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APPENDIX A

APPENDIX

In this appendix, we describe techniques for sample fabrication, experi-
mental protocols, and numerical details used in this thesis.

A.1 Molding

In this appendix, we demonstrate the detail of molding of the sample. We
make the sketch of the mold by Autodesk Inventor, and save it as an ".stl"
file. Then we use Cura to set the printing details. The mold is designed
to be broken easily so that we can get the rubber out of the mold without
damaging the rubber. Therefore, the thickness of the wall and the base of
the mold is 0.2 - 0.6 mm. We design the wall line account of the hollow
cylinder 2 mm and the thickness of the hollow cylinder 1.2 mm to make
sure that the upper PLA has been printed before the substrate PLAs cool
down and the hollow cylinder is stable enough after the printing completed.
We also design the thickness of the bottom of every hollow cylinder as 0.8
mm to make sure the hollow cylinder that sticks to the base firmly. The
height of each printed layer of the mold is set to be 0.1 mm. The print speed
is set to be 50 mm per sec. Then we save both the design and the setting of
printing as a ".gcode" file and use the Ultimaker 2+ to print it out.

To making a rubber sample, we first use a spoon and a beaker to mix the
two two component elastomers together. The mixture was stirred for 30
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to 60 seconds ar room temperature and then poured into the mold. The
height of the liquid surface is the same as the height of the cylinder of the
mold, so that the holes of the sample will not be sealed by a layer of rubber.
We use a knife to clean most of the excess rubber.

Next, we eliminate the bubbles in the mixture by putting the mold into a
freezer. There are a lot of bubbles appears in the mixture due to the stirring,
and it is necessary to eliminate the influence of bubbles [2, 3]. It takes a long
time for the bubbles to rise and disappear in the mixture but it only takes 20
minutes at room temperature for the mixture to almost solidify into rubber.
We can reduce the number of bubbles in the sample by speeding up the rise
of the bubbles or by prolonging the time the mixture solidifies. The method
used in this thesis is extending the solidification time of the rubber. We
put the mold into a freezer at -18°C for 1 hour to slow down cross linking,
leaving time for the material to degas and fill every nook and cranny in the
mold,

After the liquid rubber has solidified, we remove the sample from the mold
(Fig. A.1a). After the sample rest for an hour in room temperature, we
break the mold to take the sample out of the mold. It is possible for a layer
of rubber to cover the cylinder, as shown in Fig. A.1 (b). This thin layer of
rubber will seal the hole. To avoid that, we use a knife to remove this layer
first. Then we use a knife to cut the base of the mold, as shown in the lower
part of Fig. A.1 (c), and after that we use a screw driver or a stick to separate
the cylinders from the sample (upper part of the Fig. A.1c). Hence, we can
see the result of cutting clearly. The last step to get the sample is pushing
out the cylinders by a hexagon screwdriver and remove the walls. Now the
final sample is shown in Fig. A.1 (d). We let the sample rest for a week at
room temperature, after which the elastomer does not age anymore [2, 3].
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(a) (b)

(c) (d)
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FIGURE A.1: The process of sample manufacture. (a) A mold with solid rubber
in it. (b) An example of the cylinder of the mold covered by a little rubber, as (i)
shows. (c) The base of the mold was cut by a knife, where (i) is the cut part being
separated and (ii) is the cut part not being separated. (d) A sample.

A.2 Sample Preparation

A.2.1 3D Printing of molds

We create flexible metamaterials by pour two component elastomers into
3D printed molds. We use an Ultimaker to print the mold with 2.85 mm
Filament Performa PLA(Polylactic Acid), and the diameter of the nozzle of
the printer is 0.4 mm. We first describe the mold used for a square sample
with 4 straight borders, followed by a description of the mold used to
fabricate samples without borders in two opposite sides.
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We first focus on the creation of square samples (10 × 10 holes) with 4
straight borders. A typical mold is shown in Fig. A.2. It is designed to
make a H ×W × T =50 mm × 50 mm × 15 mm sample. The mold was
designed by Autodesk Inventor. The mold is created like a container to pour
the liquid elastomer components without leaking, and there are cylinders
in the mold to make the holes in the sample. The outer length of the square
mold is 51 mm, and the outer height of the mold is 15 mm.

FIGURE A.2: The mold of the 10 × 10 biholey metamaterial. We call the sides with
walls upper(U) and down (Dm) side while the sides without walls are the left(L)
and right(R) sides. (a) A mold of a sample with sidewalls, which includes: (i) the
cylinder in the mold and (ii) the side walls. The pitch between two cylinders,P , is
5 mm; the diameter of the cylinder, D, is 4 mm; the spacing between 2 cylinders is
1 mm; the spacing between a cylinder and the wall is 1 mm; the thickness of the
wall is 0.5 mm, Wm = Hm = 51.0 mm, and Tm = 15.5 mm. (b) A mold of a sample
without sidewalls, which dimension is 51 mm × 57 mm × 15.3 mm .

Another type of mold of the sample without side walls is created like a
container with 11 × 9 holes inside the container and 11 × 2 half holes
connecting the wall to the mold. The cylinders inside are to make the holes
on the holey sheet while the half cylinders connecting the wall of the mold
are to make the side wall flexible [2, 3]. A typical mold is shown in Fig. A.2.
It is designed to make a 50 mm × 56 mm × 15 mm sample with 11 × 9
holes and 11 × 2 half holes. For the setting of printing and designing of
the mold without side walls at the left and right of the sample, we use the
same design as above (for details see appendix).
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Once we have printed the mold, we can pour silicon rubber into the mold.
The rubber we used for the sample is two component silicon elastomer,
brand name Elite Double 8 from Zhermack, with a Young’s Modulus E
≈ 220kPa, Poisson’s ratio ν ≈ 0.5, The two components are the polymer
and the catalyst respectively and the two components should be mixed at
1:1 weight ratio. For detail, see appendix.

A.2.2 Geometric error bar

No. Dd D Error Bars of D Di Error Bars of Di
(mm) (mm) (mm) (mm) (mm)

1 3.50 3.40 0.05 3.35 0.19
2 4.00 3.90 0.05 3.80 0.30
3 4.50 4.40 0.10 4.35 0.26
4 4.50 4.50 0.05 4.50 0.33

TABLE A.1: Parameters of the holes in the homogeneous holey samples with side
walls. The sample (10 × 10) is charactered with {H, W, T, P} = {51 mm, 51 mm, 15
mm, 5 mm }.

Now we discuss the geometric differences andRoot Mean Square (RMS)
errors in the sample, and focus on the mean and errorbar of the diameter of
the holes in a sample. We compare the originally designed diameter, Dd, the
diameter of the cylinder of the printed mold, D, and the diameter measured
in a snapshot of the rubber sample, Di. Among them, Dd is affected by
printer accuracy, Di is affected by rubber aging, and D is measured in a
snapshot of the sample through image J. Tab. A.1 shows the diameters and
RMS error bars of the printed samples. In this thesis, we use the diameter
of the cylinder of the printed mold D as the geometry of hole pattern.
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A.3 Experimental Protocol

A.3.1 Uniaxial Testing

We probe the samples by a dual column Instron 5965 uniaxial compression
device. The sample is put on the Instron between the ground plate and the
compression plate, as shown in Fig. A.3 (a).

The Instron moves the horizontal cross bar in vertical direction to compress
or decompress the sample. The resolution of the vertical displacement of
the horizontal cross bar is 4 µm. The resulting force is measured with a 100
N load cell attached to the horizontal bar and the resolution of the load
cell is 0.5 mN. We use a computer to control the Instron using BlueHill 2
to preset the displacement and the speed of the horizontal bar. During the
testing, two constant nominal compression rates, ±0.2 mm/sec, applied on
the sample. At last, the force data of the response collected by the load cell
and saved as a ’.csv’ file.

(a)

i
ii
iii
iv
v

(b)
i

ii

iii

v

FIGURE A.3: (a) The sketch of the Instron, where (i) denotes the horizontal cross
bar, (ii) denotes load cell of the force sensor, (iii) denotes the compression plate, (iv)
denotes the sample, and (v) denotes the support plate. (b) A photo of the Instron.
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A.3.2 Image acquisition

The camera we used to acquire images is a Basler asA2040-25gm/gc CMOS
camera. It is 2046 × 2046 pixels and the size of each pixel is 5.5 × 5.5 µm.
Fig. A.4 shows the schematic diagram of the setup of the camera. There
are two possible setups for the light. Fig. A.4 (a) shows the setup of the
sample illuminated by light in front of it, while Fig. A.4 (b) shows the setup
of the outline of the sample illuminated by a back light. The camera is
placed approximately 90 cm away of the sample to minimize distortion and
parallax. Then we focus and magnify the sample to show it in the center of
the camera. The camera is connected to the same computer as the Instron
testing device and is controlled by LabView, so we can acquire image while
measuring force and displacement data with the Instron. When we start
testing by the BlueHill 2 in the computer, the horizontal bar start moving
vertically, the load cell start recording data and the camera start taking
image. The exposure time of the camera is between 150 ms and 750 ms.
Hence we can get 400 to 80 images per minutes.Photos are saved as ’.png’
files automatically and the precise times of taking each photo are saved as
’.txt’ file.

(a) (b)

i
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iv
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ii
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FIGURE A.4: Overview of the setup of the camera, where (i) denotes the computer,
(ii) denotes Instron, (iii) denotes the light, and (iv) denotes the camera. (a) Front
light setup. (b) Backlight setup.
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A.3.3 Experimental details

We start the experiment by placing the sample in the Instron. Then we
adjust the camera. Firstly, we turn on the LED light and keep it on during
the experiment. Secondly, we observe the view of the camera by starting
the LabView NI-DAQmx Measurement & Automation Explorer software
to control the camera, turning off the trigger mode box, and playing the
’capture images continuously’. We adjudge the position to make the sample
in the center of the view of the camera. Now we adjust the lens of the
camera so that the entire sample can fill the image taken by the camera. If
needed, we also adjudge the position of the sample and the aperture of the
camera. After that, we turn on the the trigger mode box of LabView NI-
DAQmx Measurement & Automation Explorer to make sure the Bluehill 2
can trigger the camera.

Next, we start the Bluehill 2 software. We lower the crossbar until the
T-shaped compression plate is 1 or 2 mm away from the sample so that
we can track the entire process from when the compression plate has not
touched the sample to the compression plate compressing the sample. Now
we reset the height of the crossbar and the force, using ’Reset Gauge’ button
and ’Balance Load’ button.

Next, we design a test that allows us to compress and decompress the
sample by an amount uy with a rate of vy and save the data in a .csv
file, where the columns are Time, Compression Strain (raw strain) and
Compression Stress (raw stress). We use a compression rate at 0.2 mm/sec.

Next, we trigger both Instron and the camera to start the experiment. In
parallel, we start our self-written LabView program[2, 3] that captures the
photos taken by the camera which is triggered by the SYNC pulse. Then,
we start the Bluehill program immediately after LabView Program such
that we can collect images and the compression data.
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The image and the compression data are all saved in a folder named by the
date. Under this folder, the images are saved in a subfolder called ’photo’
and the raw data saved in a subfolder called ’XXX.is_comp_ RawData’ or
’XXX.is_ccyclic_RawData’, where XXX is the name of the sample.

A.4 FEM analysis and the type of element

(a) (b)

(c)

1

4 3

2

x

y F F
CPS4:

Real:
F F

(d)

FIGURE A.5: The 2D biholey metamaterial with 5 by 5 holes is meshed with CPS4.
(a) An example of CPS4. The red dot is the integration point for output. The
black dot and line are the ordered node and face on the element respectively. (b)
An example of the real element bending and an example of the actual shape of a
corresponding CPS4 element. The orange curves denote the force on the element.
(c) The resulting ε − σ curve (P = 5 mm, D1 = 4.1 mm, D2 = 3.9 mm). (d) The
resulting M− Ee f f plot of the sample with element type - CPS4.

We use the finite element package Abaqus/Standard [2, 3, 11, 19, 25] to
obtain the first mode of the biholey metamaterial, which provide a ’static’,
uniaxial, vertical compression on the sample. To do the finite element anal-
ysis, we divide the domain of the problem into a collection of subdomains:
this is called meshing. The biggest size of the mesh is t/3, where t is the
thickness of the filament between two holes. To investigate the influence of
the choice of the mesh, we compare two different element types and apply
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the elements on the 2D biholey sheet with 5 by 5 holes sample, as shown in
Fig. A.5 (a) and Fig. A.6 (a).

One type of element we use is a 4-node bilinear plane strain quadrilat-
eral (CPS4), as shown in Fig. A.5 (a). Fig. A.5 (b) shows an example of
a deformed CPS4, which illustrate that deformation of this element are
trapezoidal. CPS4 elements have 4 straight sides because each side uses
linear interpolation for position and displacement. As a result, there is
a difference between the simulations and reality, so that the simulation
results may depend on the density of the nodes, which is also known as
mesh size, M.

To study the effect of meshing on the deformation, we have performed
a systematic mesh refinement study for the in-plane grid and varied the
mesh size. Fig. A.5 (c) shows the force response of a biholey metamaterial
with 5 by 5 holes (P = 5 mm, D1 = 4.1 mm, D2 = 3.9 mm) and meshed in
different sizes. With regard to the element type CPS4, we see the smaller
mesh size (M = 0.3 mm) provides a softer response. Fig. A.5 (d) shows that
the effective Young’s Modulus, Ee f f , of two biholey metamaterials with
different geometry changes with M, where Ee f f is the slope of the liner
increasing part of the ε− σ curve. We see Ee f f increases with M. We note
that the value of the sample with D1 = 4.1 mm, D2 = 3.9 mm and M =
0.4 mm have a larger value than the sample with D1 = 4.2 mm, D2 = 3.8
mm and M = 0.1 mm, which means M has a significant effect on the force
response of the sample.

Sometimes, we also reduce integration with hourglass control in CPS4
(CPS4R), which only outputs one integration point and provides a faster
calculation speed, but the simulation result of the element type CPS4R is
close to CPS4. In Fig. A.5 (c), there is an example of the simulation result of
the element type CPS4R, and we see the red dash line almost coincident
with the blue line.

We also studied the eight-node plane stress element, CPS8, as shown in
Fig. A.6 (a). Since each side of the CPS8 has 3 nodes, it is able to use
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FIGURE A.6: The 2D biholey metamaterial with 5 by 5 holes is meshed with CPS8.
(a) An example of CPS8. The red dot is the integration point for output. The
black dot and line are the ordered node and face on the element respectively. (b)
An example of the real element bending and an example of the actual shape of a
corresponding CPS8. The orange curves denote the force on the element. (c) The
resulting ε− σ curve (P = 5 mm, D1 = 4.1 mm, D2 = 3.9 mm). The curve of the
sample with CPS4: M = 0.3 mm and the curve of the sample with CPS4R: M=0.3
mm overlap. (d) The resulting M− Ee f f plot of the sample with element type -
CPS8.

quadratic interpolation for position and displacement so that the strain
varies linearly along with the element. Fig. A.6 (b) shows an example of the
compression of the deformations of a real element and a CPS8. We see the
simulation result of deformation of CPS8 is closed to the real case. Fig. A.6
(c) shows the force response of the biholey metamaterial with 5 by 5 holes
(P = 5 mm, D1 = 4.1 mm, D2 = 3.9 mm) and meshed in different sizes, and
we see the two σ− ε curve are close to each other. Fig. A.6 (c) shows more
simulation result of the Ee f f of two biholey metamaterial with different
geometry. We see for the two kinds of geometric (blue plots and orange
plots), Ee f f is little affected by M.

Even though the simulation result of elements with type CPS4 is larger than
type CPS8, CPS4 is available in both static and dynamic problems. Hence
in Chapter 2, we use the element CPS4R to solve the dynamic problem with
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a faster calculation speed than CPS4. However, in Chapter 5, to get the first
mode of the holey metamaterial, we only consider the static case, so in the
following sections, we will use CPS8 in the simulation.
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