1991 [63]. In 1994,
Shirkoohi, provided the finite element model for the grain induced anisotropy of steel
[64]. A multiscale model, combining CPFE and atomistic simulations, was presented by
Glaessgen and Saether for predicting the fracture along the grain boundaries of
polycrystalline Aluminum [65]. In 2011, Hu et al. gave the constitutive relationship of an
Aluminum alloy (AA 5754) based on CPFE [66]. At this time, it is unclear if CPFE is
required to model micropunching in metallic foils, where thickness is on the same order
as grain size, or if conventional FE methods can be employed to determine the maximum
punching force.
In 2006, Geibdorfer et al. developed a mesoscopic numerical model for FE
simulation of microforming processes [67]. They demonstrated the occurrence of size
effect when the length scales are reduced from macroscopic scale to mesoscopic scale.
The model was validated by comparing the forces measured from experiment to the
forces obtained from numerical simulation. Several other authors have investigated and
published demonstrating the size effect when length scales are changed and the feature
dimensions are comparable to the grain sizes [67-73].
One difficulty of employing the CPFE method is that individual grains are
required for meshing. Fortunately, in 2010 Cao et al. developed new software
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(VGRAIN) for automatically generating virtual grains [74]. The workpiece with virtual
grains can be imported into Abaqus, a commercially popular FE software. Within
Abaqus, a user defined subroutine (UMAT) was written to incorporate the constitutive
relations of crystal plasticity. The researchers were able to demonstrate, both
experimentally and through CPFE simulations, the geometrical uncertainties of the final
product (extruded micropin) when the feature dimensions are of the same order as the
grain size. Figure 2.16(a) shows two extruded micropins with different grain sizes. One
pin appears straight, while the other is bent. Using a CPFE model, Figure 2.16(b),
simulations accurately predicted the experimental results, Figure 2.16(c).
The general CPFE constitutive equations and research completed so far were
summarized in 2013 by Yang [75]. Due to the size effect and related material anisotropy,
it would be very optimistic to expect the prediction of final hole geometry when
simulating the micropunching process. However, one can expect to obtain useful
information, such as maximum punching force, when simulated without using CPFE
analysis. The focus of this research is to determine the accuracy of conventional FE
methods when comparing predicted and measured forces during micropunching copper
foil.
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Figure 2.16 Comparison between experimental and simulated extruded micropins. Figure
courtesy: [74]

2.4.

Material Model for Polycaprolactone
An accurate material model for polycaprolactone is vital in performing the finite

element analysis of the micropunching process. The most accurate method of defining a
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material model within most finite element solvers is to create a look-up table of the
measured true stress-true strain data, as opposed to estimating material behavior with a
constitutive relationship. This data is more reliable if it can be obtained experimentally
under conditions that represent the deformation process being modeled. PCL is one of the
most important biodegradable materials and has heritage in the field of tissue
engineering. Therefore, researchers have invested some attention in characterizing its
stress-strain behavior. In 2010, Eshraghi et al. [21] provided comprehensive experimental
results from uniaxial tensile testing of PCL for different types of microstructures,
including a solid specimen as well as 1D, 2D and 3D microstructured scaffolds. Figure
2.17 shows the geometrical details of the different specimens used in the tensile tests.

Figure 2.17 Different specimen geometries and their relative orientations with respect to
load direction. Figure courtesy: [21]
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Results of the various PCL tensile tests at room temperature are given in Figure
2.18. Eshraghi et al. also completed a detailed finite element analysis to numerically
validate the stress strain behavior of the porous scaffolds. The results for the same are
given in Figure 2.19. Besides their own findings, they have extensively reviewed the
literature and reported material properties of PCL from other researchers. Findings from
other researchers are listed in Table 2.3.

Figure 2.18 Experimental results from tensile test of different PCL scaffold specimens.
Figure courtesy: [21]
Table 2.3 Tensile properties of PCL reported by different researchers [21]

Reference

Method

Tensile

Tensile

Modulus

Strength

(MPa)

(MPa)

Per Storpo [76]

Injection molding

430

Pitt et al. [77]

Melt extrusion

264.8

Wehrenberg [78]

Compression molding

340

Feng et al. [79]

Compression molding

Engelberg [80]

Compression molding

400

Vandamme and Legras [81]

Compression molding

251.9

Rosa et al. [82]

Compression molding

429.1

16.9

Corello [83]

Injection molding

378

27.3

Granado [84]

Injection molding

300

14

19.3
21.6
16
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Figure 2.19 FEA simulation results for material properties of PCL scaffold specimens.
Figure courtesy: [21]

Similarly, Kurniawan et al. in 2011 experimentally determined the stress-strain behavior
of PCL at low strains [85]. The objective of their study was to determine the elastic
properties of PCL at both room temperature and simulated in vivo (body) temperatures
for various strain rates. The results of their study are given in Figure 2.20 and Figure
2.21.
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Figure 2.20 Stress-strain curve of PCL at various strain rates and temperatures. Figure
courtesy: [85]

Figure 2.21 Experimental stress-strain data of PCL at various strain rates and temperatures.
Figure courtesy: [85]

Published data for stress-strain curves of PCL are sufficient for FEA simulations
of conventional punching processes at room temperature. However, initial trials of PCL
micropunching revealed that the material exhibited extreme plasticity, such that it was
impossible to punch a clean hole without a small tentacle of material restricting
separation of the punch-out. This problem was solved, as will be expounded upon in
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upcoming sections, by reducing the temperature of the PCL membrane to below the glass
transition, -60 oC, thereby invoking a brittle material behavior during punching [86]. At
this time, the existing literature does not include the stress-strain behavior of PLC at such
low temperatures so it was determined as part of this research.
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Chapter 3
Micropunching Copper Foils
3.

Micropunching Copper Foils

3.1.

Introduction
Miniaturization of components through microfabrication techniques is the driving

force behind technology developments in the field of microelectromechanical systems.
However, production rates of conventional micromanufacturing techniques such as
micro-mechanical cutting, micro-molding, micro-extrusion, especially non-silicon and
non-MEMS based methods, often conflict with market economics of high volume and
low cost [87]. Therefore, over the last decade researchers have begun to focus on high
throughput microforming processes.
Microforming not only meets efficient production rate requirements, the
processes can increase component versatility and reliability due to superior mechanical
properties of applicable workpiece materials [88]. Several microforming techniques, such
as micro-extrusion, micro-bending, and micro-blanking, have been developed by various
research groups and modeled using the finite element (FE) method to understand the
effect of material and processing requirements on finished part quality and equipment
demands [89].
Unlike macroscopic components, material properties of microscale features are
neither homogeneous nor isotropic. As feature size of the component is reduced to the
order of few grains or less, material inhomogeneity from the random orientation of
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crystallographic planes becomes more prominent [74]. Even within a single grain, the
mechanical properties may vary significantly depending on grain orientation relative to
the strain field and preferred slip plane. Therefore, research has been directed towards
understanding the effect of grain size on processing parameters, as well as on the quality
of the final product for a variety of microforming processes [51, 52, 63-72, 74].
Given prior research on the size effect in microforming processes, it is unclear if
conventional FE methods can be used to accurately predict the maximum force during
micropunching or if the CPFE method must be employed when sample thickness and
radial clearance is less than grain size. In this research, DEFORM v10.2.1 is used to
predict the peak punching force while micropunching 200 μm diameter holes in 25 μm
thick annealed copper foil for various die clearances.

3.2.

Materials and Methods

3.2.1. Micropunching Machine
A micropunching machine designed by Schmitt [4] utilizes a microscope to align
the male and female die halves by peering through the hole in the female die as the male
punch is raised into position, Figure 3.1. The female die is fixed in place, while the male
die is positioned by precision X-Y-Z-θ micrometer controlled staging, Figure 3.1(g).
The machine is capable of utilizing a variety of die sets. The dies can be
fabricated from silicon lithographic processes, micromachining, laser cutting, or more
conventionally as pins in die blocks, depending on the desired scale and feature shape.
The die sets are secured in place by using vacuum, Figure 3.1(c). Parallelism between the
male and female dies is obtained through a spherical bearing. The bearing is locked in
place by vacuum after mating contact is made between the die halves, Figure 3.1(e).
Once the dies are aligned in the X-Y plane, the male die is lowered in the Z direction,
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leaving enough space for placing the workpiece material between the dies. After
positioning the workpiece, punching is accomplished by hand rotating the micrometer on
the Z-axis staging.

Figure 3.1 Micropunching setup (a) microscope, (b) female die holder (c) vacuum pad, (d)
male die holder, (e) spherical bearing, (f) dynamometer, (g) X, Y, Z and θ stage.

Unlike conventional sheet metal punching processes, it is to be noted that no
stripper plate is used in the present arrangement to hold the material while punching.
Rather, the material is held in place by applying tension to the workpiece. Details of the
design can be found in [4]. Elimination of the stripper plate reduces punch height. High
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aspect ratio micropunches (tall punches with a small diameter) are susceptible to failure
through side loads from die misalignment or buckling from high punching forces.
3.2.2. Workpiece Characterization
Annealed copper foil, 25 micron thick (Basic Copper, Carbondale, IL), is used as
the workpiece material. A microstructure study of the copper foil using standard ASTM
methods revealed that the average grain size is 47 μm. Grains within the plane of the foil
do not exhibit distortion in a preferred direction, but rather equiaxed grains appear to
have formed as a result of the recrystallization process.
3.2.3. Die Sets
Stainless steel gage pins, 200 μm in diameter (Model 21135A71, McMaster-Carr,
Princeton, NJ, USA), are used for all micropunching experiments. The female die is
manufactured by laser cutting holes in 150 μm thick, ground stainless steel plate (Photo
Etch Technology, Lowell, MA, USA). Attenuation of the laser results in a tapered hole,
where the entrance side of the laser creates a larger hole diameter than the exit side. The
female dies are oriented within the micropunching machine so that the smaller hole is
facing the male punch. The female die was produced with a pattern of holes to represent
four different die clearances, Table 3.1.
Table 3.1 Description of dies sets used for micropunching copper foil (25 μm thick).

% Die
Clearance2

200

Hole
Diameter1
(μm)
203.8

200

209.2

18.4%

200

212.0

24.0%

200

224.0

48.0%

Punch Diameter
(μm)

7.6%

1

Exit side of the laser cut hole

2

Die clearance = (radial clearance / material thickness)
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Typical die clearance in a macro-scale stamping operation is approximately 4%
to 10%. In this research, however, a broader range of die clearance is investigated to
explore the effect of increasing die clearance on peak punching force, while making sure
radial clearance is always less than grain size.
3.2.4. Force Measurement
Punching force is measured in real-time with an inline 3-component quartz
dynamometer (9047C, Kistler Instruments, Switzerland), Figure 3.1(f). The
dynamometer has a dynamic range of 30kN in the punching direction with a
measurement sensitivity of 3.7 pC/N. Data from the dynamometer is transmitted to a
charge amplifier (ICAM 5073, Kistler Instrument Corp., Amherst, NY), which has a
sensitivity of 1+/- 0.5% pC/mV. High speed data acquisition is achieved with a
multifunction data acquisition board (PCI 6132, National Instruments, Austin, TX),
which has a simultaneous sampling rate of 2.5x106 samples per second. A LabVIEW
(National Instruments, Austin, TX) virtual instrument code was written to stream the
sampled data to a series of CSV files, at which point they were imported into MATLAB
(MathWorks, Natick, MA) for analysis.
The noise in the force data is approximately +/- 0.1 N. The raw data is filtered
using the “LOWESS” (locally weighted scatter plot smooth) function in MATLAB. It is a
local linear regression filter with a tricube weight function given by Equation 3.1

4
where

is the predictor value,

|

( )

(

| 5

are the neighboring points with increasing from the

smallest to the largest value of the span, and ( ) is the distance between
farthest point in the span along the abscissa.

and the

)
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3.2.5. Finite Element Method
DEFORM v10.2.1 (Scientific Forming Technology Corporation, Columbus, OH,
USA) is used to simulate micropunching for each case considered in the experiments.
DEFORM is an explicit finite element code widely used in metal forming industries and
is optimized to simulate high deformation and contact. Unlike most punching simulations
in the literature where a 2D axisymmetric model is used, a 3D finite element model is
considered in this study to retain the ability to assign non-axisymmetric boundary
conditions. Also, this ensures a valid comparison with multiple hole punching
simulations to be considered in future research.

Symmetry

Refined mesh
near shear zone
Fixed

Symmetry

Free

Figure 3.2 Boundary conditions for a quarter model considered for all simulations to predict
peak punching force

As in the experiment, there are three parts of the model: female die, male die, and
workpiece. In the experiment, the female die base is approximately 25 mm by 25 mm
square and the strip of copper foil is approximately 12 mm wide by 125 mm long.
However, in the FE model, a 1 mm by 1 mm section of the die and workpiece is
considered to avoid an unnecessarily high number of elements after meshing. Within this
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modeling space, the boundary conditions have a negligible influence because: (1) the
workpiece dimension is approximately five times the anticipated hole diameter, and (2)
the deformation and stress is localized in the radial clearance, which is 12 μm for the
maximum clearance case.
To keep the model representative of the actual experimental setup, one direction
of the workpiece is fixed while the other direction is free to move. As one can imagine,
although the boundary conditions are not axisymmetric, the arrangement affords planar
symmetry about both axes on the workpiece plane. Therefore, only one quarter of the
model is simulated to reduce the computational time.
There are two contact interfaces in the current finite element model: (1) between
the workpiece and the male die, and (2) between the workpiece and the female die. Both
interfaces are assigned friction boundary conditions with the material pair as copper and
stainless steel. Therefore, the coefficient of friction used for both cases is 0.22, which was
obtained from literature [90]. This friction coefficient value also matches closely with
static and sliding friction coefficients as 0.23 and 0.21, respectively, obtained using FlatOn-Flat (FOF) test method as given in [91].
3.2.6. Workpiece Material Model
Two different material models were simulated for annealed copper, one with strain
hardening and one with strain rate hardening. DEFORM allows to use of Ludwik‟s
equations, as given by Equations 3.2 and 3.3, for a material model if the strength index
and the hardening exponents are available:

̇

(

)

(

)
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where

is the flow stress,

strain rate,

is the effective plastic strain, ̇ is the effective plastic

is the yield strength,

and

are strength indices, and

and

are the

hardening exponents. The values of all parameters in the material models for annealed
copper are available in the literature as summarized in Table 3.2 [89].
Considering the two material models presented here, the strain only model is to
be used when the strain rates are expected to be low i.e. for a quasi-static case or for a
material which is known for strain rate independent behavior. On the other hand, if the
strain rates (

to

) are very high to significantly increase the flow stress, the

strain rate dependent constitutive model is to be used.
In the current study, the punch speed is set to be 50 microns per second with a
workpiece thickness of 25 microns. These processing conditions result in a moderate
initial average strain rate of 2 s-1. Therefore, results from both material models are
presented.
For the best simulation results, the constitutive model should be experimentally
determined to have an accurate estimate of the parameters and their values given in Table
3.2. However, in the current research, the parameters obtained from literature are used to
demonstrate the robustness and error levels of such finite element simulations to predict
peak punching force.
Table 3.2 Material parameters for annealed copper [89]

Parameter

Value
76 MPa
315 MPa
240 MPa
0.54
0.06
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DEFORM allows initiation and propagation of fracture based on a damage
criteria method. The damage criterion used in this research is the Normalized Cockroft
and Lantham model [62, 59, 61]. The critical damage threshold for this model is given by
Equation 3.4
̅

∫ (
where

is the damage value,

̅

)

̅

(3.4)

is the maximum principal stress, ̅ is the effective

stress, ̅ is the effective total strain, and ̅ is the effective total strain at fracture. The
typical value of critical damage threshold for engineering materials lies between 0.35 and
0.43, with higher values indicating higher ductility [62]. Since annealed copper is a
relatively ductile material, a critical damage threshold of 0.5 is used for all simulations.
DEFORM gives the option of representing fracture by two methods, either
element deletion or element softening. In the current research on copper foil, element
softening is used for all simulations as it is computationally less demanding.
Both the male and female dies are modeled as rigid, while workpiece meshing is
done automatically depending on the local strain and strain rate distribution. A
convergence study revealed that an element size of 2 μm in the high deformation zone at
the beginning of the simulation yielded accurate results .The smallest element size
measured in the high deformation zone was between 1 μm to 2 μm and the largest
element size in the low deformation zone was approximately 20 μm during the
simulation. The total number of elements in the quarter symmetry model was
approximately 100,000 and took slightly more than one hour to run on a computing
cluster with four parallel processors.
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Figure 3.3 shows a FE model at the beginning of a simulation. In order to keep
the total computational time low without losing accuracy, a solution increment step size
of 0.2 μm was used. The increment step was obtained through a convergence study.

Punch
Female
die

Workpiece

Figure 3.3 FE model of the micropunching process

3.2.7. Statistical Methods
A pilot study at 7.6% die clearance resulted in a mean peak punching force of 3 N
with a standard deviation of 0.22 N (n = 20). An effect level of 10 % of the mean value
(0.3 N) was set to calculate the sample size for a power of 90 % and α of 0.05. The
calculated sample size was 12.

3.3.

Results

3.3.1. Copper Micropunching Experiments
Mean maximum punching force is measured for each of the four dies. At least
25 holes are punched for each case, which exceeds the sample size requirements for a
detection of a 10 % change from the mean maximum punching force at 90% power.
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Figure 3.4 shows a comparison of mean peak punching force obtained for all
four cases of die clearance. From the experiments, it is evident that die clearance does
not have a significant influence on mean maximum punching force (t-test, p > 0.05 for
all comparisons).

3.5
3.0

Force (N)

2.5
2.0
1.5

3

2.94

2.96

2.96

7.6

18.4

24.0

48.0

1.0
0.5
0.0

Die Clearance (%)
Figure 3.4 Comparison of maximum punching force for each die clearance (mean +/- SD).

The quality of holes fabricated using different die clearances is investigated by
analyzing SEM images. The hole geometry for all four cases of clearance is given in
Figure 3.5. The measured hole sizes and outside diameter of an apparent burr ring (refer
to the arrow in Figure 3.5(d)) is summarized in Table 3.3.
Table 3.3 Comparison of measured hole sizes (mean +/- SD)

Die
Clearance
(%)
7.6%

Hole Diameter
(um)
200.0 +/- 0.5

Burr Ring,
Outside
Diameter (um)
223.0 +/- 1.2

18.6%

199.9 +/- 0.7

227.9 +/- 0.7

24.0%

200.2 +/- 0.7

231.0 +/- 1.0

48.0%

199.9 +/- 0.8

241.0 +/- 1.5
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Figure 3.5 SEM images of a burr ring (arrow) surrounding the exit side of the micropunched holes. Die clearance: (a) 7.6 %, (b) 18.6 %, (c) 24.0 % and (d) 48.0 %

3.3.2. Finite Element Simulation Results
Simulation results are analyzed using the DEFORM post processor. Stress and
strain distribution plots are obtained for a punch stroke of 8 μm (32% of material
thickness) as shown in Figure 3.6 and 3.7.
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Punch

Punch

Female die
Punch

Female die
Punch

Female die

Female die

Figure 3.6 Comparison stress distribution contours for clearances (a) 7.6 %, (b) 18.6 %, (c)
24.0 % and (d) 48.0 %

(b) Punch

Punch

Female die
(c)

Female die
(d) Punch

Punch

Female die

Female die

Figure 3.7 Comparison of strain distribution contours for clearances (a) 7.6 %, (b) 18.6 %,
(c) 24.0 % and (d) 48.0 %
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3.3.3. Comparison of Modeling and Experiment
The peak punching force is obtained through simulation using both the strain
hardening and strain rate hardening material models. Figure 3.8 shows a comparison of
simulation results for both material models as compared to the experimental results.
Assuming a homogeneous workpiece, the peak punching force can also be
estimated using the conventional formula for hole punching [92].
(3.5)
where

is the punching force,

is the nominal hole radius (100 μm), Sf is a shearing

factor equal to 1 for micro-punching arrangements, and Su is the ultimate tensile strength
of the workpiece, 210 MPa for annealed copper [90].

4.0
3.5

Force (N)

3.0
2.5
2.0
1.5

Experiment

1.0

Strain Hardening
Strain Rate Hardening

0.5

Analytical Prediction
0.0
0

10

20

30

40

50

Clearance (%)

Figure 3.8 Comparison of simulation and experimental results (mean +/- SD) for maximum
punching force
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3.4.

Discussion
In the case of a conventional macro-punching or blanking process, it is known that

the peak punching force varies and has a minima as the radial die clearance is increased
from low to high values [93]. Therefore, the clearance is always set to the optimum value
to reduce tool stresses and wear. One would expect similar phenomena in the case of
micropunching, if only it can be assumed as a scaled down model of the conventional
macro-punching process and the material still remains homogeneous. However, as shown
in Figure 3.4, when grain size is larger than radial clearance there is little change in the
peak punching force for cases with different die clearance. The peak punching force is
almost saturated at approximately 3N. This is in contradiction to the standard macropunching results.
With knowledge of average grain size in the workpiece material and the die
geometries, it is clear that micropunching occurred in a zone with high material
inhomogeneity. As punching was predominantly through a single grain across the foil
thickness, and less than a grain in the direction of radial die clearance, one would expect
to encounter size effect due to reduced length scale and thus may consider simulating
using CPFE tools. However, the conventional FE tool, DEFORM, was able to predict the
peak punching force within reasonable accuracy. The maximum error is approximately
21.3% for the case of 7.6% die clearance when using the strain rate hardening material
model. For the strain hardening material model, the maximum error is reduced to 17.6%.
These error levels are not unusual when simulating high deformation nonlinear contact
and fracture problems, even when the material properties are determined experimentally.
The reason for this ability of conventional FEA to predict peak punching force
could be that, since copper has FCC (Face Centered Cubic) crystal structure, it has many
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slip planes along which grains can deform. As punching of circular holes are considered
in this research, an arc of the perimeter across a grain is likely to encounter many slip
planes in different directions averaging out the inhomogeneity in material properties.
Therefore, it may be possible that for a material with relatively less number of slip
planes, and for punching non-circular holes, for example a square hole, the material
inhomogeneity will not average out, and the conventional FEA may not be able predict
the punching force with high accuracy.
From the SEM images shown in Figure 3.5, it is apparent that hole quality
degrades as the clearance increases, similar to what one would expect in a macopunching scenario. Also, Figure 3.5(d) shows eccentricity between the hole and the burr
ring, which is likely due to die misalignment. With higher clearance, such die
misalignment is found for most of the 48 % clearance punched microholes, particularly
because the punch has more space in the radial direction to shift due to a non-axial
bending load as a result of material inhomogeneity.
Table 3.3 summarizes hole size for all four cases of die clearance. The through
hole diameters for each case matche closely with the punch diameter (200 μm). There is
no statistically significant evidence that hole diameters are any different than punch
diameter (p > 0.05 for all comparisons). However, the size of the deformed zone on the
exit side (ring formed due to burr) varies with clearance. Table 3.4 summarizes the
comparison of measured burr ring sizes. The calculated p values indicate that the
differences between their means are statistically significant. Also, a strong correlation is
observed between die clearance and the burr ring size as shown in Figure 3.9.
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Table 3.4 Measure of statistical significance (p values) for burr ring outside diameter

Clearance

18.6 %

24.0 %

48.0 %

7.6 %

0.0004

0.0001

0.0001

0.0006

0.0001
0.0001

18.6 %
24.0 %

Burr Ring Diameter (μm)

245
y = 0.45x + 219.80
R² = 1.00

240
235
230
225
220
0

10

20

30

40

50

60

Die Clearance (%)

Figure 3.9 Correlation between die clearance and the outside diameter of the burr ring
formed on the exit side of the micropunched holes.

The strain distribution plot, given in Figure 3.7, shows that most of the
deformation occurs in the radial clearance zone, supporting the validity of the modeled
workpiece size and insensitivity to boundary conditions. An element softening fracture
representation does not provide clear visualization of hole geometry. However, the stress
concentrations hint at crack initiation at the tool tips, which was not observed in
experiment.
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3.5.

Conclusion
Micro holes with a nominal diameter of 200 μm are punched in 25 μm thick

annealed copper foil (47 μm grain size) for four different die clearances (7.6% to 48%).
The peak punching force was approximately 3N for all four cases indicating no
significant variation with respect to die clearance when radial clearance in less than grain
size. The micropunching process was simulated using conventional finite element
software, DEFORM. The predicted punching force was close to the experimental values
with the worst case error of 21.3%. Thus, it can be concluded that the Crystal Plasticity
Finite Element method may not be necessary to predict peak punching force for the
category of micropunching process considered in this study.
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Chapter 4
Modification of Punch Geometry
4.

Modification of Punch Geometry

4.1.

Introduction
It is well known in industry that the flat face of a circular punch can be modified

to reduce the maximum punching force. For example, the face of the punch can be
ground to create a single slanted surface, Figure 4.1. During punching, the slanted face
creates a “can opener” effect, where the perimeter of the intended hole in the workpiece
is incrementally sheared, rather than using a flat face where the full perimeter is engaged
simultaneously.
A single slanted punch face greatly reduces the maximum punching force, but the
off-axis punching load creates an unwelcome bending moment. This can lead to punch
interference with the female die if bending deflection of the punch is greater than die
clearance. To eliminate a bending moment, a symmetrical double slanted face can be
used, although the punching force is higher than experienced with a single slanted punch.
In this research, analytical models are presented for both a single sided and a
symmetrical double sided slanted punch to predict the maximum punching force profile
as a function of slant angle. Analytical results are then compared to the force-stroke
profile obtained from a finite element simulation when micropunching 25 um thick
copper foil.
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Punch

Workpiece

Female die

Female die

Figure 4.1 Schematic of a punching process using a single slanted punch

For the analytical developments of both a single and double slanted punch, it is
hypothesized that punching force at any instant is a function of rate of change of the shear
area at that instant and increases as the rate of shear area increases. For simplicity, as a
first order approximation, the function can be assumed to be linear and therefore, we can
write

(4.1)
where

can be a function of model geometry and material properties, and may be

determined analytically or through experiments for different materials. In the current
study,

is obtained through finite element simulations and

is obtained analytically.
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Both of these quantities are normalized and compared to see if there is any association
between them.
The deformation zone in the die clearance is complex and may not be simple
shear across the whole workpiece thickness. However, in order to calculate the rate of
change of shear area during slanted punching, it is assumed that simple shearing is
occurring across the workpiece thickness with zero die clearance and, the shear area is
equivalent to the contact area between the cylindrical surface of the punch and the
workpiece. The coordinate system used has the X direction in the vertically downward
direction along the punch velocity and the origin at the tip of the slanted punch.

4.2.

Single Slanted Punch
Three stages can be defined to calculate rate of change of shear area, Figure 4.2:

I.

When the punch tip is within the thickness of the workpiece;
(4.2)

II.

When the punch tip has crossed the workpiece material thickness, but the
trailing end of the slanted punch surface has not yet reached the workpiece;
and
(4.3)

III.

When the trailing end of the slanted punch surface is within the workpiece
material thickness.
(

)

(4.4)

60

Punch

Workpiece

Female die

Female die

Figure 4.2 Schematic of three different stages of punch stroke

4.2.1. Stage I
When determining the total shear area as a function of stroke length, , an
elemental area of thickness

at a distance of

is prescribed from the top surface of the

workpiece, Figure 4.3. Considering triangle ABC,

(4.5)
and upon simplification Equation 4.5 becomes
(4.6)
Similarly, considering triangle DEC,

(4.7)
and upon simplification
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(4.8)

Figure 4.3 Schematic of shear area for Stage I stroke length
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The shear perimeter is best visualized through a top projection view of Figure
4.3. Here, L refers to the sheared perimeter length, Figure 4.4, and line segment

is

equivalent to
(4.9)
By substituting Equations 4.6 and 4.8 into Equation 4.9,
(4.10)

Figure 4.4 Top view for Stage I

Next, the angle

can obtained from Figure 4.4 as

(

(4.11)

)

and upon using Equation 4.10 and 4.11, can rewritten as

(

)

(4.12)
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Now, the perimeter length of the elemental area constituting Stage I (subscript notation
“1”) , can be written as
(4.13)
Substituting the value of

from Equation 4.13 into Equation 4.12,

(

)

(4.14)

Therefore, the shear area of the element from Stage I can be written as
(4.15)
and upon integrating Equation 4.15,

∫
Substituting the expression for

(4.16)

from Equation 4.14 into Equation 4.16,

∫

(

)

(4.17)

) ]

(4.18)

Upon simplification, Equation 4.17 can be rewritten as

∫

[(

)

(

To facilitate integration of Equation 4.18, consider a variable substitution, where

(4.19)
and

(4.20)
Substituting the values of

and

in Equation 4.18,
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(

∫

)

(4.21)

Equation 4.21 can be integrated analytically according to the following,

(

)

) 0(

(

)

√

(

) 1

)

√

(

) 3

(4.22)

and upon simplification,

(

)

) 02(

(

(4.23)
√

( )

2
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and further refinement of Equation 4.23,

(

Now, upon variable substitution of

5[ (

√

( )

)0
and

)

from Equations 4.19 and 4.20, respectively,

(

)

Rearrangement of Equation 4.25 in terms of

becomes,

4

50 (

4

)

(4.24)

1

(

)

√

(

) ]

(

√

) 1

(4.25)

(4.26)

noting that
(

)

(4.27)

In order to obtain the rate at which the shear area changes during punching, the time
derivative of Equation 4.26 is calculated as follows

4

5[

2√

(

) 3

*(

)

(

)+]

(4.28)
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where the derivative of the second term on the right hand side of Equation 4.28 is

*(

)

(

)+

(

6

(

)

√

)
(

)

7

(4.29)

and the derivative of the first term on the right hand side of Equation 4.28 is

2√

(

) 3

(

6
√

)
(

)

7

(4.30)

Combining Equations 4.29 and 4.30,

4

(

56

)

(
√

)
(

√

)
(4.31)

)
(

(

)

7

and upon simplification of Equation 4.31,

[
Considering a constant punch velocity,

(

(4.32)

)]

⁄

can be replaced with

(

)]

and Equation 4.32

can be rewritten as

[

(4.33)

Equation 4.33 expresses the rate of change of shear area for Stage I in terms of punch
geometry, radius

and slant angle , and in terms of punch speed . A similar

derivation is pursued to obtain shear area expressions for Stages II and III.
4.2.2. Stage II
During Stage I, the shear area was represented by a triangle, but as the punch enters
Stage II the area becomes a parallelogram that is transposed on a cylindrical surface. A
front projection view is sufficient to define the boundaries of parallelogram PQRS, Figure
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4.5, as accompanied by the isometric view, Figure 4.6, which shows the propagation of
the shear area at three different times according to the depth of punch penetration.

Workpiece

Figure 4.5 Front projection view of Stage II shear area

Punch

Workpiece

Female die

Female die

Figure 4.6 Isometric projection of Stage II shear area at three different time steps
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Figure 4.7 Parallelogram shaped shear area on the cylindrical surface of the punched hole

To calculate the area of parallelogram PQRS, consider an elemental strip of
thickness

at a distance

from the top surface of the workpiece, Figure 4.7. During the

transition from Stage I to Stage II, just when the tip of the punch crosses the material
thickness, noted by

in Figure 4.5, point S moves away from point R at a very high rate

of speed (singularity). However, at the same moment, the relative motion between points
P and Q is finite. This singularity occurs when line PS is coincident with line QR, making
the initial area approach zero. Therefore, although the rate of change of SR is
theoretically infinite, the rate of change of the total shear area remains finite. This ensures
that a singularity does not exist in the punching force profile and results in tractable
solution.
The derivation of the rate of change of shear area begins with defining the
perimeter length of the sheared area when viewed from the top of the hole, Figure 4.8.
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Figure 4.8 Top projection view of Stage II shear area

Considering that shear is occurring on both sides of the punch axis
simultaneously during Stage II punching, an elemental perimeter length of ½ Δl is
defined, Figure 4.8. To determine the combined perimeter length, expressions for the
distances

and

, as well as the angles

and

must be determined. According to

the geometry in Figures 4.5, 4.6, and 4.8,
(

)

(4.34)

(

)

(4.35)

Similarly,

Now, the corresponding angles can be obtained as
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6

6

(

)

(

)

7

(4.36)

7

(4.37)

Therefore, the elemental perimeter length during Stage II punching,

(subscript “2”

denotes Stage II shearing) can be written as
(

)

(4.38)

Therefore, the elemental shear area corresponding to the sheared perimeter length can be
written as
(

)(

)

(4.39)

A factor of 2 is introduced to take into account both parallelograms on the front and the
back side. Given Equation 4.39, the total area of the parallelogram shaped shear area can
be obtained by integrating Equation 4.39 as follows

∫
and upon substitution of the values for

∫

6

(

4

(

)

and

)

(4.40)

,

5

4

(

)
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(4.41)

After substitution of Equations 4.19 and 4.20 into Equation 4.41,

∫

,

(

)

(

)-

(4.42)

Separating both terms on the right hand side of Equation 4.42

∫

(

)

∫

(

)

(4.43)
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Since the second term has no
term,

dependency, it is not integrated. Upon integrating the first

can be obtained as

)

0(

(

)

Upon variable substitution of

√

)

1

(4.44)

, Equation 4.44 can rewritten as

)

0(

(

√

(

(

)

)
(

)

(

∫

(

√

)

(

√

) 1

(4.45)

)

The time derivative of the last term of Equation 4.45 is zero as it is independent of .
After taking the time derivative and simplifying the remaining term, the rate of shearing
in Stage II can be written as

,

(

)

(

)-

(4.46)

4.2.3. Stage III
Due to symmetry, the time derivative of the shear area for Stage III is not
calculated. Rather, Equation 4.33 for Stage I is transformed as follows to obtain the shear
area rate in Stage III.

6

4

57

(4.47)

Where
(4.48)
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4.3.

Double Slanted Punch

Apart from the single slanted punch design, a symmetrical double slanted punch is of
interest as it balances the shearing forces and thereby eliminates the bending moment on
the punch. Figure 4.9 is a schematic used in the derivation of the punching force profile
as a function of the rate of change of shear area..

Figure 4.9 Three stages of punching with a wedge shaped punch

Similar to the derivation for a single slanted punch, there are three distinct stages of
punch stroke length for the double slanted punch geometry:.
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I.

When the punch tip, Point A in Figure 4.9, has entered the material but
has not yet protruded through the opposite side;
(4.49)

II.

When the punch tip has exited the backside of the material but the
trailing edge of the slanted face, Point B in Figure 4.9, has not yet
entered the workpiece; and
(4.50)

III.

When point B has entered the workpiece, but has not yet protruded
through the opposite side.
(4.51)

4.3.1. Stage I
The shearing area for Stage I is calculated by considering the integration of an elemental
area, the details of which are given in Section 4.2.1.

∫

(

)

(4.52)

Upon integrating and simplifying,

[( )

( )

√

( )

(4.53)

]

Therefore, the time derivative of the shearing area can now be calculated as

( )
[

( )

( )
√

. /

(4.54)
√

. / ]
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Putting

as a nondimensional parameter , Equation 4.54 can be simplified and rewritten

as

6

√

7

√

(4.55)

4.3.2. Stage II
The development of the shear area for Stage II is similar to what is demonstrated in
Section 4.2.2. Therefore, only the result of time derivative of shearing area is presented
here.

,

*

) +

(
*

(

(4.56)
) +

(

) -

where

(4.57)

4.3.3. Stage III
Analogous to the expression of the shear area rate explained in Section 4.2.3, the time
derivative for Stage III can be written as

,

4.4.

*

(

) +-

(4.58)

Results
Simulations were performed using DEFORM 3D for micropunching with a

single slanted punch face. The workpiece material is copper as chosen from DEFORM
material library. This particular material is chosen to capture both strain and strain rate
dependency of the flow stress with a Johnson and Cook material model. The actual
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parameter values of the material model are irrelevant here as the purpose is not to
determine the absolute punching force, but rather to determine the shape of the force
profile with respect to punch stroke.
Five different slant angles are simulated: 0, 10, 20, 30, and 45 degrees. The
resultant force profiles are non-dimensionalized by dividing all results by the maximum
force for the simulation of a flat punch i.e. the slant angle equals 0 degree. Similarly, the
rate of change of shear area is analytically determined for all five slant angles. In a
similar manner to the simulated cases, the shear area rate profiles are also nondimensionalized by dividing all results by the maximum rate of change of shear area for
the simulation of a flat punch.
The non-dimensional force profiles obtained from simulation, and the nondimensional shear area rates obtained from the analytical model for all five slant angles
are plotted for comparison, Figure 4.10 to 4.14 In the figures, the dashed line represents
the analytical model, with the solid line represents the FE simulation.

Figure 4.10 Comparison of the analytical (dashed line) and simulated (solid line)
nondimensionalized punching force profile for a 0 degree single slant angle
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Figure 4.11 Comparison of the analytical (dashed line) and simulated (solid line)
nondimensionalized punching force profile for a 10 degree single slant angle

Figure 4.12 Comparison of the analytical (dashed line) and simulated (solid line)
nondimensionalized punching force profile for a 20 degree single slant angle
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Figure 4.13 Comparison of the analytical (dashed line) and simulated (solid line)
nondimensionalized punching force profile for a single 30 degree slant angle

Figure 4.14 Comparison of the analytical (dashed line) and simulated (solid line)
nondimensionalized punching force profile for a single 45 degree slant angle

To further investigate the association between the punching force profile and the
rate of change of shear area, non-dimensional peak punching forces, as well as the nondimensional peak shear area rates, are plotted for all five cases, Figure 4.15.
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Figure 4.15 Comparison between nondimensional peak punching force (FE simulation –
solid line) and nondimensional peak shear area rate (analytical model – dashed line) for each
of the five single slant angles (0, 10, 20, 30, and 45 degrees)

4.5.
i.

Conclusion
An analytical model was developed to calculate the rate of change of
workpiece shear area for single and symmetrical slanted punch faces.

ii.

In the case of a single slanted punch face, evidence was presented for the
dependency of instantaneous punching force on instantaneous shear area rate
of the work piece material.

iii.

The reduction in peak punching force, with an increase in slant angle for a
single slanted punch face, correlated well with the analytically predicted
reduction of shear area rate.
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Chapter 5
Material Modeling of Polycaprolactone
5.

Material Modeling of Polycaprolactone

5.1.

Introduction
Polycaprolactone (PCL) is a semi-crystalline, thermoplastic polymer widely used

in the biomedical industry due to a desirable combination of biocompatibility and
biodegradability. PCL belongs to the polyester family of organic compounds. εcaprolactone is the parent compound, which undergoes ring opening polymerization,
leading to PCL in the presence of heat and a catalyst, Figure 5.1.

Figure 5.1 Ring opening polymerization for Polycaprolactone. Figure courtesy: [94]

The ester linkages in PCL can be degraded through hydrolysis, which is initiated
by physiological conditions within the human body. Therefore, this material has gained in
popularity for implants, particularly for longer term implantable devices due to a lower
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degradation rate as compared to polylactides [94]. The Food and Drug Administration
has approved PCL for specific uses in the human body, mostly as a drug delivery device.
In the last decade, PCL has gained popularity in the tissue engineering
community as a suitable material for scaffolds [94]. Therefore, researchers have invested
time in characterizing the stress-strain behavior. Historical results were previously
summarized in Table 2.3 as part of the literature survey.
The research here focuses on producing porous membranes from PCL films,
which are to be further stacked to make multilayer tissue scaffolds. A micro-punching
process is proposed to fabricate individual 2D porous membranes. The guiding theme is
to produce a scaffold that has two types of porosity: (i) holes of sufficient size and shape
to act as home sites for cell seeding and growth, and (ii) holes and channels that form a
microvascularity when the 2D layers are stacked into a 3D construct. The vascularity is
required to provide nutrients and to discard waste as the cells develop into a functional
tissue.
Both circular and non-circular holes can be punched with silicon dies, which can
be fabricated using conventional micro-fabrication methods, such as deep reactive ion
etching [4]. Since silicon is relatively brittle, an estimate of the punching force is vital for
the punch and die design. The punching forces can be predicted using conventional finite
element simulations; however, an accurate material model of the workpiece material is
necessary as the constitutive relationship for PCL is not found in the material library of
commercial FE codes.
A pilot study has shown that micro-scale holes cannot be punched in PCL at
room temperature. The fracture strain of PCL at room temperature is too high to facilitate
shearing within the die set clearance zone. Rather, PCL exhibits hyper plastic behavior,
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stretching excessively to form a bag like structure around the punch, Figure 5.2, or if
shearing does occur it is only a partial tear, resulting in a tentacle of PCL that prevents
full separation of the punched out material.

Figure 5.2 PCL punching at room temperature resulting in a bag like structure

To improve the punching (shearing) characteristics of PCL, liquid nitrogen is
used to cool the material below its glass transition temperature, which is -60 oC [94].
Cooling invokes a brittle material response as the polymer chains are prevented from
stretching and gliding past one another during the high deformation punching process
[95].
Although material properties of PCL are available in the literature at room
temperature, there is no information at temperatures below the glass transition,
particularly in boiling liquid nitrogen at -196 degree C, which is the operating
temperature in the current research. This chapter focuses on the experimental techniques
used to determine the constitutive relationship for PCL at both room temperature and
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when cooled with liquid nitrogen. The material model is then used in the finite element
package DEFORM 3D to estimate micropunching forces.

5.2.

Materials and Methods
Uniaxial compression testing is performed to obtain the true stress-strain

behavior of PCL. The detailed procedure for uniaxial compression testing of polymers is
given by Jerabek et al. for Polypropylene [96], which closely follows the procedure given
by ASTM for compression testing of plastics [97].
5.2.1. Sample Preparation
Polycaprolactone pellets, with an average length and diameter of 3 mm, were
purchased from Sigma Aldrich (Part No. 440744, Saint Louis, MO). According to the
manufacturer, the molecular weight of the polymer varies from 70,000 to 90,000, with a
polydispersity index of 2. The average pellet density is noted as 1.145 g/mL at room
temperature, with less than 1 % water impurity.
Following ASTM Standard D695-10 (Compressive properties of rigid plastics)
sample specimens are prepared by injection molding. For this research, a custom
injection mold is designed to fabricate the PCL specimens. Since PCL is a thermoplastic,
it regains its bulk material properties after the molded component is cooled.
A CAD model of the injection mold is shown in Figure 5.3. The injection mold
assembly consists of five components: (A) bottom plate, (B) specimen die, (C) top plate,
(D) T-bolt, and (E) 1 inch hex head screw. A thermocouple is connected to the top plate
to monitor temperature, which is assumed to be close to the temperature of the molten
PCL as they are in direct contact.

82

E

D
C
B
A

Figure 5.3 CAD model of the injection mold used to fabricate a PCL test specimen for
compression testing

To create an injection molded PCL specimen, the bottom plate, specimen die, top
plate, and the T-bolt are first rigidly fixed together. Then, the T bolt is partially filled
with PCL pellets. The bolt is closed from the top by hand tightening the 1 inch hex head
screw. Afterward, the completed assembly is placed on a hot plate, Figure 5.4.
Once the thermocouple temperature indicates the assembly has reached 160
degrees Celsius, it is quickly moved from the hot plate to a vice, where the bottom plate
is fixed to the assembly. Finally, the 1 inch hex head screw is tightened using a spanner
wrench until molten PCL is observed in the relief groves, indicating successful filling of
the specimen die cavity.
After molding the specimen, the assembly is left to cool to room temperature,
after which the unfinished specimen is removed from the die. The specimen is then
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trimmed and cut into smaller lengths, which are close to the final desired length required
for compression testing.
The finished length is obtained by fixing the rough cut specimen into a holder
and then hand sanding and polishing while maintaining the specimen ends perpendicular
to the cylindrical axis. By this method, samples with two different aspect ratios were
fabricated. Throughout this chapter, aspect ratio refers to the ratio of sample length to
sample diameter.

Figure 5.4 Midsection view of the injection mold used to fabricate PCL specimens for
compression testing

Compression testing of PCL was conducted at two temperatures: (1) room
temperature, and (2) below the glass transition temperature with the specimen fully
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immersed in a bath of liquid nitrogen. The room temperature tests are carried out on
specimens of a fixed aspect ratio. The goal of the room temperature tests is to validate
the setup and procedure by comparing the results to information available in the
literature. The compression tests of PCL in liquid nitrogen are carried out for two
different aspect ratios.
5.2.2. Experimental Setup
A Universal Tensile Test machine (Instron - Series 3360, Norwood, MA) is used
for the compression test of PCL. A custom designed fixture is fabricated to accommodate
liquid nitrogen for tests where the sample is below the glass transition temperature. The
same fixture is used for tests at room temperature with the liquid nitrogen reservoir left
empty. A force sensor of 10 kN capacity is used for all tests. Figure 5.5 andFigure 5.6
show the isometric CAD design and cross-sectional view of the fixture, respectively.

Figure 5.5 CAD model of the compression test fixture showing the liquid nitrogen reservoir
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The ASTM standard for compression testing of rigid plastics recommends using
a ball-aligned compression tool for most plastics [97]. However, this may not be
necessary for plastics with a low modulus (below 3500 MPa). The elastic modulus of
PCL at room temperature is expected to be very low i.e. on the order of a few hundred
MPa, but below the glass transition temperature, the modulus is expected to increase
tenfold, which is close to the upper limit for using a compression tool. Therefore, to keep
the tests consistent with respect to ASTM recommendations, a custom ball-aligned
compression tool is fabricated and used for all tests, including the tests at room
temperature, Figure 5.6.

Figure 5.6 Cross sectional view of the compression test setup

The base plate, compression plunger, and force sensor adaptor are constructed
from steel. As the modulus and strength of steel are orders of magnitude greater than
those of PCL, the compliance of the fixture is assumed to have a negligible effect on the
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results. The liquid nitrogen reservoir is made from polypropylene, which acts like a
thermal insulator and reduces direct contact area between the base plate and the liquid
nitrogen. The hardened ceramic ball serves two purposes: (1) it helps to align the
compression tool, and (2) it thermally insulates the force sensor adaptor from the
compression plunger, which is in direct contact with liquid nitrogen. The base plate is
rigidly fixed to the base of the tensile test machine. The liquid nitrogen reservoir is press
fit with the base plate. Vacuum grease is applied between the base plate and the reservoir
to avoid any liquid nitrogen leakage. The compression plunger, ceramic ball and force
sensor adaptor are put together with some vacuum grease on the ceramic ball. The
vacuum grease helps to keep all three parts together without using a rigid fastener. The
force sensor adaptor is rigidly fixed with the force sensor, which in turn is fixed to the
moving head of the tensile test machine.
5.2.3. Procedure
The polished PCL specimens are numbered and their diameters and lengths are
measured using a micrometer. The dimensions are measured at three locations on each
specimen and the average value of length and diameter is used for calculation of the
aspect ratio. The variation in measurement of diameter and length of the specimens was
determined to be negligible. The specimen dimensions are summarized in Table 5.1.
Table 5.1 Specimen dimensions for different aspect ratios

Length (mm)

Diameter (mm)

Aspect ratio (l/d)

12

8

1.5

8

8

1.0

After taking measurements, the specimen is placed at the center of the base plate
on a circular post. The head of the tensile test machine, along with the compression tool,
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is then moved manually to bring the surface of the compression plunger close to the top
surface of the specimen without making contact. The load indicator and the displacement
indicator on the software graphical user interface are balanced at this point so that both
sensors read zero. The test program now runs and completes the compression test
automatically with very little user engagement. The compression program has three
phases:
I.
II.
III.

Constant speed with displacement control
Constant preload of 10 N with force control
Constant speed with displacement control
During Phase I of the test, the compression head moves freely with constant

speed (1.0 mm/min) before touching the specimen‟s top surface. At the end of Phase I,
after touching the top surface of the specimen, the program senses the compressive load
and when it becomes 10 N, switches to Phase II where the load is maintained at 10 N for
300 seconds. The 300 second dwell time is included in the program to accommodate
adding liquid nitrogen to the reservoir and to allow time for the temperature of the
specimen and surrounding materials to be saturated. During this time, some boiling of
liquid nitrogen occurs, but the reservoir is replenished by hand pouring until an
equilibrium temperature is reached. Upon contact with liquid nitrogen, the PCL specimen
immediately cools and shrinks in both the radial and axial (length) directions. The force
sensor detects the reduction in sample length due to a decrease in the compressive load.
This causes the program to reengage movement of the crosshead to maintain 10 N of
preload. This keeps the specimen situated in place during boiling of the liquid nitrogen
and also the recorded value of head movement during Phase II helps correct for any error
occurring from the change in specimen length due to cooling.
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For the compression tests at room temperature, the dwell time in Phase II is not
utilized. At the end of the 300 seconds, the program automatically switches to Phase III.
Phase III is the actual compression phase where the machine‟s crosshead moves with a
constant speed until it reaches an end criterion. There are two end criteria set for all
specimens. Eeither the displacement reached is 4.0 mm or the compressive load reaches
10 kN, which is the maximum capacity of the load sensor.
ASTM D695-10 recommends a crosshead speed between 1.0 mm/min to 1.6
mm/min during compression tests for recommended specimen lengths of 50 mm. This
results in a strain rate of approximately 0.02 min-1. However, since specimens with
different aspect ratios (different lengths) are used in this study, the crosshead speed is
adjusted to maintain the ASTM recommended strain rate of 0.02 min-1. After meeting one
of the end test criteria, the compression test is automatically stopped and the data is
recorded in a MS Excel file, which in turn is processed using Matlab.
5.2.4. Calculation of Compressive True Stress and True Strain
Let the length of the polished PCL specimens be , which is assumed to be
unaltered after a preload of 10 N. Let

be the length of the specimen at the end of

Phase II after the specimen reaches thermal equilibrium with boiling liquid nitrogen.
Assuming a linear coefficient of thermal expansion, one can write
(
where

)

is the coefficient of thermal expansion and

(5.1)
is the decrease in temperature.

Now, the final length of the specimen can be written as the initial length multiplied by
some scaling factor. The scaling factor can be written as
(
Similarly, the final diameter of the sample

(5.2)

)
can be written as
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(5.3)
Substituting

from Equation 5.2 into Equation 5.3,
(

where

)

(

(5.4)

)

is the diameter of the polished specimen at room temperature. For compression

tests at room temperature,
(5.5)
(5.6)
Let

be the load shown by the force sensor at any instant during the

compression test and

(< 0 for compression in this case) is the displacement of the

compression head from the beginning of Phase III.
The engineering stress can be written as the applied compressive force divided by
the original cross sectional area,
(5.7)
and the engineering strain can be written as the change in length divided by the original
length,
(5.8)
Engineering stress-strain is plotted and analyzed for calculating Young‟s modulus, Yield
Strength, and Strain at Yield. Figure 5.7 shows a typical stress strain curve for a rigid
plastic.
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Figure 5.7 Typical stress-strain curve for a rigid plastic. Figure courtesy: [97]

The toe region, indicated by line segment AC in Figure 5.7, does not provide
useful material property information, rather it is an artifact caused by slack,
misalignment, or seating of the specimen. Therefore, Young‟s modulus is obtained by
calculating the slope of the linear zone, line segment CD. The error due to the toe region
is corrected by creating a hypothetical zero at point B, which is obtained by extending the
linear region CD and intersecting it with the strain axis. All strain and yield offset values
are measured from the new corrected zero at point B. Figure 5.7 also shows an offset
strain at point E for obtaining the Yield Strength. A 0.2 % offset strain is used to
calculate the Yield Strength in the current study. Any deformation beyond the Yield point
is considered a combination of elastic and plastic deformation.
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In order to perform finite element simulations with large deformation and
fracture, a true stress and true strain curve is necessary, particularly for the plastic
deformation zone. In the current study, the plastic deformation zone is explicitly
determined by isolating it form the total stress-strain curve. First, the true stress and true
strain values are obtained from the engineering stress and strain values. Unlike a uniaxial
tensile test, the calculations for true stress and true strain from a uniaxial compression test
are not trivial when it comes to sign conventions. The following two equations are used
to calculate true stress and true strain (subscript “t”) from engineering stress and
engineering strain (subscript “e”).
(

)

(5.9)

(

)

(5.10)

Equations 5.9 and 5.10 are similar to the equations given in ASTM E646-07. However,
they are slightly altered in order to keep the engineering strain and true strain values in a
positive sense. The true yield stress

and true yield strain

values corresponding to

the engineering yield strength and engineering strain to yield for each specimen is
obtained. All data points beyond the yield point are then translated to the origin by
subtracting

from the true stress values and

from the true strain values. The

translated values of true stress and true strain values are then processed to fit a strain
hardening model.
For compression tests at room temperature, only the engineering stressengineering strain curve is plotted as these data are only used for validation of the fixture
and not for finite element modeling of the micropunching process. For tests below the
glass transition temperature of PCL, the true stress – true strain curves are obtained for
two different aspect ratios (1.0 and 1.5) and then, extrapolated for a reciprocal of aspect
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ratio i.e. ⁄ ratio of zero to obtain the effective theoretical true stress – true strain curve
to be used in finite element modeling [96].

5.3.

Results
Engineering stress and engineering strain, resulting from compression tests of

five PCL samples of aspect ratio 1.5. at room temperature, is plotted in Figure 5.8.

Figure 5.8 Engineering stress-strain curve for PCL compression testing at room temperature

Note that the toe region of the stress-strain curve is not corrected as raw data is shown in
Figure 5.8. However, the zero of the strain axis needs to be corrected for calculation of
the Yield Strength as recommended by ASTM D695-10. Figure 5.9 to Figure 5.12 show
the raw engineering stress-strain data for a typical specimen, finding the linear region,
correcting for the zero point, and finding a 0.2 % yield offset point, respectively.

93

Figure 5.9 Raw engineering stress-strain curve for a typical PCL specimen tested in
compression at room temperature

Figure 5.10 Linear region of the raw engineering stress-strain curve for a typical PCL
specimen tested in compression at room temperature

94
Similar steps are followed for all specimens to calculate Young‟s modulus, Yield
Strength and Yield Strain. The results for material properties of PCL determined at room
temperature are summarized in Table 5.2.
Table 5.2 Properties of PCL at room temperature based on compressive testing

Property

Mean

St. Dev.

C.V.

Young‟s Modulus

323 MPa

5.06 MPa

1.6 %

Yield Strength

9.2 MPa

0.67 MPa

7.3 %

Yield Strain

0.031

0.002

6.8 %

For compressive testing of specimens below the glass transition temperature i.e. in
boiling liquid nitrogen, an additional step of correction is added to take into account
shrinkage of specimens due to cooling.

Figure 5.11 Zero corrected engineering stress-strain curve for a typical PCL specimen tested
in compression at room temperature
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Figure 5.12 0.2 % offset Yield strength from the zero corrected engineering stress - strain
data of a typical PCL specimen tested in compression at room temperature

The engineering stress – strain curve of PCL in liquid nitrogen is given in Figure 5.13 for
a specimen aspect ratio ( ⁄ ) equal to 1.5.

Figure 5.13 Engineering stress – strain curve of PCL samples submerged in liquid nitrogen
during compression testing (aspect ratio = 1.5)
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The material properties of PCL in liquid nitrogen are to be used in DEFORM for
micro-punching simulation. DEFORM 3D v10.2.1 allows tabulated data for flow stress,
which can be obtained through experiments like in the current study. However, an
analytical form of the constitutive model will help other researchers use the properties of
PCL in liquid nitrogen for finite element simulations. The most common constitutive
equation used in DEFORM is Ludwik‟s equation which can be written as
(5.11)
where,

is the flow stress,

is the yield strength,

is the strength coefficient, and

is

the strain hardening exponent.
The yield strength is obtained by following the steps recommended by ASTM
D695-10, also explained for the room temperature tests. The procedure for calculating the
strength coefficient and the strain hardening exponent given in ASTM E646-07 are
cumbersome. Therefore, a computer program (Matlab curve fitting tool) is used to
determine these values. First, the plastic deformation region beyond the yield point is
isolated for each specimen. Then, the data is processed through the curve fitting tool to
obtain the applicable power law. Finally, the parameters are obtained for each specimen
and their average values are calculated. The flow stress with respect to true plastic strain
is plotted in Figure 5.14 for an aspect ratio equal to 1.5.
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Figure 5.14 Experimental results and related Ludwik’s equation for PCL flow stress. Data
from compression testing while the specimen is submerged in liquid nitrogen (aspect ratio =
1.5).

Similarly, results for engineering stress – strain and flow stress for PCL in liquid nitrogen
for aspect ratio of

equal to 1.0 are given in Figure 5.15 and Figure 5.16 respectively.

Figure 5.15 Engineering stress – strain curve of PCL in liquid nitrogen is given in Fig. 12 for
specimen aspect ratio l⁄d equal to 1

98

Figure 5.16 Flow stress of PCL in liquid nitrogen from Ludwik's equation for specimens of
aspect ratio of l/d equal to 1

Results for material properties of PCL below its glass transition temperature i.e. in liquid
nitrogen for an aspect ratio equal to 1.5 are summarized in Table 5.3.
Table 5.3 Properties of PCL from compression tests in liquid nitrogen (l/d = 1.5)

Property

Mean

St. Dev.

C.V.

Young‟s Modulus

2794 MPa

366 MPa

13.1 %

Yield Strength

120 MPa

8.6 MPa

7.1 %

Yield Strain

0.045

0.006

13.9 %

Strength Coefficient

134 MPa

23.1 MPa

17.2 %

Strain Hardening
Exponent

0.4205

0.0152

3.6 %
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Similarly, results for material properties of PCL below its glass transition temperature i.e.
in liquid nitrogen for an aspect ratio equal to 1.0 are summarized in Table 5.4.
Table 5.4 Properties of PCL from compression tests in liquid nitrogen (l/d = 1.0)

Property

Mean

St. Dev.

C.V.

Young‟s Modulus

2112 MPa

152 MPa

7.2 %

Yield Strength

133 MPa

14.2 MPa

10.7 %

Yield Strain

0.065

0.005

7.8 %

Strength Coefficient

96.0 MPa

14.7 MPa

15.3 %

Strain Hardening
Exponent

0.3605

0.0471

13.1 %

For large deformation finite element simulation in DEFORM 3D, only three
parameters are needed for the material model while using Ludwik‟s equation for flow
stress: (1) Yield Strength, (2) Strength Coefficient, and (3) Strain Hardening Exponent.
As shown herein, these parameters are obtained experimentally for two aspect ratios.
However, to use these parameters in a simulation, the effective theoretical values must
be obtained by extrapolating the reciprocal of aspect ratio (d/l) equal to zero i.e. a sample
of infinite length and a finite diameter.
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Figure 5.17 Experimentally determined flow stress curves for PCL (reciprocal aspect ratios
equal to 1.0 and 2/3). The experimental data was extrapolated to generate a flow stress
curve for PCL in compression (dashed line) for d/l = 0.

The extrapolated values of Yield Strength, Strength coefficient, and the Strain
Hardening Exponent, for use in the FE simulation, are approximately 94.8 MPa, 210
MPa, and 0.5405, respectively. Similarly, the extrapolated value of Young‟s modulus is
4160 MPa. The experimentally determined flow stress for reciprocal aspect ratios (d/l) of
1 and 2/3, and the extrapolated value for d/l equal to zero, are plotted in Figure 5.17.

5.4.

Discussion
The material properties of PCL at room temperature are obtained in order to

validate the fixture and the test procedure. Young‟s modulus obtained experimentally is
323.3 +/- 9.2 MPa, which compares well with what was obtained by Eshragi et al. [21]
i.e. 317.1 +/- 3.9 MPa. Also, the experimentally obtained Young‟s modulus matches well
with what is reported by other researchers, which ranges from 251.9 MPa to 430 MPa as
provided previously in Table 2.3. Similarly, the compressive Yield Strength reported by
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Eshragi et al. is 10.3 +/- 0.2 MPa, which is close to the experimentally obtained Yield
Strength of 9.2 +/- 0.7 MPa. The Yield Strain obtained by Eshragi et al. is 0.037 +/0.002, which also matches closely with the experimentally obtained Yield Strain of 0.031
+/- 0.002. These comparisons validate the fixture and the procedure used to obtain
compressive material properties at room temperature.
Jerabek et al. have used the extrapolation method to obtain different parameters
for the material model [96]. However, caution should be observed when extrapolating
parameters with significant variance. In the current research, out of the three parameters
needed for large deformation simulations in DEFORM 3D, experimentally obtained
Yield Strength and Strength Coefficient have some significant variance, with the
coefficient of variation changing with aspect ratio.
Although there is no direct association of variance and aspect ratio, it is a
conservative approach to extrapolate variances in these parameters for a reciprocal aspect
ratio d/l equal to zero. Effectively, this method creates an upper bound and a lower
bound for the effective theoretical flow stress curve.
The FE simulation on DEFORM can be run with mean, upper bound, and lower
bound values of the flow stress and results can be compared to see which one best
represents the actual material properties. It can be seen from Table 5.3 and Table 5.4 that
the variance of Yield Strength and the Strain Hardening Exponent are decreasing as d/l is
reduced from 1 to 2/3. Therefore, upon extrapolation of the upper bound and the lower
bound values of these parameters, they will converge before reaching d/l equal to zero,
which may result in negative variances and therefore can be neglected. However, the
variance of the Strength Coefficient diverges as the reciprocal aspect ratio is reduced.
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Therefore, this parameter will have a proper upper bound and a lower bound when
extrapolated to d/l equal to zero as shown in Figure 5.18.

Strength Coefficient (MPa)

300

Mean
Upper Bound

250

Lower Bound

200
150
100
50
0
0

0.2

0.4

0.6

0.8

1

1.2

d/l

Figure 5.18 Extrapolation of Strength Coefficient to d/l = 0
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Figure 5.19 Flow Stress for three different values of the Strength Coefficient
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Upon using the extrapolated Strength Coefficient, its upper bound and lower
bound values are found to be 249.9 MPa and 170.1 MPa, respectively. The flow stress is
plotted for all three values of the Strength Coefficient in Figure 5.19.
Three parameters are needed to define flow stress in DEFORM 3D; Yield
Strength, Strain Hardening Exponent, and Strength Coefficient. The first two parameters
show negligible variation for reciprocal of aspect ratio d/l = 0 obtained after extrapolating
the experimental data. Therefore, these parameter values are used without any upper or
lower bounds. However, the last parameter i.e. Strength Coefficient showed some
significant variation for the extrapolated results. Therefore, simulations were carried out
for three different Strength Coefficient values; the mean, the lower bound, and the upper
bound. The results of peak punching force obtained by all three models with three
different strength coefficients are compared with the experimentally obtained peak
punching forces.
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Chapter 6
Cryogenic Micropunching of Polycaprolactone
6.

Cryogenic Micropunching of Polycaprolactone

6.1.

Introduction
A high volume micropunching method is essential to fabricating a vascular 3D

tissue scaffold by multilayer membrane stacking. This method requires that thousands of
hole features be punched in the extruded PCL membranes prior to bonding individual 2D
layers. However, as demonstrated in pilot studies, PCL is difficult to punch at room
temperature due to its high fracture strain. The circular punch-outs are inclined to stick to
the surface of the PCL membrane as they are often partially sheared or the punch simply
forms a pocket in the membrane without initiating shear. Therefore, the micropunching
setup introduced in Chapter 3 is modified to reduce the temperature of PCL to below its
glass transition temperature by using liquid nitrogen to invoke a brittle material response.
In this modified micropunching method, coined here as “cryogenic micropunching,”
through holes are punched quite easily in PCL, but the required punching force increases
substantially when compared to requirements at room temperature.
Single punching of circular holes is considered in this research, but non-circular
holes are of interest as they enable engineers to have more flexibility in designing the
microarchitecture required for fully vascularized tissue scaffolds. For example, a series of
holes and rectangular slots can be punched in several membranes, which are then aligned,
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stacked, and bonded to form microtubules for profusion of nutrients and removal of
cellular waste products.
To improve manufacturing capacity and efficiency, it is desirable to punch more
than one hole feature during a single stroke of the press. This requires a male die with
multiple punches and a female die with a mating hole pattern. However, due to
manufacturing constrains, it is difficult to make non-circular punches from contemporary
metallic die materials and related manufacturing processes. To date, a compound die set
with multiple microscale punches has not been successively manufactured and
demonstrated.
An attractive alternative to metal die sets is to use silicon wafers as a die block
and to capitalize on manufacturing methods developed by the microelectronics industry,
such as photolithographic masking and ionic etching. With these methods, punches of
virtually any size and shape can be fabricated to produce silicon micropunches at a
relatively low cost. In addition, several punches can be fabricated on a single die set for
the same cost as producing a single punch. However, die life is a concern as silicon is a
brittle material so it is important to have an estimation of punching force when designing
silicon die sets.
In this chapter, the finite element method is investigated to predict the maximum
punching force when creating 200 um diameter holes in PCL membranes that are cooled
by liquid nitrogen. Given the brittle nature of silicon dies, experimental verification is
pursued here with a cryogenic punching arrangement that uses a single ground steel
punch and a mating laser cut stainless steel female die. A Design of Experiments
approach is used to determine the experimental trials while investigating the effect of
different die clearances and film thicknesses on punching force and hole pattern quality.
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6.2.

Material and Methods

6.2.1. Polycaprolactone Membrane
To produce PCL membranes, pellets with an average length and diameter of
3mm were purchased from Sigma Aldrich (Part No. 440744, Saint Louis, MO). Note,
these are the same pellets that were previously described in Chapter 5 for making
injection molded specimens for compression testing. However, for membrane fabrication,
a hot melt extrusion process was pursued with a DSM Xplore Micro 15 cc twin screw
micro-compounder, Figure 6.1.

Figure 6.1 DSM Xplore Micro 15 cc twin screw micro-compounder. Figure courtesy: [4]

The thickness of the extruded membrane (film) is controlled by changing
temperature, extrusion slot width, and extruded film tension. Film tension is controlled
by rotational speed of the material rollers that collect the finished product. PCL films
obtained by hot melt extrusion were of thicknesses varying from 25 to 80 um, with a
constant width of approximately 15 mm.
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6.2.2. Cryogenic Micropunching Machine
Two liquid nitrogen reservoirs were added to the micropunching machine that was
previously described in Chapter 3. The reservoirs facilitated the cryogenic
micropunching process by cooling the die sets and PCL film to below -60 degrees
Celsius. One liquid nitrogen reservoir was added to the female die holder, Figure 6.2,
while a second was added to the male die holder, Figure 6.3.

Figure 6.2 Female die assembly with liquid nitrogen reservoir.
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Figure 6.3 Male die block assembly with liquid nitrogen reservoir

When liquid nitrogen is poured into the Female Cooling Reservoir, the Female
Vacuum Block comes in direct contact with liquid nitrogen. A series of fins in the Female
Vacuum Block assists with heat transfer, Figure 6.4. The Female Vacuum Block is also
in direct contact with the Steel Vacuum Plate, which in turn makes indirect contact with
the stainless steel laser cut female die.
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Figure 6.4 Exploded view of the female die cooling system

Prior to micropunching, the PCL film is brought into intimate contact with the
female die by applying slight tension to the film. The entire female die block assembly,
including the liquid nitrogen reservoir, is thermally isolated from the machine frame by
Airloy blocks. Hence, within a few minutes of filling the reservoir with liquid nitrogen,
the thin PCL film obtains thermal equilibrium at a temperature well below the glass
transition temperature of -60 ˚C. During the micropunching experiments, it is necessary
to periodically fill the reservoirs to account for the volume of liquid nitrogen lost as it
slowly boils.
As the die block assemblies begin to cool, a frost accumulates on the components
due to moisture in the air. To avoid frosting near the dies, the upper half of
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micropunching machine is enclosed in an airtight, transparent plastic bag. The inside of
the bag is backfilled with dry nitrogen gas and maintained at a pressure slightly above
atmospheric pressure to avoid an influx of humid air. This process keeps the dies and
microscope viewing port free from frost.

Figure 6.5 Material holder with XYZ translation staging.

The PCL film is held in tension by a material holder, Figure 6.5, which keeps the
film in contact with the female die and the Female Vacuum Block. The material holder is
attached to a precision three axis stage. The material can be moved against the female die
to ensure a positive contact and additional tension in the film. The material holder can
also be moved in a transverse direction to precisely control the location of the hole within
the workpiece.
6.2.3. Male and Female Dies
Similar to copper foil punching experiments explained in Chapter 3, stainless
steel gage pins, 200 μm in diameter (Model 21135A71, McMaster-Carr, Princeton, NJ,
USA), are used for all experiments, Figure 6.6.
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Figure 6.6 SEM image of a gage pin used as a punch.

With some gage pins, a manufacturing defect was observed where the punch face
in the as received condition was not flat, Figures 6.7 and 6.8. A slanted punch results in a
lower punching force as described in Chapter 4. Therefore, all gage pins used to validate
the FE simulation were observed to be free from manufacturing defects i.e. the punch
faces were confirmed to be flat.
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Figure 6.7 SEM image of a slanted punch face

Figure 6.8 SEM image of sheared facet at the end of a punch face
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The female die is manufactured by laser cutting holes of various diameters in 150
μm thick, 25 mm by 25 mm square, ground stainless steel plate (Photo Etch Technology,
Lowell, MA, USA). The entry side of the laser can create a splash of molten metal,
Figure 6.9, while the exit side can exhibit a burr, Figure 6.10.

Figure 6.9 SEM image of the entry side of a laser cut stainless steel female die (210 um hole
diameter, 150 um thick stainless steel)

A laser cut hole exhibits some taper, with the entrance side diameter larger than
the exit side diameter. When referring to a hole size for the female die, the diameter
herein refers to the exit side, which is the side that faces the workpiece and first engages
the male punch. The tapered hole has the benefit of assisting in stripping the punch-out
from the male die.
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Figure 6.10 SEM image of the exit side of a laser cut stainless steel female die. The arrow
shows a small step along the perimeter of the hole. The step is an artifact from the laser
cutting process.

Imperfections in the shape of the hole can exist when fabricating the female die
by laser cutting as denoted by the arrow in Figure 6.10. This issue can be minimized by
creating the hole by two passes of the laser. The first pass i.e. roughing cut is for a hole
slightly smaller than desired, while the second pass i.e. finishing cut removes a slight
amount of material from the hole circumference.
6.2.4. Finite Element Method
DEFORM v10.2.1 (Scientific Forming Technology Corporation, Columbus, OH,
USA) is used to simulate cryogenic micropunching of PCL. The details of DEFORM 3D
and the implemented finite element models were introduced in Chapter 3 for simulating
copper micropunching. As in the copper punching simulations, there are three parts to the
PCL micropunching model: (1) female die, (2) male die, and (3) workpiece.
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6.2.4.1. Model Geometry
In the experiment, the female die base is approximately 25 mm by 25 mm square
and the strip of PCL film is approximately 12 mm wide by 125 mm long. However, in the
FE model, a 1 mm by 1 mm section of the female die and workpiece is considered to
avoid an unnecessarily high number of elements during meshing.
The male die is a cylinder with a 200 μm diameter and a 400 μm length.
Simulations were carried out for three combinations of male punch diameter and female
hole diameter: 1) male 200 μm, female 212 μm, 2) male 200 μm, female 224 μm, and 3)
male 200 μm, female 236 μm. This resulted in a single sided radial die clearance of 6
μm, 12 μm, and 18 μm, respectively.
Considering the difference in modulus between the steel dies and the PCL
workpiece, the dies were assumed to be perfectly rigid.
Two different PCL film thicknesses were considered for simulation: (1) 40 μm,
and (2) 70 μm. The combination of material thickness and radial die clearance resulted in
six simulations of various die clearance. Die clearance is defined as a percentage of the
material thickness i.e. (material thickness / single sided die clearance) x 100%.
Therefore, the die clearances investigated are 8.6%, 15%, 17.1%, 25.7%, 30%, and 45%.
For these six cases, symmetry permits the use of a quarter model to reduce computational
time, Figure 6.11.
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Female Die

Punch

Figure 6.11 FEA model of fully aligned die sets during cryogenic micropunching of PCL.
Symmetry permits a quarter model. The mesh is refined in the shear zone (arrow).

Apart from the six FE models pursued to investigate the effect of die clearance
on maximum punching force, one additional model is simulated. This model has a male
die diameter of 200 μm, a female die diameter of 236 μm, and a PCL film thickness of 70
μm, resulting in a die clearance of 25.7%. However, the male and female dies are not
aligned coaxially, but rather a die eccentricity of 17 μm is used to simulate die
misalignment. For this case, the lack of full symmetry requires a half model for
simulation.
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6.2.4.2. Application of Boundary Conditions
To keep the model representative of the actual experimental setup, two parallel
ends of the square shaped workpiece are fixed and other two are free. As one can
imagine, although the boundary conditions are not axisymmetric, the arrangement affords
planar symmetry about both axes on the workpiece plane. Therefore, a one quarter model
is valid for simulation.
The contact surfaces between the die halves and the workpiece were modeled with
shear friction. According to the DEFORM 3D manual, this friction model is
recommended for most forming processes where there is negligible sliding. In this model,
the frictional stress is defined as the product of friction factor and the shear yield strength.
DEFORM also offers modeling contacts with Coulomb friction, however, that is
recommended for cases where at least one of the objects is deforming elastically. In order
to understand the degree of sliding and the effect of the friction model used, simulations
were run with both friction models. The obtained punching force profiles were compared
and found to be almost identical in their shape and peak value. Therefore, the DEFORM
recommended shear friction model is used for all simulations.
Apart from shear and coulomb friction models, DEFORM 3D has a hybrid model,
which is a combination of shear and coulomb friction models, and a constant Tau model,
where the friction stress can be set as a constant value by the user. Since both shear and
coulomb models have the same effect on punching force, the hybrid model was not
considered. Similarly, the constant Tau model was not considered as it is not suitable for
the current forming process.
A coefficient of friction for PCL in contact with steel at room temperature or at
cryogenic temperatures is not available in literature. However, since there is very little
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sliding between the workpiece and the dies during micropunching, the exact friction
coefficient may not be needed. The DEFORM 3D manual has a procedure to decide
whether a typical friction coefficient is sufficient or if a careful determination of the
friction coefficient is required. According to the manual, one should run the simulation at
two different friction coefficients approximately 20 % different from the typical value. If
the resulting load values are not significantly different, a typical value of the friction
coefficient is sufficient.
Although the friction coefficient between PCL and steel is not available, friction
coefficients are available for Polystyrene-Steel and Polythene-Steel in [90] and are equal
to 0.30-0.35 and 0.20, respectively. Therefore, to understand the effect of friction
coefficient, three different simulations were done with three different friction
coefficients; 0.10, 0.30, and 0.40. The punching force obtained from all three simulations
were compared. The difference in punching forces were negligible indicating that a
typical value of friction coefficient is sufficient. Therefore, a friction coefficient of 0.30 is
used for all contacting surfaces.
6.2.4.3. Verification of Model Convergence
A number of convergence tests were carried out to obtain the optimal values of
smallest element size, solution increment step size, work piece dimensions, and boundary
conditions. The smallest element size considered for the 70 μm film thickness was set to
be 4.0 μm. However, after meshing, the measured smallest element side length was 2.8
μm. DEFORM 3D creates tetrahedron shaped elements for punching simulations. These
tetrahedrons are not regular in shape in order to cover the complete workpiece geometry,
including edges and high curvature surfaces. Therefore, although the meshing algorithm
tries to achieve the minimum element size set by the user, most of the time it ends up
creating elements with the smallest side length slightly smaller than the user set element
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size. This ensured approximately 40 to 50 elements across the thickness of the workpiece.
Note that since the elements are tetrahedral in shape, the effective number of elements
across the thickness is more than the ratio of the thickness and the smallest element size.
Similarly, for the case with material thickness of 40 μm, the smallest element side length
measured was 1.9 μm. In all simulations, modified mini-elements were used, details of
which are not published by DEFORM.
The solution increment step (incremental movement of the punch into the
workpiece) was set at 0.10 μm, which is approximately 20 times smaller than the smallest
element size. This exceeds the requirement that the solution increment step be at least 10
times smaller than element size as recommended in the DEFORM 3D user manual to
avoid large deformation of the elements, which can result in numerical instability.
The workpiece dimensions were optimized to have a minimum number of
elements without losing accuracy. The high deformation zone lies within the die
clearance regime. The largest radial clearance simulated is 18 μm, which is much smaller
than the 1 mm square work piece specified. A pilot study indicated that small variations
in the workpiece dimensions did not have a significant effect on the calculated peak
punching force.
Similarly, to mimic the experimental conditions, tension boundary conditions
were applied to the workpiece and compared to simulations with fixed boundary
conditions (two sides fixed and two sides free). There was no statistically significant
difference in the calculated maximum punching force when considering the various
workpiece boundary conditions. Hence, fixed boundary conditions were used for all
simulations to minimize complexity and to reduce computational time.
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6.2.5. Workpiece Material Modeling
Polycaprolactone cooled with liquid nitrogen is used as the workpiece material
for studying cryogenic micropunching. Although material properties of PCL at room
temperature are available in literature, no information about the material properties is
available below its glass transition temperature. Therefore, the material properties of PCL
in liquid nitrogen are obtained experimentally to be used in DEFORM 3D finite element
simulations to predict micropunching forces.
Recalling the material characterization outlined in Chapter 5, Ludwik‟s equation
was used for the flow stress of PCL in liquid nitrogen.
(6.1)
The parameters , , and

obtained experimentally are equal to 94.8 MPa, 210 MPa,

and 0.5405, respectively. Besides 210 MPa as the mean strength coefficient, the
variations in

from 170.1 MPa to 249.9 MPa are also considered for the simulations to

see the upper and lower bound of the predicted punching force. Similar to copper
punching simulations described in Section 3.2.6, Normalized Cockroft and Lantham
model is used to simulate fracture, however, element deletion is used for PCL
micropunching instead of element softening to obtain a better visualization of the
fractured surface.
6.2.6. Design of Experiments
A pilot study was conducted to determine the appropriate sample size for the
main set of experiments. The study consisted of punching twenty holes of nominal
diameter 200 μm in 25 μm thick PCL films with a die clearance of 7.6 %.
Punching forces are measured using a dynamometer (Type 9047C, Kistler,
Winterthur, Switzerland), accompanied by a charge amplifier (ICAM 5073, Kistler
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Instrument Corp., Amherst, NY). Data collection is done through a multifunctional data
acquisition board (PCI 6132, National Instruments, Austin, TX). The raw force data is
smoothed in Matlab using the function “LOWESS” (locally weighted scatter plot
smooth) function, a local linear regression filter with a tricube weight function.
Results of the pilot study are given in Table 6.1.
Table 6.1 Summary of punching forces for a pilot study

Parameter

Value

N

20

Average Peak Punching Force

1.69 N

St. Dev.

0.27 N

C.V.

16.1 %

Maximum

2.24 N

Minimum

1.31 N

Methods given in ASTM E178-08 were used to determine the outliers. One sided
Student‟s T-test was used with an α level of 0.05. The test parameters corresponding to
the maximum and the minimum observed force values are calculated and compared with
the critical value corresponding to α = 5 % .

Since, both

( ̅

)

(

)

( ̅

)

(

)

and

are smaller than

(

)

(6.2)

(

)

(6.3)

, none of the data points are considered

to be outliers. Considering the mean and the standard deviation of the force values given
in Table 6.1, a sample size calculation was done to detect an effect level of 10 % of the
mean punching force (0.169 N) with a power of 80 % (β = 0.2).
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Therefore, at least 41 holes must be punched to detect a 10% difference in the peak
punching force as a function of die clearance.

6.3.

Results

6.3.1. Peak Punching Force
Peak punching force was recorded for cryogenic micropunching on PCL films
with different die clearances. At least 41 holes were punched for most cases to detect a
difference of approximately 0.17 N with a power of 80 %. Figure 6.12 shows a
comparison of the experimentally determined peak punching force for three different die
clearances (8.6%, 17.1% and 25.7%) and a film thickness of 70 μm. Similarly, Figure
6.13 shows a comparison of the experimentally determined peak punching force for three
different die clearances (15%, 30%, and 45%) and a film thickness of 40 μm.

Peak Punching Force (N)

6
5
4
3
2
1
0
8.6 %

17.1 %

25.7 %

Die Clearance

Figure 6.12 Peak punching force as a function of die clearance for 70 μm thick PCL film
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Figure 6.13 Peak punching force as a function of die clearance for 40 μm thick PCL film

The error bars in Figures 6.12 and 6.13 represent plus and minus one standard deviation
from the mean peak punching force.
6.3.2. Hole Quality
The quality of the punched micro holes was investigated by taking SEM images.
Figure 6.14 and Figure 6.15 show representative images for die clearances of 8.6% and
17.1%, respectively.
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Figure 6.14 SEM image of a micro hole punched with 8.6 % die clearance (70 μm thick PCL
film)

Figure 6.15 SEM image of a micro hole punched with 17.1 % die clearance (70 μm thick
PCL film)
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Note that as the die clearance increases, a slight misalignment of the dies can
result in incomplete punching as shown in Figure 6.16 for the case with 25.7 % die
clearance. However, since most of the circumference of the hole is sheared, the measured
forces for the incomplete punches are comparable to the forces obtained from simulation.

Figure 6.16 SEM image of an incomplete micro hole punched with 25.7 % die clearance (70
μm thick PCL film)
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6.3.3. Finite Element Simulations
Apart from the peak punching force, finite element simulation results are
processed to obtain stress and strain distribution plots. Figure 6.17 to 6.19 show the stress
distribution plots for cryogenic micropunching in 70 μm thick PCL film for 8.6 %, 17.1
%, and 25.7 % die clearance, respectively.

MPa
Punch

Female die

Figure 6.17 Effective stress distribution plot at 30 μm punch stroke for 8.6% die clearance in
70 μm thick PCL film
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MPa

Punch

Female die

Figure 6.18 Effective stress distribution plot at 30 μm punch stroke for 17.1% die clearance
in 70 μm thick PCL film

MPa

Punch

Female die

Figure 6.19 Effective stress distribution plot at 30 μm punch stroke for 25.7% die clearance
in 70 μm thick PCL film
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Figure 6.20 to 6.22 show the strain distribution plots for cryogenic
micropunching in 70 μm thick PCL film for 8.6 %, 17.1 %, and 25.7 % die clearances,
respectively. Similarly, Figure 6.23 to 6.25 and Figure 6.26 to 6.28, show similar stress
and strain distribution plots, respectively, for PCL film thickness of 40 μm. Note, in the
case of 40 μm thick PCL, the punch stroke length is reduced from 30 μm to 15 μm in the
figures.

Punch

Female die

Figure 6.20 Effective strain distribution plot at 30 μm punch stroke for 8.6% die clearance in
70 μm thick PCL film
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Punch

Female die

Figure 6.21 Effective strain distribution plot at 30 μm punch stroke for 17.1% die clearance
in 70 μm thick PCL film

Punch

Female die

Figure 6.22 Effective strain distribution plot at 30 μm punch stroke for 25.7% die clearance
in 70 μm thick PCL film
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MPa

Punch

Female die

Figure 6.23 Effective stress distribution plot at 15 μm punch stroke for 15% die clearance in
40 μm thick PCL film

MPa

Punch

Female die

Figure 6.24 Effective stress distribution plot at 15 μm punch stroke for 30% die clearance in
40 μm thick PCL film
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MPa

Punch

Female die

Figure 6.25 Effective stress distribution plot at 15 μm punch stroke for 45 % die clearance in
40 μm thick PCL film

Punch

Female die

Figure 6.26 Effective strain distribution plot at 15 μm punch stroke for 15 % die clearance in
40 μm thick PCL film
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Punch

Female die

Figure 6.27 Effective strain distribution plot at 15 μm punch stroke for 30 % die clearance in
40 μm thick PCL film

Punch

Female die

Figure 6.28 Effective strain distribution plot at 15 μm punch stroke for 45 % die clearance in
40 μm thick PCL film
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The cross section of the finite element model for the misaligned punching case is
given in Figure 6.29.

Punch

Workpiece

Eccentric clearance
Female die

Figure 6.29 Finite element model for simulating misaligned micropunching.

The misaligned punch results in incomplete shearing of the punch out, Figure 6.30.

Figure 6.30 Non-symmetric opening of micro hole due to misaligned punching

The stress and strain distribution plots for the misaligned micropunching case are given
in Figure 6.31 and Figure 6.32, respectively, for six different punch stroke lengths from
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10 μm to 60 μm in increments of 10 μm. Incomplete shearing is visible in Figure 6.31(f),
corresponding to the top view shown in Figure 6.30.

Punch

Punch
Female
die

Female
die

Punch

Punch
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die

Female
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Punch

Punch

Female
die

Female
die

Figure 6.31 Stress (MPa) distribution plot for misaligned punch at punch strokes of a) 10
μm, b) 20 μm, c) 30 μm, d) 40 μm, e) 50 μm, and f) 60 μm.
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Figure 6.32 train distribution plot for misaligned punch at punch strokes of a) 10 μm, b) 20
μm, c) 30 μm, d) 40 μm, e) 50 μm, and f) 60 μm.

An important objective of this research is to demonstrate the predictive capability
of a micropunching finite element simulation. Therefore, the measured peak punching
forces for all experimental cases are compared with the simulated results, Figure 6.33.
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The simulation was conducted with the material model derived from experimental results
of compression testing, Chapter 5. In order to incorporate variations of material
parameters in the model, and to see the effect on simulation results, the simulations were
carried out at two additional Strength Coefficients; one representing the upper bound of
the flow stress and one representing the lower bound of the flow stress. Figure 6.33 and
Figure 6.34 show the comparison of measured and simulated peak punching force for a
material thickness of 40 μm and 70 μm, respectively.

Peak Punching Force (N)

5
4
3
2
Simulation Mean
Simulation Max
Simulation Min

1
0
15%

30%

45%

Die Clearance

Figure 6.33 Comparison of measured and simulated peak punching force for film thickness
of 40 μm
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Figure 6.34 Comparison of measured and simulated peak punching force for film thickness
of 70 μm

Regarding the box plots in Figures 6.33 and 6.34, the three horizontal lines of the
box represent 1st quartile, median, and 3rd quartile, respectively. The whiskers are
extended to 1.5 times the interquartile range (3rd quartile – 1st quartile) below the 1st
quartile and above the 3rd quartile. If any data point exits outside the whisker ends, they
are regarded as outliers and are not plotted. If the minimum or the maximum value data is
not an outlier, the whisker is extended to that data point.

6.4.

Discussion
When designing a die set, it is important to know how the peak punching force

varies with die clearance. It is difficult to maintain small die clearances in both the setup
and use of micropunching equipment. From Figure 6.34, it is clear that peak punching
force in 70 μm thick PCL film is relatively low for 8.6 % die clearance as compared with
17.1% die clearance. However, the force seems to decrease slightly as the clearance
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increases to 25.7%. Similarly, for 40 μm thick PCL, the reduction of peak punching force
was observed while going from 30% to 45% die clearance.
The reason for this reduction of peak punching force can be explained by
incomplete punching due to die misalignment. For higher clearance micropunching,
particularly for cryogenic conditions, die misalignment is encountered quite frequently.
This results in opening of the hole from one side, Figure 6.30, rather than axisymmetric
shearing of the film.
Incomplete punching at high clearance results in a reduction of the measured
peak punching force, but the force still remained close to what is predicted from finite
element simulation where the opening is axisymmetric. In order to further investigate, a
misaligned punching process was simulated as shown in Figure 6.31 and 6.32. Here, the
simulated peak punching force still remained close to what was obtained from a well
aligned punching simulation.
The stress and strain distribution plots for 70 μm thick PCL films show that at 30
μm of punch stroke, the crack has already initiated from the punch tip for all three die
clearances. However, the crack propagation from the female die tip differs significantly
with die clearance. For example, at 8.6 % die clearance, the crack from the female die tip
has already propagated, for 17.1 % die clearance, the crack has just initiated from the
female die tip, and for 25.7 % die clearance, the crack has not yet started from the female
die tip. Also, the strain distribution plots show a significant reduction of effective strain
values near the female die tip as the die clearance increases at the same punch stroke
length.
Similarly, the stress distribution plots for 40μm thick PCL films show that for
15% die clearance at 15 μm punch stroke length, cracks appear from both the male and
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the female die tips. However, for the same punch stroke, at 30% die clearance, cracks
appear from only the male die tip, and for 45% die clearance, there are no cracks from
either of the die tips. As expected, for a 40 μm thick film, a reduction of effective strain is
observed as the die clearance increases.
The comparison of measured and predicted peak punching force, as shown in
Figure 6.34 for 70 μm film thickness, reveals that at low clearance the finite element
simulation overestimates the peak punching force and becomes more accurate as the die
clearance increases. In fact, the lower bound of the predicted peak punching forces
matches closely with the measured values at 17.1% and 25.7% clearance. For
micropunching of 40 μm thick PCL films, the predicted peak punching force matched
closely for 15% and 30% of die clearance, but over estimates the punching force for 45%
die clearance.
Although finite element simulation results do not show a minima or maxima in
peak punching force, it seems likely that the predicted punching force decreases
gradually as the die clearance increases, which was also observed for copper foil
punching. However, from the measured peak punching force, it can be concluded that a
smaller die clearance will result in a lower peak punching force. Clearly, in all cases, a
higher die clearance is susceptible to die misalignment, resulting in incomplete punching.

6.5.
i.

Conclusion
Peak punching force was measured and compared with predicted values from
finite element simulation for micro holes of a nominal diameter of 200 μm in
40 μm and 70 μm thick PCL films with three different die clearances.

ii.

The predicted peak punching forces were close to the measured values for
most cases. For 40 μm thick PCL film and 15 % die clearance, the error
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between measured and predicted peak punching force was approximately 2
%. However, for the case with 70 μm film thickness and 8.6 % of die
clearance, the error was approximately 31 %.
iii.

The finite element simulations did not predict an optimal die clearance to
minimize peak punching force. However, the measured peak punching forces
demonstrated that a smaller die clearance will result in a lower punching
force for the range of die clearances investigated (8.6% to 45%).

iv.

Micropunching at high clearance may lead to incomplete punching due to die
misalignment.
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Chapter 7
Porosity Analysis of 2D Polycaprolactone
Membranes
7.
7.1.

Porosity Analysis of 2D Polycaprolactone Membranes
Introduction
To create a synthetic 3D tissue scaffold by multilayer stacking, 2D porous

membranes require a well engineered hole pattern. To achieve the desired microvascular
network, it may also be suitable to create a random distribution of holes with sufficiently
high porosity to facilitate the natural formation (tubulogenesis) of micro channels. In
either case, knowledge is required to determine material and manufacturing constraints
when attempting to achieve the closest proximity of two neighboring micro-holes i.e.
determining a minimum web thickness.
The minimum distance between two holes is governed by either an immediate
material failure due to tearing of the adjoining web or the bulk material properties of the
porous membrane become too degraded to withstand the tensile forces imparted during
handling. Membrane tensile stresses can be imparted during the micropunching process
as the material is stretched over the female die, thereby eliminating the need for a hold
down (stripper) plate, or during the subsequent stacking, alignment, and bonding of
membrane layers to create a 3D construct.
The goal of the research summarized in this chapter is to investigate the
maximum porosity that can be achieved in PCL membranes just prior to failure of the
web between adjacent holes as a result of shear forces and surface tension. The research
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approach taken is to conduct FE simulations of 70 μm thick PCL membranes at various
die clearances while maintaining a constant punch diameter of 200 μm. The simulations
are then verified by experiment, where the minimum web thickness is compared to
predicted results through inspection of SEM images. Finally, an analytical framework is
proposed to predict an upper bound for the maximum porosity level achievable to
withstand in-plane tension as a result of membrane handling.
Membrane porosity

is defined as the ratio of open to closed surface area, with

porosity often stated as a percentage. For typical tissue engineering applications, it is
desirable to achieve a porosity level well above 50% so as to maximize the number of
home sites available for cell differentiation and growth, while concurrently minimizing
the volume of material susceptible to biodegradation.
Considering the spatial geometry of a 2D membrane hole pattern, web thickness
refers to the minimum web thickness, which occurs along the centerline of two adjacent
holes, Figure 7.1.

Figure 7.1 A membrane with holes arranged in a squared pattern. The minimum web thickness is
defined by f.
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The distance between two adjacent holes

in a square hole pattern can be written

as a function of hole radius and web thickness according to
(7.1)
By definition, the porosity follows as

(7.2)
Substitution of Equation 7.1 into Equation 7.2 results in an expression for
membrane porosity for a square pattern of holes, Figure 7.1, in terms of the
manufacturing parameters i.e. punch radius and desired web thickness,

(

)

(7.3)

According to Equation 7.3, porosity of a membrane is roughly dependent on the square of
web thickness and reaches its maximum value as the web thickness approaches zero.

(7.4)
From a purely geometric standpoint, the maximum porosity increases from
78.5% to 90.7% when the relative positioning of a row of holes is shifted, transforming a
square pattern of holes into a nested pattern of holes i.e. a “close pack” or “hexagonallyclose-packed” (HCP) arrangement. However, the geometric maximum porosity level is
not achievable due to web failure during the micropunching process.
The initiation of catastrophic web failure is dependent upon both the material
properties of the biocompatible, biodegradable membrane and the stresses induced during
the micropunching process. Through FE modeling, as verified by experiment, it is
possible to predict a minimum web thickness during cryogenic micropunching of PCL.
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7.2.

Materials and Methods

7.2.1. Micropunching in PCL
Similar to the previous study on peak punching force, micropunching is
conducted with a 200 μm diameter punch in 70 μm thick PCL membranes for three die
clearances (8.6%, 17.1%, and 25.7%). The various die clearances are obtained by using a
female die with three different hole diameters. All punching is done with the same punch
due to a lack of appreciable wear as verified by SEM.
After punching each hole, a precision micrometer controlled stage, Figure 6.5, is
adjusted to linearly translate the material holder a prescribed distance. This method
results in the fabrication of a linear pattern of holes, where the spacing between adjacent
holes is reduced incrementally until web tearing is observed. For experiments, the center
distance between adjacent holes is reduced by 10 μm increments after each successive
punching cycle.
7.2.2. Finite Element Modeling
A FE model exhibiting half symmetry is developed with a 200 μm diameter hole
prefabricated and meshed in a virtual 70 μm thick PCL workpiece, Figure 7.2. The
model facilitated an analysis of web stresses and fracture during the cryogenic
micropunching simulation of an adjacent 200 μm diameter hole.
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Figure 7.2 Finite element model used to simulate micropunching a 200 μm hole adjacent to a
pre-existing hole (70 μm thick PCL)

The same boundary conditions and material model are employed as previously
described in Chapter 6 for simulations of peak punching force. However, to
accommodate the additional hole, the workpiece size is increased from 1 mm square to a
rectangular strip with a width of 1 mm and a length of 2 mm, resulting in an increase of
average simulation time from 1 hour to 4 hours.
As in the experiment, simulated web thickness is gradually reduced by
decreasing the distance between the centers of the pre-existing hole and the new hole
being punched. Having conducted the experiments prior to the simulations, it was
apparent that the analysis of web stress should begin when the web thickness is less than
or equal to approximately 20 μm.

7.3.

Results
Micropunching holes in a linear pattern, with progressively smaller hole spacing,

is investigated by taking SEM images. Figure 7.3 shows a linear pattern of holes from a
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200 μm diameter punch in a 70 μm thick PCL membrane that was fabricated with 8.6 %
die clearance.

Figure 7.3 Test case for 8.6% die clearance showing a linear pattern of micropunched holes
to observe web tearing as the holes are punched progressively closer together (200 μm
punch, 70 μm thick PCL)

Similarly, Figure 7.4 is an SEM image of a linear pattern of holes for a 17.1% die
clearance.

Figure 7.4 Test case for 17.1% die clearance showing a linear pattern of micropunched holes
to observe web tearing as the holes are punched progressively closer together (200 μm
punch, 70 μm thick PCL)
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Micropunching experiments with 25.7% die clearance resulted in incomplete
holes being formed, Figure 7.5, as the punch-out remained tethered to the membrane
surface. However, web tearing with reduced spacing between two adjacent holes is
observable from the SEM image. Notably, consistency in the location of the sheared edge
of the hole is indicative of die misalignment, Figure 7.5.

Figure 7.5 Test case for 25.7% die clearance showing a linear pattern of micropunched holes
to observe web tearing as the holes are punched progressively closer together. Partial
shearing was observed, with a geometric consistency indicative of die misalignment (200 μm
punch, 70 μm thick PCL).

Upon inspection of the SEM results at higher magnification, images reveal web
tearing as the web thickness is reduced. For example, considering a punch center-tocenter distance of 230 μm (nominal web thickness of 30 μm), complete fracture of the
web is not observed over the range of die clearances tested. However, as the center
distance between two successive holes is reduced to 220 μm (nominal web thickness of
20 μm), web fracturing occurs. SEM images for a 30 μm thick web at 8.6% and 17.1%
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die clearance are shown in Figure 7.6 and 7.7, respectively. Similarly, the results for a 20
μm thick web at 8.6% and 17.1% die clearances are shown in Figures 7.8 and 7.9,
respectively. Results for 25.7% die clearance are not shown due to incomplete holes.

Figure 7.6 Partially fractured, but unbroken web for 8.6% die clearance and a center-tocenter hole distance of 230 μm resulting in a nominally 30 μm thick web (70 μm thick PCL)

Figure 7.7 Unbroken web for 17.1% die clearance and a center-to-center hole distance of 230
μm resulting in a nominally 30 μm thick web (70 μm thick PCL)
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Figure 7.8 Broken web for 8.6% die clearance and a punch center-to-center distance of 220
μm resulting in a nominal 20 μm thick web (70 μm thick PCL)

Figure 7.9 Broken web for 17.1% die clearance and a punch center-to-center distance of 220
μm resulting in a nominal 20 μm thick web (70 μm thick PCL)
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In order to create a greater breadth of images for comparison of the experimental
and FE simulation results, additional punching was carried out for punch center-to-center
distances less than required to initiate web fracture. Specifically, while holding die
clearance constant at 8.6%, center distances of 210 μm, 200 μm, and 190 μm, were
investigated. A nominal web thickness of 10 μm is expected for a punch center-to-center
distance of 210 μm, whereas a distance of 200 μm produces a line-on-line condition, and
a center distance of 190 μm causes the hole diameters to overlap by 10 μm. SEM images
of the fractured webs, corresponding to these three punching conditions, are shown in
Figures 7.10 to 7.12.

Figure 7.10 Fractured web for punch center-to-center distance of 210 μm, resulting in a
nominal web thickness of 10 μm (8.6% die clearance, 70 μm thick PCL)
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Figure 7.11 Fractured web for punch center-to-center distance of 200 μm, resulting in a lineon-line condition between adjacent holes (8.6% die clearance, 70 μm thick PCL)

Figure 7.12 Fractured web for punch center-to-center distance of 190 μm, resulting in 10 μm
overlap along the center line between adjacent holes (8.6% die clearance, 70 μm thick PCL)

152
Figure 7.13 to 7.15.

Figure 7.13 Fractured web for punch center-to-center distance of 210 μm, resulting in a
nominal web thickness of 10 μm (17.1% die clearance, 70 μm thick PCL)

Figure 7.14 Fractured web for punch center-to-center distance of 200 μm, resulting in a lineon-line condition between adjacent holes (17.1% die clearance, 70 μm thick PCL)
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Figure 7.15 Fractured web for punch center-to-center distance of 190 μm, resulting in 10 μm
overlap along the center line between adjacent holes (17.1% die clearance, 70 μm thick PCL)

Summarizing the experimental phase, successive holes were punched to create
nominal web thicknesses of 30 μm, 20 μm, 10μm, 0 μm (line-on-line), and -10 μm
(overlapping holes). This was accomplished by moving the material holder in increments
of 10 μm while successively punching holes. Tolerance on the nominally prescribed web
thickness is estimated to be +/- 2 μm based on micrometer control of the material
translation stage. Results from the experiments are summarized in Table 7.1.

154
Table 7.1 Summary of experimental results (200 μm diameter holes, 70 μm thick PCL)

Die
Clearance
(%)

Center-to-Center
Hole Distance
(μm)

Minimum Web
Thickness
(μm)

Web
Fracture
Observed?

8.6
8.6
8.6
8.6
8.6
17.1
17.1
17.1
17.1
17.1
25.7
25.7
25.7
25.7
25.7

230
220
210
200
190
230
220
210
200
190
230
220
210
200
190

30
20
10
0
-10 (overlapping)
30
20
10
0
-10 (overlapping)
30
20
10
0
-10 (overlapping)

No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes

Following the experimental phase, simulations were carried out to determine the
predictive capability of the FE model. Similar to the terminology used in the
experimental phase, “center-to-center” now refers to the distance between the axis of the
preexisting hole and the axis of the punch, Figure 7.16.
Unlike the experimental phase, there are no tolerance constraints when
simulating the micropunching process. As such, simulations were run for center-tocenter distances in increments of less than 10 μm, with a focus on determining more
precisely the web thickness were fracture is first initiated.
The FE simulations correlated quite well with experiments. Regardless of die
clearance, simulations predicted web failure when the minimum web thickness
approached 20 μm. The results are summarized in Table 7.2.

155

Figure 7.16 Model geometry for the finite element simulation of micropunching a hole
adjacent to a preexisting hole

Table 7.2 Summary of FE simulation results (200 μm diameter holes, 70 μm thick PCL)

Die
Clearance
(%)

Center-to-Center
Hole Distance
(μm)

Minimum Web
Thickness
(μm)

Web
Fracture
Simulated?

8.6
8.6
8.6
8.6
8.6
17.1
17.1
17.1
17.1
25.7
25.7

223
216
210
200
190
230
222
217
210
223
218

23
16
10
0
-10 (overlapping)
30
22
17
10
23
18

No
Yes
Yes
Yes
Yes
No
Nearly
Yes
Yes
No
Yes

The method of element elimination was a successful technique for predicting the
resulting web geometry by simulation. For example, in the case of a center-to-center
distance of 210 μm (10 μm nominal web thickness) the simulated web geometry and the
SEM image from experiment at 8.6% die clearance are very comparable, Figures 7.17(a)
and 7.17(b), respectively .
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(a)

(b)

Figure 7.17 Comparison of (a) simulated geometry from FE model and (b) SEM image from
experiment for adjacent micro-hole punching at a center-to-center distance of 210 μm with a
die clearance of 8.6 % (nominal 10 μm web thickness, 70 μm thick PCL)

In another example, the simulated geometry of the line-on-line micropunching case and
the SEM images from the experiment for 8.6% die clearance are also very comparable,
Figure 7.18(a) and 7.18(b), respectively.

(a)

(b)

Figure 7.18 Comparison of (a) simulated geometry from FE model and (b) SEM image from
experiment for adjacent micro-hole punching at a center-to-center distance of 200 μm (lineon-line condition) with a die clearance of 8.6% (70 μm thick PCL)
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A cross sectional view of the simulated hole geometry reveals the stress
distribution and the extent of punch travel prior to complete fracture of the punch-out. In
general, at 8.6% die clearance, shear of the punch-out occurs first on the side of the hole
opposite the web.
Figure 7.19 shows the stress distribution in cross section after the punch has
traveled 30 μm into the surface of the 70 μm thick PCL membrane. At this point, the
punch-out is still attached to the bulk material around the full circumference of the hole.
However, as the punch advances to a depth of 40 μm, the punch-out is sheared
completely from the side wall opposite the web, Figure 7.20.

Figure 7.19 Stress (MPa) distribution plot of the cross section during adjacent punching at
center to center distance of 210 μm with die clearance of 8.6 % at punch stroke length of 30
μm

At 8.6% die clearance, complete shearing of the punch-out is observed after the
punch has traveled approximately two thirds through the material thickness. The
required stroke length for complete shear is extended to nearly material thickness for
17.1% die clearance and as observed, at 25.7% die clearance the gap between the male
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and female die (18 μm) is often too large for complete shearing to occur at full stroke
length i.e. when stroke length is equivalent to material thickness.

Figure 7.20 Stress distribution plot of the cross section during adjacent punching at center to
center distance of 210 μm with die clearance of 8.6 % at punch stroke length of 40 μm

Simulations at 17.1% die clearance were also comparable to the web geometry
observed in analysis of SEM images from micropunching experiments. Figure 7.21
compares the results when the center-to-center distance is 230 μm (30 μm nominal web
thickness). In both the experiment and in the simulation, the web between adjacent holes
remains intact.
As the nominal web thickness is reduced to 10 μm, with a center-to-center
distance of 210 μm, web fracture occurs in both the experiment and in the simulation.
For this case, the predicted and actual web geometry is quite comparable as shown in
Figure 7.22.
By refining the increment of distance between the punched holes, the FE
simulation predicts that web failure is first initiated at a minimum web thickness of
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approximately 22 μm for a die clearance of 17.1%, Table 7.2. This corresponds to a
porosity of 63.7% for a square hole pattern, Equation 7.3. The stress field can be
observed to extend well beyond the punch perimeter and into the web, Figure 7.23.

(a)

(b)

Figure 7.21 Comparison of (a) simulated geometry from FE model and (b) SEM image from
experiment for adjacent micro-hole punching at a center-to-center distance of 230 μm (30
μm nominal web thickness) with a die clearance of 17.1% (70 μm thick PCL)

(a)

(b)

Figure 7.22 Comparison of (a) simulated geometry from FE model and (b) SEM image from
experiment for adjacent micro-hole punching at a center-to-center distance of 210 μm (10
μm nominal web thickness) with a die clearance of 17.1% (70 μm thick PCL)
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Figure 7.23 Stress (MPa) distribution plot of the web during adjacent punching at a enter-tocenter distance of 222 μm with die clearance of 17.1 % at punch stroke length of 31.5 μm

7.4.

Discussion
The objective of this study was to determine maximum achievable porosity and

its dependency on die clearance. From the experimental data, it is clear that irrespective
of die clearance web tearing starts at around a web thickness of 20 μm. Finite element
simulations predict that web tearing occurs for a web thickness of approximately 10 μm
to 20 μm.
Based on the simulations and experimental results, a conservative estimation of
the minimum web thickness is 20 μm. Note that this is valid only for holes with nominal
diameter of 200 μm and a film thickness of 70 μm as considered in this study.
Maximum achievable porosity can be obtained by arranging the holes in a
hexagonally-close-packed pattern as shown in Figure 7.24. Porosity, in this case can be
calculated as
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(7.5)

Figure 7.24 Hexagonally-Close-Packed arrangements of holes

Assuming the radius of the circle is

and the web thickness is , side length of the

hexagon is
(
The area of the hexagon in terms of

)

(7.6)

can be calculated as
√

√

(7.7)

and the area of the circles inside the hexagon by
(7.8)
Dividing Equation 7.7 by Equation 7.8, porosity can be calculated as
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√

√

4

5

(7.9)

Upon substitution of Equation 7.6 into Equation 7.9,

(

√

)

(7.10)

and after simplification of Equation 7.10, the equation for porosity of a hexagonallyclose-packed hole pattern is

√
In the current study,

[

(7.11)

( )]

and

. Therefore, the maximum achievable

porosity can be calculated as

√

0

.

(7.12)

/1

Therefore, it can be concluded that for a nominal hole diameter of 200 μm in 70 μm thick
PCL, the maximum achievable porosity is approximately 75%.

7.5.

Maximum Porosity for a Porous Membrane in Tension
In addition to manufacturing limitations that put a ceiling on the maximum

achievable porosity, handling of 2D porous membranes without damaging them is also a
concern. Here, damage is defined as exceeding the tensile yield point of the material in
the webbing between holes.
Assume that during handling of a 2D hexagonally-close-packed membrane, a
uniform pressure

is applied along the edges in one direction, Figure 7.25. Let

be the

163
total length of the membrane perpendicular to the direction of the applied pressure and let
be the thickness of the membrane perpendicular to the planar surface.
The applied pressure will slightly reduce the effective length by reshaping the
circles as ellipses, with the major axis of each ellipse in the direction of the applied
pressure. For simplicity, neglect the reduction in length and assume that it remains the
same as prior to the loading process. Now, by considering any cross section
perpendicular to the loading direction, the entirety of the load is transmitted to the thin
webs between holes. Provided web thickness is considered quite small as compared to the
diameter of the holes, the web stresses are aligned along the loading direction and are
uniform. Therefore, the total force applied to the membrane can be written as
(7.13)

Figure 7.25 A 2D porous membrane under uniaxial loading
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This force is balanced by the cumulative web stress across any row of holes. The number
of webs across the length

can be written as

(7.14)
where

is the diameter of the holes. For

, Equation 7.14 can be rewritten as

(7.15)
The cross-sectional area

of each web is
(7.16)

where

is the web thickness. The total web cross sectional area can now be written as
(7.17)

Therefore, web stress can be written as

(7.18)
Substituting Equation 7.13 and 7.17 into Equation 7.18,

(7.19)
and upon simplification, the web stress can be written as

(7.20)
To avoid damaging the membrane as a result of planar tensile forces, the following
condition must be met,
(7.21)
where

is the yield strength of PCL at room temperature.

165
Substituting Equation 7.20 into Equation 7.21, the damage criteria becomes

(7.22)
and upon solving for web thickness,

(7.23)
This lower limit of web thickness

is determined by the material yield point

hole diameter , and the level of pressure

the

used to handle the 2D membrane.

As previously described, for a 200 μm diameter hole and a 70 μm thick
membrane, Equation 7.11 can be used to calculate the maximum achievable porosity –
repeated here for convenience.

√
Substituting

and

(

[

)]

(7.24)

, Equation 7.24 becomes

√

0

.

/1

(7.25)

Equations 7.24 and 7.25 can be used to determine the maximum handling
pressure while achieving the desired porosity level for a given hole size.

7.6.

Conclusion
i.

Through cryogenic micropunching, a linear pattern of 200 μm diameter
holes was fabricated by reducing the web thickness between adjacent
holes in 10 μm increments. For a 70 μm thick PCL membrane, it was
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determined that web tearing started at a minimum web thickness of
approximately 20 μm.
ii.

Finite element simulations of the micropunching process demonstrated
that web tearing started at a minimum web thickness of 10 μm to 20 μm,
which is in close agreement with what was observed experimentally.

iii.

Finite element simulations demonstrated that there was no dependency of
minimum achievable web thickness on die clearances between 8.6% and
25.7%.

iv.

For a membrane that is not subjected to external loading, the maximum
achievable porosity for a hexagonally-close-packed arrangement of holes
is 75% while micropunching 200 μm diameter holes.

v.

An analytical model was presented to calculate the maximum achievable
porosity in the presence of an external tensile load as result of handling.
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Chapter 8
Summary
8.

Summary

Research was conducted using a newly developed cryogenic micropunching technique to
create engineered porosity in Polycaprolactone membranes. The process was simulated
using finite element methods and validated using experiments.

8.1.

Conclusions
i.

Conventional finite element simulations were validated for their
predictive capability in estimating peak punching force while
micropunching thin copper foils, eliminating the need for cumbersome
crystal plasticity finite element simulations.

ii.

An analytical model was developed to understand the force profile shape
while punching with a slanted punch. It was found that the instantaneous
punching force is related to the instantaneous creation rate of shear area.

iii.

Material properties of Polycaprolactone were determined for room
temperature compression tests, as well as for samples immersed in liquid
nitrogen, in order to determine material behavior below the glass
transition temperature.

iv.

Experimentally determined material properties of PCL were used to
determine the flow stress curve for finite element simulations of the
cryogenic micropunching process.
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v.

Experiments were conducted to understand if an optimal die clearance
results in minimum peak punching force while micropunching
Polycaprolactone films. For the range of clearances considered,
experimental results showed that punching force reduces slightly with
die clearance. However, no minimum was found. Finite element
simulations were able to estimate the peak punching force with
reasonable accuracy as compared to experiment, but did not show any
sign of optimal die clearance for minimum peak punching force.

vi.

Experiments and finite element simulations were in agreement that
minimum web thickness between 200 μm diameter adjacent holes in 70
μm thick Polycaprolactone was approximately 20 μm. This minimum
web thickness showed no dependency on die clearances between 8.6%
and 25.7%. The maximum achievable porosity, for the considered
process conditions, was found to be approximately equal to 75% for a
hexagonally-close-packed arrangement of holes.

vii.

An analytical model was developed to illustrate the dependency of
maximum achievable porosity on the membrane handling forces during
multilayer stacking.

8.2.

Future Scope

During the course of this research, several new and interesting problems were
encountered, a few of which can be considered for future research.


During the experiments, it was found that many times the dies get misaligned due
to repeated cooling and heating of the fixture. At times, this results in a reduction
of peak punching force due to incomplete punching. One such case was
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simulated and found to mimic the experimental results, which is presented in
Chapter 6. A more detailed investigation should be pursued to fully understand
misaligned punching as a function of die clearance and material thickness.


In order to achieve high production volume, the ability to punch multiple holes,
simultaneously, is desired. There are serious manufacturing limits to fabricating
metal dies for punching multiple micro-scale holes. However, silicon dies can be
fabricated using micro-fabrication techniques i.e. masking and etching. It will be
interesting to investigate the punching forces and web tearing while
simultaneously punching multiple holes. Also, since silicon dies are brittle and
more susceptible to failure than metal dies, detailed finite element simulations
can be done to estimate die stress and wear, unlike in the current research where
the dies are modeled as rigid parts.



Conventional finite element simulations were able to predict the punching forces
while punching copper foils with reasonable accuracy. However, the exact shape
and uncertainty in the fractured surface is difficult to predict when the geometry
features are of comparable size to the workpiece grains. This can be achieved by
conducting Crystal Plasticity Finite Element (CPFE) simulations. However, the
material properties of copper in the meso-scopic domain, specific to atomic
lattice orientation in individual grains, may not be readily available in the
literature. Therefore, prior to CPFE simulations, detailed material
characterization of copper can be considered.



It would be interesting to see the experimental results for the force profile while
punching with various slanted punch faces (single and symmetrical double
slanted). Male dies can be fabricated with a slant angle by sanding and polishing
a gage pin while mounted in a tool holder with a specific slant angle.
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When punching micro holes in copper foil with high production rates, strain rates
may be very high, and therefore a strain rate sensitive material model must be
used. In order to predict the repeatability in quality of the punched holes, a strain
rate sensitive CPFE model can be used.



The research on maximum achievable porosity can be extended to see the effect
of film thickness and hole diameter. A smaller hole diameter will have a higher
curvature and hence may prevent twisting of the web while punching near a preexisting hole. This could result in a lower minimum web thickness, which will
increase the effective porosity. Also, it can be investigated if there lies a cross
coupling between film thickness and hole diameter while predicting maximum
achievable porosity.
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