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Summary

The research investigates the creation of an end-effector capable of pick-and-placing thin laminates of vari-
ous materials. The chosen end-effector design induces a pressure differential with a membrane, and is capa-
ble to achieve a large switching force (= 50kPa) for various delicate and geometric complex laminates. The
concept utilizes an array of holes, over which a membrane is suspended, hereafter called suction cups. By
applying pressure upon the suction cups, the membrane deforms, resulting in a vacuum capable of gener-
ating large switching forces. During contact the vacuum is created, and during release the membranes are
expanded to release the laminate.

The design variables (radius, membrane height, membrane thickness, Young’s modulus of membrane) of the
concept are numerically investigated to analyze their influence on the suction pressure, the deformation of
the membrane and the corresponding stresses in membrane and laminate. The numerical results indicated
that the membrane thickness and material are vital. As an increase in thickness and young’s modulus re-
sults in an exponential increase in switching force. These numerical results and the end-effector production
method determine the final dimensions.The prototype is then used to perform a set of experiments to vali-
date the numerical model.

The measurement results on the deformation of the end-effector membrane confirm model results. How-
ever, production inaccuracies and the application method of the membrane resulted in inconsistencies in
the dimensions and its performance. The force measurement results indicate that the force created by the
end-effector is heavily impeded by the sealing performance of the suction-cups. Improving the sealing per-
formance resulted in values in accordance with the numerical model. The pick-and-place experiment indi-
cates that a substantial force is created by the suction cups, capable of pick-and-placing rigid laminates. For
the transportation of flexible laminates (thinner and/or smaller young’s modulus), smaller forces are created
due to the compliance of the laminate, therefore more accurate production and a thinner and more flexible
membrane is required.

Depending on the laminate material and shape, certain design guidelines are in place. A larger force can be
created on more rigid laminates, allowing for the application of a less flexible membrane. For thinner lam-
inates the switching force is reduced, and therefore the membrane needs to be very flexible and thin. For a
more complex shape, smaller and more suction cups are required, impacting the other variables. Additional
guidelines for various laminate materials and shapes are found at the end of this report.

In conclusion, an end-effector based on the membrane induced pressure differential is a design path which is
worth investigating further for pick-and-placing thin laminates. Depending on the application and thus the
target laminates, certain design guidelines are set up at the end of this report. These can be used for further
research to pick-and-place geometric intricate laminates of various materials.
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1. Introduction

Metamaterials are used in many fields, ranging from artificial muscles and bio-mimetic materials [1] to en-
hancing the sensitivity and resolution of sensors [2] and noise-dampening/ -shielding materials [3]. Metama-
terials consisting out of multiple materials can be applied in many fields and improve material performance
[1]. An example of such multi-material structures are acoustic metafoams which are constructed by creat-
ing mass variations within materials with varying densities [4, 5]. The full exploitation of the potential of
meta-materials offers the users innovation in countless applications.

Metamaterials are currently mainly produced with point-based production methods (3D printing) which
limit the material diversity [6, 7]. Furthermore, literature has shown that the currently applied methods lack
not only in material diversity but also in throughput [1]. Thus, the current production methods are restric-
tive, limiting the material characteristics [1, 8], and thus limits the freedom of design and wider real-world
applications.

Therefore, an alternate production method is investigated: additive manufacturing by pick-and-placing lam-
inates. This method stacks 2.5D sheets (laminates) for the creation of multi-material architectures. Literature
has shown that pick and placing laminates is a promising method for the creation of these structures [8]. This
is mainly because the method enables a large variety in materials and interlayer adhesive methods. Addi-
tionally, it is a method which gives flexibility in the creation method of the various laminates, which can be
optimized to achieve high throughput.

The exact material characteristics required is very dependent on its application, therefore a few key charac-
teristics are listed which are expected for the new multi-material metamaterials. These characateristics are:

* skeletal structure made from material A with local application of material B,
e large area manufacturing (10x10 cm),

¢ unit cell scale in the range of 100 um to 1000 pm,

¢ high throughput production (Piece cost reduction),

¢ complex 3-dimensional geometries,

e repetitive layered structure, and

¢ mainly hollow structures.

The most important new material characteristic is the creation of multi-material architectures, as it allows
for the creation of new materials with new features. The applied laminate materials can differ, resulting in a
single multi-material architecture consisting out of widely different material properties. Thus, the designed
end-effector must be compatible for laminates with different material properties.

Additionally, to achieve the construction of meta-materials with a unit cell of approx 100 pum - 1000 um, the
handling of thin laminates (10-50 um) with a relative large area (10x10cm) is a vital feature to enable the
creation of larger structures. This requires very delicate handling to not destroy or deform the laminates.

Throughout this report, the goal is to create an end-effector which is capable to delicately pick-and-place
thin large area laminates constructed from a wide range of constituent materials for the creation of meta-
materials with the characteristics mentioned before. This report starts with the process details in chapter 2
by describing the process flow, the suspected interaction energies and the corresponding boundary condi-
tions which must be considered during design. In chapter 3, six end-effector concepts are investigated with
their corresponding working principles and equations. This is followed by a set of criteria and a concept se-
lection to choose the most promising end-effector design. In chapter 4 the mechanical design of the concept
is further investigated with a MATLAB model. This numerical model is used to highlight the underlying rela-
tions between the variables and to finally predict the performance of the produced end-effector. This model
is closely used during production and dimensioning of the end-effector. In chapter 5 the final end-effector



production method is explained together with the final dimensions. In chapter 6 three main experiments
are explained which are used to validate the constructed model and test the end-effector performance. In
chapter 7 the results of the experiments are documented which is directly analyzed in the discussion. These
results finally quantifies the end-effector performance to either validate or reject the concept design.



2. Lamination strategy

2.1. Lamination process flow

In this chapter, the pick and place strategy and its process is elaborated. The process to create the multi mate-
rial architecture is repetitive and is done in five steps as seen in figure 2.1a. Additionally, the force types acting
upon each laminate in each step are shown in figure 2.1b and figure 2.1c. In the process, as the laminates are
thin and have a large area, interaction force must be considered. These are further elaborated in section 2.2.
In the following paragraphs, every step is systematically analyzed.

End
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(a) Schematic illustration of laminate placement.
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(b) Mlustration of the forces acting upon the laminate. (c) Force balance equations.

Figure 2.1: The layer interaction force is denoted as F¢y, & Fpy, for respectively the Carrier material and Receiver material. This force is a
combination of capillary, van der Waals, Casimir and electrostatic force. The force created by the end-effector is denoted as Fr and the
gravitational force denoted as F. The resultant force is Fg and is denoted in red. During the process described in figure 2.1a the force

balance shifts continuously to perform the desired transfer process.
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In the first step, a laminate is on top of a carrier material and the end-effector is lined up correctly. The active
forces are gravity (Fg) and the interaction forces between the laminate and the carrier material (Fcp).

In the second step, the end-effector contacts the laminate. Depending on the end-effector design, a com-
pression force can be acted onto the laminate to ensure contact. After proper contact, the laminate is ready
to be picked up. The end-effector is then actuated, creating a force (Fg). The force partly consists of interac-
tion forces, but predominately consists of an additional pick-up force creation method (e.g. suction, peeling,
adhesion etc.). For successful pickup, the forces must exceed the interaction force (F¢L) and gravity (Fg).

The third step is to finally pick up the laminate. As the laminate detaches, the interaction forces with the
carrier material diminish. Thus, to maintain the position in this step, the required end-effector force must
only exceed the gravity force acting upon the laminate. Thus, the force required to detach the laminate is
larger than the force required to move the laminate.

In the fourth step, the laminate is put into contact with the build plate, where it is stacked unto the previously
placed laminate. As the laminate is placed, an interaction force between the two laminates is present (Fgy).
This force adheres the two laminates with each other.

In the final step, the end-effector is deactivated, reducing its force significantly. This allows for the release
of the laminate. The only forces acting upon the laminate are F; and Fry. After release, the end-effector is
moved back to its initial position and the cycle is repeated.

Within this cycle, all the interaction forces can variate. The interlayer interaction force (Fry) changes depend-
ing on the previously placed material. The interaction force with the carrier material (F¢r) can be altered by
adding a coating or additional surface roughness to either increase or decrease the laminate interaction force
[9-13].

2.2. The interaction energies

As the laminates used have a much larger surface area compared to their thickness, it is important to consider
the interaction forces as stated in figure 2.1c. These forces result from the following four interaction energies:
Capillary, Casimir, van der Waals and Electrostatic. The electrostatic interaction force is only present in the
form of contact potential, which is generally lower than the van der Waals [14, 15]. Temporary charging can
occur during the process, but no permanent adhesion occurs due to the tribocharge relaxing over time. In
general, the electrostatic force will not be a significant force during laminate transfer. Additional information
on all interaction energies are shown in appendix D.
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Figure 2.2: Overview of the interaction forces. Model uses
copper as material and the max relative humidity (99.9%)
achievable in the country of residence [16].

Figure 2.3: Cappillary condensation distance. This distance
increases exponentially with higher relative humidity.

In figure 2.2 the interaction energy is plotted against the distance between two laminates. As can be seen in
the figure, the interaction mechanisms have a variating impact. The smaller the mean distance is between
two plates, the more dominant the Van der Waals effect will be. The Casimir force has the most effect if the
mean distance is in the range of a few nanometers, which is rare for flat plates. The interaction force as a
result of capillary condensation is the largest force when distances increase. The distance in which capillary
condensation occurs is correlated to the relative humidity of the environment. As can be seen in figure 2.3 the
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capillary condensation distance increases exponentially as a result of an increase in relative humidity. Thus,
the relative humidity alters the capillary condensation distance (distance over which the capillary interaction
energy is active) figure 2.2. Indicating that at a large relative humidity (<90%) and a mean distance larger than
0.6 nm that, the capillary interaction energy is the most dominant mechanism. This mechanism is material
dependent due to the specific contact angle of the liquid-vapor interface of water and the corresponding
laminate.

In reality the relative humidity is lower, and thus the capillary condensation distance decreases, resulting in
large interaction forces at smaller distances to the laminate. Then the most dominate interaction energies
would be created by the Casimir and Van der Waals.

In the process of picking up a laminate, the interaction forces (Fcr &FcR) are acting upon the laminate. These
forces can be adjusted by altering the surface area and surface roughness to fit in the design parameters of
the concept.

In table 2.1, the interaction pressures with the carrier and receiver material are quantified for two vastly dif-
ferent laminates. These pressures are the base conditions of the end-effector to achieve successful laminate
pick-up. The pressures (Pcr.&Ppg) are independent of the area, and can be used as a guideline for the end-
effector concept requirements. The materials are chosen based on their vastly different Young’s modulus and
density and their application in metafoams [4, 5]. The interaction pressures of table 2.1 are based on the
material properties stated in appendix A and the equations and graphs listed in appendix B and appendix D.

These results indicate that the effect of the Casimir and Van der Waals interaction energies are significantly re-
duced when increasing the distance between the laminates. The capillary force is the only force that remains
significant over larger interlayer distances. Increasing the material surface roughness and thus the mean
distance between the layers can decrease the interaction forces enormously. Therefore, during production
(chapter 5), the surface roughness is used as a design parameter.

Interaction parameter Symbol Polyurethane Copper - C11000

Interaction pressures with carrier material (Ecp)*

Capillary Pcy 40.57 kPa 82.80 kPa
Van der Waals Puaw 1.61Pa 1.67Pa
Casimir Pcs 0.56 Pa 0.58 Pa
Interaction pressures with receiver material (Erp)*
Capillary Pcy 112.01 kPa 253.75kPa
Van der Waals P,aw 9.04 Pa 10.30Pa
Casimir Pcy 5.55Pa 6.61 Pa

Table 2.1: Interaction parameters between copper and polyurethane based on the various equations and variables indicated in
table A.1.
*Forces are based on an aluminum carrier material and the receiver material is the previously pick-and-placed laminate (Copper or
TPU).



3. Conceptualization

In this chapter, six end-effector concepts are investigated. The selection of concepts is based on literature
findings [8], and are structured into two main groups, see figure 3.1. The first group of concepts utilizes
interaction forces to pick up the laminate and during release applies a force by changing the contact area. The
second group of concepts creates a pressure differential to initiate a force. All concepts are first investigated
and are then compared to each other qualitatively to select the most promising concept. These six concepts
are considered to create a selection of varying and promising end-effector solutions.

End-effector concepts

A A Y

Contact area Pressure
change differential
\ 4 v ¥ \ ¥ ¥
311 312 313 314 315 316
e Expanding Membrane Temperature o Membrane

Peeling Speed induced

membrane actuation induced induced

Figure 3.1: Concept categorization. Categorization is based on literature findings to create a variation of feasible concepts [8].

3.1. End-effector concepts

3.1.1. Contact area: Peeling

The first concept utilizes a polymer stamp (Polydimethylsiloxaan - PDMS) which adheres to the laminates
to achieve pickup. Pick-up is achieved by applying a large bending radius to pick up the laminates from
the substrate. Additionally, the stamp is moved relatively slow to achieve interlayer adhesion between the
laminates and the PDMS stamp.

Release is achieved by rolling the stamp with a small radius, reducing the contact area and pushing away the
laminates, see figure 3.2. The bending radius, speed and thickness of the stamp determines the force created.
[17-20]. Reducing the stamp bending radius and thickness increases the pressure differential created on the
peeling edge of the PDMS stamp during laminate release, see figure 3.3a and figure 3.3b. By increasing the
peeling velocity, the release force can be increased [19]. This dependency is theoretically quantified with

equation (3.1).
v n
(2]
Vo

In which G.,;; is the critical energy release rate for the stamp/film interface, Gy is the critical energy release
rate as indicated by a peeling velocity v, vy is the reference peeling velocity at which the critical energy release
rate is doubled to Gy and # is a scaling parameter that can be determined experimentally.

Gerir(v) =Gy 3.1

With this concept, pick-up is achieved by interaction forces and swiftly peeling the stamp with a tight bending
radius is applied to release the laminate. The force created during release exerts a large force onto the receiver
and its underlying laminates. With this concept, a pressure difference can be created of about 18 kPa.

3.1.2. Contact area: Expanding membrane

Membrane expansion is the process in which membranes are expanded to reduce the contact area and push
away the target laminate [21-23]. In this concept, this is done through thermal expansion of air pockets in
the end-effector. The laser heats the air in selective pockets rapidly, which results in thermal expansion and



3.1. End-effector concepts

(@) 1 Contact (b)

-
Pick up

Original
substrate

Si substrate

Figure 3.2: Schematic illustrations of a transfer printing procedure by controlling the bending radius of an elastomeric stamp. (a)
Stamp brought into contact with the laminates to release them from the substrate. (b) Pick-up of laminates with a relatively large
bending radius picks up the micro Si plates from the original substrate. (c) Stamp holding the micro Si plates is brought into contact
with the target substrate. (d) Stamp is peeled away swiftly with a tight bending radius to release laminates. [17]
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(a) Release pressure created for varying stamp thicknesses. (b) Release pressure created for varying bending radii.

Figure 3.3: Release pressure distributions with varying stamp thicknesses and radii. Measurements are done with micro silicon plates
(size - 760x 760 um; thickness - 7 um)

thus the membrane deforms, see figure 3.4. Pick-up is achieved by utilizing the interlayer forces.
Releasing rigid laminates is achieved by pushing away the laminate and by reducing the contact area. The
deformation of the membrane reduces the contact area, which decreases the interaction forces.

(b)
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from donor to stamp

Metal layer on cavity surfaces
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Air
LI B ]
Ink - Micro-structured |
T AN membrane
Heat by
leprep laser beam
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©) (d)
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—
I ' ' —
Gap —
e —

Figure 3.4: Schematic illustration of the laser-driven programmable balloon concept [21].

For flexible laminates, the expansion of the membrane only results in laminate deformation, and thus in-
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teraction forces remain dominant, and no release force is exerted. Release of the laminates is achieved by
thermal stresses, which are induced by the different expansion rates of the membrane and laminate. As the
membrane is heated, thermal expansion occurs, resulting in thermal tangential stresses achieving laminate
release. This process requires matching thermal and mechanical properties of the stamp and laminate, e.g.
material interface, properties, thickness, and the absorbed laser power [23].

Due to the number of parameters, a large switching force can be created for a multitude of laminates, both
flexible and rigid. This results in a versatile concept which allows for a fast and selective switching end-
effector.

3.1.3. Contact area: Membrane actuation

This concept is similar to the previous concept, as bi-stable membranes reduce the contact area to either pick
up or release the targeted laminate. Laminate pick-up is achieved through interlayer adhesion, and release
is done through actuating the membrane to minimize the contact area and by pushing away rigid laminates.
Actuation is bi-directional allowing for large displacement which is not dependent on the thermal properties
of the membrane and/or laminate [24].

Bi-stable membranes are very energy efficient and reliable. In previous studies, switching is done electrostat-
ically [25-27], electromagnetically [28], thermally [29], or by exciting the device in resonance [30]. In figure 3.5
the ground states are altered with electrical pulses. The displacement of such a membrane is quantified by
the following equation.

(3.2)

With wy is the initial displacement, t;, is the membrane thickness, R the radius of the membrane, E the
Young’s modulus and v is the Poisson ratio of the used material. The initial stress is indicated by oy and must
be larger than zero to generate a non-zero value underneath the square root. The minimum value of the
initial stress is the critical stress (o.) and is quantified with the following equation.

-4t E 3.3)
Oc=——H— :
7 3 R21-42

Figure 3.5: Actuation of a bi-stable membrane to its two states. The edges of the membranes are mounted and thus apply a reaction
force unto the membrane [31]. (a) Membrane state during laminate release. (b) Membrane state during laminate pick-up.

3.1.4. Pressure differential: Temperature induced
The concept in figure 3.6 utilizes the thermal expansion of air to create a vacuum. The vacuum is created by
contacting the laminate with a pre-heated hollow end-effector and allowing it to cool down. As the tempera-
ture within the micro hole reduces, the trapped air is contracting, resulting in a vacuum. Due to the relative
low pressure in the hole, a force is created which allows for pick-up of the targeted laminates. Laminate re-
lease is achieved by increasing the end-effector temperature.

The end-effector can be heated with several methods, e.g. laser beam, micro heater. However, heating and
cooling of the end-effector requires time and must be done uniformly to ensure a uniform force distribution.

The force created with this method is determined with equation (3.4).

!

P,=P,(1 Ty 3.4
s = Py( _Ft) (3.4)



3.1. End-effector concepts 9

Here P; is the suction pressure generated, S is the contact area of the micro hole, P; is the atmospheric pres-
sure, T; is the temperature before contact in Kelvin and T is the temperature after contact in Kelvin. Equa-
tion (3.4) indicates that the pressure created is limited by the service temperature of the target laminates. In
the case of TPU the service temperature (353 °K [32]) limits the created pressure differential to 17.2 kPa.

The final force of the end-effector depends on the coverage area of the micro holes. A sufficiently large cov-
erage is required to overcome gravity and the interaction forces. The force created requires excellent sealing
performance between the end-effector and laminate to achieve the pressurization and to maintain it over
time.

Temperature changes also result in stress between the laminate and the end-effector. For example, if the gold
plated end-effector is pick-and-placing a TPU laminate (size: 20 umx1010 cm), the corresponding thermal
stress is 42kPa (AT = 80°K). This stress is well below the yield stress of TPU 45 MPa [33]. Thermal stresses
need to be considered with this concept, but do not form any large complications at the set laminate dimen-
sions.

The thermal stress is determined by running a FEM analysis [34] with the following coefficients of thermal
expansion (CTE): Silicon - 2 —3.2 x 1076 Strain/°K [32], TPU - of 1.6 — 1.65 x 10~ Strain/°K.

g Strain Gauge

Ta

(c)
Flexible Negative Pressure

Micro parts o= |
Small Object " .
E Micro hole E ! Micromanipulator
Ta<Tt Ta<Tt'<Tt
Move Touch Pick up

Figure 3.6: Micro manipulator pick-and-place process as a result of induced temperature changes. [35] (a) Heated end-effector contacts
object. (b) Temperature reduces, contracting the air and creating a vacuum in hole. (c) Vacuum is used to pick-up object.

3.1.5. Pressure differential: Speed induced

The speed induced end-effector utilizes an elastomeric stamp which is manipulated swiftly to alter the adhe-
sion strength [36, 37], see figure 3.7. By pushing the stamp onto the laminate, the stamp collapses, increasing
its contact area. The stamp is then retracted rapidly, resulting in a pressure difference creating a large force.
Due to the elastomeric nature of the stamp, the collapsed state is reversed, reducing the interaction force
between end-effector and laminate. Subsequently, the laminate is released onto the build plate due to the
reduced interaction forces. This system results in an end-effector with reversible generalized adhesion with
ratios higher than 1000. The distributed load achievable is 100 kPa, which is remarkably high compared to
the previous concepts [36].

Stamp ——» initiate contact,
with high preload retract rapidly

— el
Ink
Donor ‘
allow elastomer to 1

relax; move to target

initiate contact,
retract slowly with low preload

— — -,
Receiver ! . ' '

Figure 3.7: Schematic image of the pick-and-place process utilizing a stamp to create a speed induced pressure differential [36].

3.1.6. Pressure differential: Membrane induced

In figure 3.8 a bio-inspired octopus vacuum gripper is shown. The idea is similar to the temperature induced
concept (section 3.1.4), but the pressure differences in the holes/suction cups are controlled by a vacuum
pump. In the top chamber of the end-effector, a vacuum is created. This vacuum pulls up the membranes,
operating an array of suction cups. The actuation of these membranes creates a pressure difference between
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the end-effector and the laminate, resulting in an attraction force grasping the laminate. However, as seen in
the temperature induced concept, sealing performance is crucial to achieve and maintain the pressurization
of the chamber.

The presence of membranes on the suction cups is to ensure all holes are covered to maintain the induced
pressure applied on the end-effector. This feature is significant as it allows for the pickup of complex shaped
laminates, while maintaining the induced pressure applied upon the suction cups.

Suction
N Expansion
Pi
T Laminate Il
Carrier material
[
. Release
Contact Pick-up
Pi [ Pi ]
Pi ' Po
Po Pg Po
[—— N o [ Laminate S
Laminate Previous Lamnate
Carrier material Carrier material
Pj>Ps:Ps=Py
Pi=Ps=Py P <Pg<Py

Figure 3.8: Schematic drawing of the membrane induced concept with the three different stages in which it operates. [38].

The membranes can be used bi-directionally, to create a large switching force. During laminate pick-up the
membranes are deformed to create a suction force and during laminate release the expanding membrane
ejects the laminate upon the build plate. Due to the large range of switching force that can be created, a large
variety of laminates can be pick-and-placed.

() Initial state (b) In vacuum

Figure 3.9: Theoretical model of a singular suction cup within the membrane induced end-effector.

The theoretical model of the concept is visualized in figure 3.9. The corresponding forces created by this
concept are defined with the following equations.

Wmax
Asz w(r),dz (3.5)
0
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Where the pressure differential AV is a function of the deflection of the membrane w and its diameter r. The
suction pressure is determined by using Boyles-Charle’s Law, leading to equation (3.6), assuming that the
suction pressure (P;) and the induced pressure (P;) remain constant.

16EL3 h

T A-v?)al 68

N

With the variables E, t;,,, v are Young’s modulus, thickness of membrane and Poisson’s ratio, respectively. Here
Pq is the suction pressure generated and # is the initial height difference between the laminate and the mem-
brane. The derivative of this equation is described in the appendix equation (E.5) [39].

The equations show that the suction pressure can be tuned through multiple variables, resulting in a large
range of suction pressures to correspond with the various laminates.

3.2. Concept selection

In this section, the various concepts are assessed based on a set of concept criteria, see appendix C.1. The
concept selection is qualitative, and done by assessing the concepts in a table with positive and negative signs.
The table is utilized to highlight the individual features of the concepts to finally select the most promising
concept. The limitations and benefits of the concepts are seen in table 3.1. The three vital criteria of the table
are: material diversity, geometric capability and delicate handling. Further argumentation of the selection
procedure is found in appendix C.

Contact area: Contact area: Pressure Pressure Pressure
Contact area: . : differential: . R differential:
. Expanding Membrane differential:
Peeling . Temperature . Membrane
membrane actuation . Speed induced .
induced induced
Material + - - +- +- ++ ++
diversity
Geome.:t.rlc ++ +- + +- _ +-
capability
Delicacy -- ++ + + -- ++
Throughput ++ + + + - + + +
Force + + - +- ++ +
generation

Table 3.1: Qualitative selection table with the various concepts and criteria.

Based on the qualitative assessment, the most promising concept is the membrane induced pressure dif-
ferential, see table 3.1. This is mainly because of its geometric capability, delicacy and bi-directional force
application.

The end-effector is very compatible for a large variation of materials, as the peak force is not material depen-
dent. The force is achieved by membrane deflection, which is initiated by the induced pressure within the
end-effector. By using membranes, the induced pressure (Ps) remains constant as any pressure drops within
the end-effector itself are mitigated. This way, the suction cups can be actuated consistently, allowing for
handling of geometrically complex laminates.

The force created by the end-effector can be varied effortlessly by altering the induced pressure. The induced
pressure can also be larger than the atmospheric pressure, thus expanding the membrane and deceasing the
layer interaction forces and allowing for delicate release of the laminate. Thus, the concept creates a large
suction force and can release laminates delicately.

The most vital drawback of the concept is the required sealing performance. Insufficient sealing performance
impedes the generation of a pressure differential and thus limits the force generation. This problem is coun-
tered by using a very flexible PDMS membrane, which deforms easily, sealing any defect between the end-
effector and the laminate. Additionally, any minor imperfections left preventing a perfect seal has little influ-
ence on the initial pressure. Therefore, the force is sufficient to overcome the interaction force. Additionally,
laminate placing is achieved rapidly, therefore the initial force does not need to be maintained over a long
period of time.
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The membrane induced concept has one additional feature, which is its capability to pick-and-place 3D lam-
inates. If required, the end-effector can be designed flexible, to achieve proper adhesion regardless of the
topography of the sheets. This feature is not further used in the design process, but the concept does provide
more freedom in the shape of the laminates.

Based on its geometric capability, delicacy and bi-directional force application, the choice is made to further
pursue the membrane induced octopus concept.



4. Modelling mechanical behavior

This chapter analyses the mechanical properties of the suction cups within the octopus concept with a nu-
merical model. The numerical model shows the mechanical behavior of the membrane and is used to opti-
mize the suction pressure. In figure 4.1 the simulation strategy is shown. The four design variables (a, k, t;,;, E),
and the operating variable (P;), have a direct impact on the suction pressure (Ps). The suction pressure im-
pacts the deformation (w) and the stress (o) in the membrane and laminate. The deformation is used to
predict membrane movement and influences the suction pressure, and the stresses are used as a boundary
condition to mitigate material failure.

The next sections analyze the impact of the four design variables and the induced pressure (P;) on the suc-
tion pressure (Ps), deformation (w) and max stress (o). At the end of the chapter, the concept is modified
based on the numerical findings. The influence of the contact area (p), is analyzed in chapter 5, as it is inde-
pendent of the performance variables and is determined by the production method. The code of the applied
numerical model is represented in appendix I and is verified by experiments conducted in chapter 6.

Induced
pressure (Pj)

Suction cup

radius (a) .| Membrane
"l Stress (gy)
A
Membrane
height (h)

h 4
Y

Suction pressure (P,) Deformation (w)

Membrane
thickness (t;)

Y

Laminate
Stress (o)

Young's »
modulus (E)

Figure 4.1: Simulation structure. Performance variable: Suction pressure, Operating variable: Induced pressure, Design variables: light
gray boxes, Boundary condition: membrane/laminate stress, Dependent: Deformation

Before diving into the various numerical results, there are general conditions that are applied to the numerical
model. The first condition is to apply the end-effector in a non-controlled environment. This means that the
surrounding pressure is the atmospheric pressure and that variations in humidity must be considered. Thus,
at normal office conditions with a relative humidity of 40 — 60% the system must remain operational [40].
This goal is to ensure the robustness of the design and to decrease cost, since ensuring a controlled climate is
costly.

Lastly, all numerical results are for the case that laminates are picked up of a surface with negligible interac-
tion forces. Such surface can be achieved with a special coating and/or by applying a precise surface rough-
ness. The numerical results for laminate release are very similar to pick-up and are shown in appendix F.
For the membrane it is preferable to choose a material which is hydrophobic, has a low modulus of elasticity
and has a great yield strength ensuring membrane integrity [38, 39, 41]. A material that meets these pre-
ferred features is PDMS, which is commonly used for delicate manipulation. These material properties are
used throughout the numerical analyses [8]. Depending on the materials available for the membrane and the
production method of the end-effector, the dimensions and materials are determined, see chapter 5.

13
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Variable Symbol Variable type

Atmospheric pressure Py Control
Induced pressure by vacuum pump pP; Operational variable
Radius of suction cups a Independent/Design
Initial height of sealing space (Initial volume) h (Vp)  Independent/Design
Membrane thickness tm Independent/Design
Modulus of elasticity of membrane E Independent/Design
Contact area (wall thickness of studs around suction cup) p Independent/Design
Suction pressure Py Performance variable
Deformation ) Dependent variable
Max stress O ypmax Boundary condition

Table 4.1: Overview of the main variables of one suction cup.

Pick-up
Pi(t=0) = Pg Pm
: Pi
> R
P a P °
0 Prey Po
Membrane (E-modulus) tmI
he Po
Laminate
Carrier material Carrier material

Figure 4.3: Pressure distribution in a suction cup during pick-up of
Figure 4.2: An indication of the independent design variables. ~ a TPU laminate (flexible laminate). The pressure underneath the
laminate is the atmospheric pressure (Pp) due to the surface
roughness of the carrier surface. (Pi < Ps < P0)

4.1. Suction pressure (P;)

4.1.1. Pressure equations

The suction cup membrane experiences various pressure distributions during pick-up, which are initiated by
the induced pressure (P;). The membrane absorbs an amount of energy, which is dependent on the volume
change. In the case of a singular suction cup with an infinitely stiff laminate, the energy balance is constructed
as follows.

P;AV =P, AV + P{AV (4.1)

Where P; is the induced pressure, P,, is the pressure drop as a result of the membrane and P; is the suction
pressure as a result of the pressure distribution. The equation shows that the induced pressure (P;) is directly
correlated to the suction pressure (P;) as a result of the pressure drop.

The suction pressure is defined in equation (4.2) and depends on the induced pressure, membrane thickness
(¢m), the initial height (h) and the radius of the suction cup (a). The derivation of this equation can be seen
in appendix E.

16Eh#3, \2 G4EPy A1,
P; \/(pi ta (vz—l)) I ) 8Eht§n
Pg=—+

2 2 +a4(v2—1)

4.2)
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The corresponding force is defined by equation (4.3), where F; is the suction force created by a singular suc-
tion cup and Py is the atmospheric pressure (101.3 kPa [42]). The formula indicates that a small value for Py is
favorable, as this results in a larger pressure differential relative to the atmosphere pressure and thus creates
a larger force.

Fy=(Py—Pg)*a® * 1 (4.3)

Equation (4.2) is valid under the condition of a perfectly rigid laminate [39]. For flexible laminates, the de-
formation results in a pressure drop, resulting in a pressure distribution as seen in figure 4.3. Due to the
deformation of the laminate, the volume between the laminate and membrane is altered, and thus, equa-
tion (4.2) only indicates the pressure at start (¢ = 0), as the laminate has not yet deformed. At that moment,
the membrane and laminate experience peak stress due to the momentarily large pressure variation. There-
fore, the value is significant to test the robustness of the membrane and to determine its relation to the other
design variables.

For the final deformation of the membrane and laminate the converging pressure must be used, thus the
pressure at Ps(f = co) must be determined. This is done using Boyle’s law, as shown in equation (4.5). The
change in volume is directly dependent on the deformation and pressure, therefore the system of equations
can be iteratively solved to find the converging solution. This solution is the equilibrium position and deter-
mines the final deformation.

P(t=0)xAV(t=0)=C
Pyx Vy=Ps(t=00) * AV(t=00)=C 4.4)
AV (Ps) x w(Ps)
(4.5)

In the case of a laminate with a low modulus of elasticity or very thin thickness, the deformation increases.
Due to the much larger deformation of the laminate, the initial volume (V) between the laminate and the
membrane increases minimally (Vp = AV (f = 00)). Due to Boyle’s law, a near constant volume results in a
near zero change in suction pressure, and thus remains close to the atmospheric pressure. This results in a
minimal force created, impeding successful laminate transportation. Thus, a laminate which deforms easily,
results in a smaller change in volume and therefore a minimal pressure differential is created, limiting the
force generated by the end-effector. A clear example is the deformation of a TPU laminate seen in section 4.5
figure 4.10.

4.1.2. Variable relations

Radius of suction cups (a)

The radius of the suction cup has an enormous influence on the created suction pressure. In figure 4.4a it can
be seen that the suction pressure depends strongly on this variable. The model indicates that a smaller radius
converges to the atmospheric pressure (Py = 101kPa) and thus a smaller pressure differential is present. It
is favorable to choose a sufficiently large radius in the converged region (P; = Ps) to maximize the pressure
differential. The radius at which this drop occurs can be altered with the other design variables. Additionally,
it can be seen that the suction pressure converges to the induced pressure. This trend can also be seen when
looking at the limit of the equation (4.2) if a is set to infinity.

Initial height of sealing space (/)

The change in membrane height (initial volume) is detrimental for the force created upon the laminates.
The initial volume impacts the mechanical behavior of the membrane and the target laminates. The initial
volume is dependent on the suction cup height (Vg = h * 7 * a?).

In figure 4.4b it can be seen that the suction pressure (Ps) converges to the atmospheric pressure when in-
creasing the suction cup height. This is the effect of a relatively small volume change, compared to the in-
creased initial volume, resulting in a near zero pressure change, see equation (4.6). Thus, a minimal initial
volume results in a larger pressure differential. Therefore, the smaller the suction height, the larger the force
acting upon the laminate.

P;Vo = Ps(Vo + AV)if AV << Vy; Ps = Py (4.6)
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Membrane thickness (#,,)

The membrane thickness influences the amount of pressure created in the suction cup due to the change in
energy it absorbs, see equation (4.1). Therefore, in figure 4.4c it can be seen that with a thicker membrane,
the suction pressure converges to atmospheric pressure. The nature of this curve indicates that minimizing
the membrane thickness is favorable for the creation of a large suction pressure. However, smaller membrane
thicknesses results in larger stresses.

Modulus of elasticity (E)

The curve of figure 4.4d converges to the atmospheric pressure. This is as a stronger membrane does absorb
more energy and therefore reducing the pressure differential. With an infinitely large Young’s modulus, no
deformation would occur, and thus no suction pressure is achieved.
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Figure 4.4: Indication of the influence of the independent design variables on the suction pressure. The variating lines are various
induced pressures applied. Atmospheric pressure: Py = 101 kPa

4.2. Deformation (w)

4.2.1. Deformation equation

Deformation of the membrane is modeled with equation (4.7) [38, 39]. Within this equation, it can be seen
that the pressure difference acting upon a sheet is crucial to determine sheet deformation, as stated in equa-
tion (4.7).

7 (1-v2) (Py~ P (@ - r (b))
16E1;

mat

w= 4.7)
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Where v is the Poisson factor, P; is the induced pressure acting onto the surface, P; is the suction pressure as
defined in equation (4.2), r (k) is the cross-section of the suction cup, a is the radius, E is the Young’s modulus
and f;,4; is the thickness of the deformed material, which is the thickness of either the membrane or the
laminate in question.

The deformations in a suction cup must be seen as a sequential event. The pressure induced on the mem-
brane results in a suction pressure upon the laminate, as depicted in figure 4.3. As stated in section 4.1, the
converging pressure is used to estimate the final deformation.

4.2.2, Variable relations

Radius of suction cups

Membrane deflection differs for various radii and has a characteristic deformation curve. In figure 4.5a the
cross section of a PDMS membrane is shown, where it is seen that the maximum deformation occurs at
the center of each suction cup. Furthermore, the change in pressure has a linear effect on the maximum
deformation, and the slopes at which this is reached differs depending on the induced pressure.

The max deformation increases rapidly when increasing the radius. This is due to its significant influence on
the suction pressure and deformation, see equation (4.2) and equation (4.7).

Initial height of sealing space
Increasing the initial height reduces the membrane deformation exponentially. This is due to the reduction
in created suction pressure, as a result of the increase in initial volume, see figure 4.4b.
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Figure 4.5: Indication of the influence of the independent design variables on the yield stress. The variating lines are various induced
pressures applied. Atmospheric pressure: Py = 101 kPa[42]
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Membrane thickness

Figure 4.5c indicates that increasing the thickness reduces the deformation exponentially. This is due to
the reduction in suction pressure figure 4.4c and the quadratic influence of the membrane thickness on the
deformation, see equation (4.7). Therefore, increasing the thickness rapidly declines the deformation until
near zero deformation is achieved.

Modulus of elasticity

Figure 4.5d shows that minimizing the Young’s modulus results in more deformation, which is an intuitive re-
sult. A membrane with a small Young’s modulus absorbs less energy, resulting in a larger pressure differential
and an increase in membrane deformation.

4.3. Maximum Stress (0 ,,..)

4.3.1. Stress equation

The stress analysis of membranes is generally more complex than beams, as membranes are two-dimensional
in nature [43]. In this concept, the membrane is loaded by a uniformly distributed pressure. In the case of a
circular membrane which is clamped on the edge, the maximum stress is defined by

0.75* Piyarerial * a?
O ymax = ) (4.8)
mat

where a is the radius, £, is the material thickness and P, 4¢¢ri41 1S the pressure drop over the material. The
maximum stress occurs at the edge of the membrane where it is clamped. To insure laminate integrity, the
maximum stress must be well below the yield stress.

The maximum stress is an important metric to ensure that the system does not fail. In the following figures,
various design variables are changed and their impact on the maximum stress is investigated.

4.3.2. Variable relations

Radius of suction cups

In figure 4.6a it can be seen that increasing the radius results in larger maximum stresses in the laminate. This
is a logical consequence, as a larger radius results in an increase in max stress, as seen in equation (4.8). Ad-
ditionally, as the radius increase the pressure differential grows, therefore initially resulting in an exponential
increase in maximum stress.

The membrane, on the other hand, experiences much lower stresses as the pressure differential is based on
the induced pressure and the suction pressure. As the suction pressure converges at large radii, figure 4.4a,
the pressure differential is reduced, resulting in small stresses. The most stress is experienced by the mem-
brane when it is uncovered. This stress, is then only dependent on the membrane thickness and must not
exceed its Young’s modulus.

Initial height of sealing space

In figure 4.6b the stresses are graphed against the suction height. Looking at the membrane, a larger initial
volume results in an increase in perceived stress, as the membrane perceives a larger pressure differential
due to the induced pressure (P;) and the suction pressure (P;). Initially, as the volume increases so does the
suction pressure and therefore the pressure differential increases resulting in larger stresses.

For the laminate, the inverse curve is visible. This is, as the pressures acting upon it are the atmospheric
pressure (Py = 101kPa) and the suction pressure (Ps). Thus, an increase in the initial volume results in an
increase in suction pressure and thus a decrease in pressure differential.

Membrane thickness

Equation (4.8) states that a larger membrane thickness reduces the suction pressure, see figure 4.4c, and re-
duces the stress, see equation (4.8). In figure 4.6c it can be seen that the initial stress is stable, as for small
membrane thicknesses the suction pressure is approximately equal to the induced pressure. This is because
nearly no energy is stored in the membrane, as stated in section 4.1.2.

Increasing the membrane thickness, decreases the suction pressure and therefore increasing the stress ex-
perienced by the membrane. Further, increasing the thickness results in an eventually constant pressure
differential, resulting in its peak stress. Thereafter, further increasing the membrane thickness results in an
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exponential decrease in maximum stress, see equation (4.8). Both laminate and membrane converge to a
near zero maximum stress when increasing the membrane thickness.

Modulus of elasticity

The curves indicating the influence of the modulus of elasticity (figure 4.6b) are visually similar to the curves
indicated in figure 4.6b. This is due to their similar impact on the suction pressure when increasing the corre-
sponding value. Increasing the Young’s modulus results in a convergence of the suction pressure (figure 4.4d)
and therefore resulting in a decrease in pressure differential. A very stiff membrane results therefore in an in-
crease in pressure differential upon the membrane and a decrease in pressure differential upon the laminate,
resulting in the graph in figure 4.6d.
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Figure 4.6: Indication of the influence of the independent design variables on the yield stress. The variating lines are various induced
pressures applied. Atmospheric pressure: Py = 101 kPa

4.4. Design trade offs

In the previous three sections, certain theoretical trends became apparent, such as the maximization of the
radius. However, in reality, there are certain limitations that need to be considered for all variables.

Radius of suction cups

The radius of the suction cups is a very influential variable of this concept. These numerical results indicate
that a maximization of the radius results in the convergence of the pressure differentials acting upon the
laminates. The maximum pressure differential achieved is then Py — P;, thus decreasing the induced pressure
further also increases the pressure differential upon the membrane.

However, increasing the pressure differential results in the exponential rise of the stresses, which must remain
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Figure 4.7: Force created per suction cup. The vertical lines indicate the maximum radius until yield stress is reached.

below the yield stress of both membrane and laminate, as seen in figure 4.7. In this case, the membrane is
the limiting factor, reducing the stress can be achieved by increasing the membrane thickness, larger Young’s
modulus and/or by increasing the applied induced pressure. The maximum radius can be limited by the TPU
yield stress, thus limiting the laminate thickness and/or maximum radius size.

Additionally, large suction cups restrict the end-effector to apply a uniform force for geometrically complex
laminates, as large suction cups have a higher chance to not achieve a complete seal.

As an example figure 4.8 is constructed. This figure shows that the larger suction cups realizes full coverage
once and cannot support the smaller features of the star shaped laminate. Additionally, large suction cups
restrict the end-effector to apply a uniform force for geometrically complex laminates, as large suction cups
have a higher chance to not achieve a complete seal. Meanwhile, the smaller suction cups make contact
more often and thus supports the intricate shape better. Thus resulting in a more uniform load and in total a
larger force. Thus, for a more uniform force distribution and compatibility with intricate geometrical shapes,
smaller suction cup radius are preferable. In conclusion, a balance must be found between the pressure force
and geometric compatibility while remaining below the yield stress of the materials.

Figure 4.8: Example of the tradeoff in the radius size of the suction cups. The total area covered by the suction cups remains equal in
both images.

Initial height of sealing space

The initial suction cup height can be minimized to a certain extent, as starting with no initial volume would
result in stiction, thus impeding the suction pressure created. Therefore, the choice is made to minimize
the pre-deflection according to the capillary condense distance at a relative extreme humidity of 99.9%. This
distance is defined with equation (B.2). This results in equation (4.9).
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ho:o=d _2y(T =20°C)Vwater cos(0membrane)
min capmax RTlog(H,)

(4.9)

With h,in being the minimum mean distance, dcgp,,,, the maximum distance over which capillary forces
have effect, vy is the surface tension of water (at 20 °C: 72.75 x 1073 N/m) [44], v is the liquid molar volume of
water (18 ml/mol) [45], R is the gas constant (8.314 JK 'mol™1) [46], T is the absolute temperature in Kelvin
and H, is the relative humidity.

Membrane thickness & Modulus of elasticity

Both the membrane thickness and material are ideally as small as possible to achieve the maximum suction
pressure. However, reducing these values results in larger stresses and deformation, which could result in
failure of either material. Therefore, the yield stress of these materials must be considered to mitigate end-
effector failure.

Furthermore, there are production limitations to achieve membranes which are very thin and elastic. Such
membranes are very hard to acquire, and therefore the focus is put on the thinnest membrane available, as
the thickness impacts the suction pressure more than the yield stress, see equation (4.2).

4.5. Concept simplification

A change in suction cup height results in a change in the initial volume, see equation (4.6) . However, this
dimension is crucial and needs to be exact and is the smallest feature size of the concept. This complicates
the production of the design. Therefore, the choice is made to create the initial height by inducing a pres-
sure before contacting the laminate for pick-up, see figure 4.9. Thus, at contact, the membrane is already
deformed and its volume is equal to the volume created by the height offset of the suction cups.

: P, P(t=0) < Py

Po
Membrane
: tm
Membrane tm$ ht !
: Laminate
Laminate

Carrier material

Carrier material

(b) Pre-deflection applied moments before contact. Pressure below
membrane is now equal to Py and decreases as the induced pressure

(a) Simplified end-effector concept, as k is set to zero. decreases.

Figure 4.9: Indication of the independent design variables with the applied concept simplification. In this case, an initial pressure is
required within the suction cup (P; < Py).

With this design simplification, the physical suction cup height is reduced to zero during production, which
simplifies production significantly. As no complicated overhang structures must be made to create the suc-
tion cup and application of the membrane can be done directly unto a surface. Additionally, this method
does not limit the mean height distance of the membrane, enlarging the design freedom. The initial volume
is defined by equation (4.11).

Wmax
f 7 * 1’ (wy,, P) dwy, = ta®h =V (4.10)
0

a)V016Et3
r(wvy, P) =\|{| ——%——— +a? 4.11
(wvy, Pi) \/”(1_V2)(P0_pl_) (4.11)

n(1-v?)(Po—Pya*
16E3

4.12)

Wmax =

The integral indicates that the volume caused by the deformation must be equal to the volume achieved by
the suction cup height, the algebraic solution of the integral is written in appendix E.1.1. Solving this integral
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numerically results in the induced pressure to create the desired initial volume. The corresponding deflection
is seen in figure 4.10a. An additional benefit is that there is no need to blow up the membrane to push away
the laminate, as normalizing the pressure back to atmospheric pressure results in the same effect due to pre-
suction of the membrane.

This concept simplification has a few drawbacks which must be considered. As the minimal induced pressure
is limited, the pressure required for the pre-deflection limits the pressure variations induced upon the mem-
brane. Furthermore, as the membrane is pre-deformed before contact, an initial stress is already present.
Therefore, at minimum induced pressure, the pressure variation experienced by the membrane is larger,
which results in larger experienced maximum stresses. Both effects can be reduced by minimizing the initial
volume and/or increasing the membrane thickness. Final dimensions are determined in next chapter.

i Membrane and laminate deflection (Pi = 13kpa)
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(c) Membrane and laminate deflection at laminate release (P; = Py).

Figure 4.10: Membrane and laminate deflection initiated based on the induced pressure after pre-deflection, with
a=50um, t;; =30um, P; = 13kPa and with a PET membrane 3M 8991 of table 5.1. Volume under curve is equal to the surface achieved
with = 0.469um, Vp = 2mwh pm.

In the numerical model, the difference between a rigid (Copper) and a flexible (TPU) laminate is clear, see
figure 4.10. For the final deformation of the membrane and laminate, the converging suction pressure must
be determined (Ps(t = o0)). This is done using Boyle’s law, as shown earlier in equation (4.5). Based on the
numerical convergence results, the final suction pressure during pick-up of the respective laminates are: Cop-
per - 64.7kPa (AP =37.2kPa) , TPU - 101295 Pa (AP = 4.8Pa). These values clearly indicate that the pressure
differential decreases over time and that a more rigid laminate can create much larger suction forces. The
suction force on the TPU is minimal and is theoretically just enough to achieve laminate pick-up. The same
trend can be seen during release of the laminates: Copper - 107.1kPa (AP = 5.1kPa) , TPU - 101300.5 Pa
(AP =0.5Pa).



5. Production & Dimensioning

In this chapter, the production of the end-effector is described. After explanation of the chosen production
method of the complete end-effector, the corresponding material choice is made. Based on these final mate-
rials, the end-effector is dimensionalised and produced.

5.1. End-effector production

In the following subsections, the end-effector production method is explained based on the concept simplifi-
cation indicated in section 4.5. This concept alteration simplifies production as the smallest feature size of the
end-effector is mitigated. The final end-effector consists of nine parts with the four main parts being: mem-
brane, membrane scaffold, the vacuum casing and the carrier surface. The assembly of the end-effector can
be seen in figure 5.1. The carrier surface is the substrate of which laminates are picked-up. The membrane
is relatively thin and is directly attached to the membrane scaffold. The final dimensions of the end-effector
can be found in table 5.2 and appendix G.

(a) Isometric view of only the end-effector. (b) Cross-section of the end-effector.

Figure 5.1: End-effector design. Part A: Membrane scaffold; Part B: Vacuum casing; Part C: O-rings; Part D: Pressure Gauge; Part E:
Pressure release valve; Part F: Quick connect coupling; Part G: Aluminum coupling; Part H: Membrane (Blue line which is directly
attached to the membrane scaffold).

5.1.1. Membrane
The membrane is the most vital part of the end-effector. In the previous chapters, the model has been made
with a PDMS membrane, as it is an excellent material for this application due to its high hydrophobicity and

Figure 5.2: Final production sample of the end-effector.
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low modulus of elasticity. However, acquiring this material and applying this in production is a very complex
endeavor, due to the fact the PDMS membrane must be cured, have a uniform height and must be adhered
to the membrane scaffold. As the goal of this thesis is to create a proof of concept, the choice is made to
use prefabricated tapes as membranes. These tapes can be adhered to the scaffold, allowing for consistent
and simple fabrication. To ensure that only the suction cups are covered, the tape is cut to size with a hollow
punch. The tapes utilized are shown in table 5.1. These tapes are far from ideal, as they have a larger modulus
of elasticity, are less hydrophobic and have a pre-determined thickness. The increase in the modulus of elas-
ticity means that the membrane is less ductile, which impedes the contact interface between the membrane
and the laminate. This can result in leaking suction cups, thus nullifying the suction force generated. Addi-
tionally, the lower contact angle means that the material is less hydrophobic and thus capillary forces will be
effective over a larger distance, see section 2.2. An increase in thickness is not devastating; however, it does
limit the applicable design parameters. Therefore, the thickness will be compensated for by optimizing the
radius and minimizing the initial volume.

Specification H-old 12.SL [47] 3M 8991 [48]
Backing type PET PET
Adhesive type Silicone Silicone
Total thickness 80 um 61 pum
Backing thickness 50 um 25 um
Total measured thickness =~ 85um ~50um
Width 50 mm 50 mm
Tensile strength 87.5MPa 83.3 MPa
Young’s modulus PET 3.7 GPa [49]

Young’s modulus Silicon 4.5 MPa [50]

Yield stress 138 MPa [49]
Poisson ratio 0.48 [49]

Contact angle

78.9° + 0.14° [51]

Table 5.1: Overview of material properties of the membrane. Membrane thickness is measured, and the results are seen in
appendix H.2.

5.1.2. Membrane scaffold

The membrane scaffold is fabricated using digital light processing printing (DLP) on a Prusa SL1 resin printer.
Each sample is cleaned thoroughly to ensure no debris created by the supporting structure of the DLP printer
is present. In figure 5.3 the design of the membrane scaffold is seen. In the center of each suction cup, a hole
is present, over which the membrane is attached. The membrane is attached in three steps. First, the mem-
brane scaffold is cleaned to remove any support material impeding the final shape. Second, the membrane
is attached by applying pressure through a flat surface. Third, the membrane is cut to shape using a hollow
punch, creating the image seen in figure 5.3b.

The end-effector is designed such that the scaffolds are interchangeable. The interchangeability of the scaf-
fold is very helpful to simplify the troubleshooting process and allows for variating scaffold samples to val-
idate the measurements. When printing the membrane scaffold, its orientation is vital to ensure a smooth
surface finish of the suction cup. Additionally, it must be as flat as possible to ensure proper contact with
the target laminate. This is necessary to create an air tight seal between the laminate and the membrane to
ensure laminate pick-up.

The vacuum casing is pressurized, which deforms the membrane, creating the desired suction pressure. On
the side of the top surface of each membrane scaffold, text is added to distinguish the variations of the created
scaffolds. The five countersunk holes on the side mounts the scaffold to the vacuum casing and ensures a
proper seal during operation of the end-effector.
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(b) Membrane scaffold produced sample. The blue layer is the PET

(a) Membrane scaffold CAD design. Suction cup diameter: 1 mm membrane (3m 8991). Suction cup diameter: 2 mm

Figure 5.3: Top view of membrane scaffolds. Suction cup amount: 37; wall thickness: 1.5 mm,

5.1.3. Vacuum casing

The vacuum casing is the interface which brings the membrane, membrane scaffold and vacuum pump to-
gether. The casing is made of aluminum, allowing for a singular casing which is compatible with a multitude
of membrane scaffolds. The casing has three interfaces which correspond to four different parts.

The first and main interface is with the membrane scaffold. The membrane scaffold is attached to the vacuum
casing with five countersunk m2 screws and an O-ring. The O-ring has an internal diameter of 72.7 mm and
a width of 2.62 mm. The O-ring is compressed 0.7 mm in the casing by the five mounting screws to ensure a
good seal according to the specifications provided by Eriks sealing technology [52]. A chamfer is added to the
interface to allow for smooth insertion of the membrane scaffold.

The second interface is with the vacuum pump. The vacuum casing is connected to the vacuum pump with a
quick connect coupling, which allows for simple attachment and detachment while maintaining the induced
pressure. This quick connect coupling is attached to a pressure release valve. The pressure release valve is
added to the vacuum casing to control the pressure of the system. Additionally, the valve allows for controlled
pressurization, allowing for experiments of the end-effector at specific pressure’s.

Lastly, a pressure gauge is added to monitor the induced pressure during measurements. The pressure gauge
is crucial to pressurize the membrane precisely and to have values which can be inserted into the numerical
model. The quick connect coupling and pressure gauge are attached to the vacuum casing with threads
according to the BSPP standard (British standard piper parallel). The complete casing is produced by milling
and turning stock aluminum. The blueprint of which can be found in appendix G.1.

All interfaces are checked for leaks by attaching a sealed membrane scaffold. Thus, the various interfaces can
be tested of over an extended period of time to ensure that the system remains pressurized. The experiments
conducted showed a pressure change of 30 kPa after 72 hours. Therefore, the assumption can be safely made
that the pressure within the vacuum casing remains constant during the experiments performed in chapter 6.

5.1.4. Carrier surface

Each laminate that is picked up must be detached from the carrier surface. The carrier surface is dependent
on the laminate creation method, but a certain surface quality is required to urge laminate pick-up. The sur-
face quality is crucial as it must minimize the forces with the laminate to ensure an upward resultant force
allowing for the transportation of the laminate. The two main forces that must be prevented are: minimiza-
tion of the interaction forces and vacuum prevention between the carrier surface and the laminate. Both
forces can be mitigated by adding a surface roughness to the carrier surface. The carrier material is milled
out of aluminum and thereafter polished to ensure the desired surface roughness is achieved.

Minimization of the interaction forces is mainly achieved by increasing the roughness until it exceeds the
capillary adhesion distance, as capillary adhesion is the largest of the three interaction forces as stated in
section 2.2. Thus, for minimization of the capillary interaction force, the surface roughness must be larger
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than the capillary distance of the material, resulting in the following condition.
dcap << R, (5.1)

The capillary condensation distance for aluminum, copper and TPU is calculated to find the maximum re-
quired surface roughness of the carrier material. The maximum capillary distance is dependent on the con-
tact angle, which are respectively, 97°, 86° and 99.5° for Aluminum, [53], Copper [54] and TPU [55]. Therefore,
the maximum capillary condensation distance is achieved for TPU, which results in the following equation.

d - 2y(T =20°C)Vyarer cos(@Tpy)
capmax ™ RTlog(H,)

=0.41pm (5.2)

Thus, a surface roughness significantly larger than 0.41 um impedes the capillary interaction forces.

To mitigate the creation of vacuum between the laminate and the carrier surface, a surface roughness larger
than 0.3 um would suffice [56]. Thus, a surface roughness of R, = 3.2um is more than sufficient. This surface
roughness is chosen as it is the industry standard commercial finishing grade of milling surfaces [57].

5.2. Design variable values

As seen in table 4.1 there are 5 independent variables. In this chapter, the various variables are determined
based on the final material choice made. The final values are seen in table 5.2.

5.2.1. Minimum induced pressure
The minimum induced pressure is determined by the pump. The vacuum pump used is a 350 W SPS pump
capable of reaching a minimum pressure of 13 kPa.

5.2.2. Initial height/volume

As stated in section 4.4, this value must be minimized for maximum suction pressure. Minimization is only
limited by the capillary distance between the laminate and the membrane. This distance is determined to be
at 0.469 um at an extreme relative humidity of 99.9% according to equation (4.9). Thus, applying this distance
as the mean distance of the pre-deformed state should ensure minimal stiction within the opening of the
suction cups. The corresponding initial volume is then dependent on the radius, as stated in equation (4.12).

5.2.3. Membrane thickness and material

The membrane thickness is a variable which is predetermined by material availability. As stated before, the
preferred material is PDMS; however, the material is very hard to come by. Therefore, the choice is made to
release this ambition and search for a membrane with a thickness of approximately 30 um, has a minimal
surface roughness and has an adhesive backing. This resulted in either Teflon or PET tapes. Due to manu-
facturing problems at 3M with Teflon tapes, only PET tapes were available. Within the PET tapes, the choice
is made for the membranes stated in table 5.1. Both membranes consist of PET backing and with a silicon
adhesive, and thus the membranes are a composite material. Even though the materials of the membranes
are known, the final Young’s modulus is not. Therefore, the rule of mixture is applied to estimate the Young’s
modulus of the composite membrane [58].

Ec= fEpgr+ (- f)Es; (5.3)
hpeT
=— (5.4)
hpeT + hst

Using equation (5.4) results in an estimate Young’s modulus for the 3M 8991 tape at 1.531 GPa (t= 61 um) and
2.332 GPa (t= 80 um) for the H-old 12.SL. These estimations are then tested by putting both membranes in a
tensile tester to precisely determine the Young’s modulus. These tests are done three times per membrane
and the mean value is selected. The measurement results are seen in figure 5.4, additional data is seen in
appendix H.1.

With these measurements, the young’s modulus can be determined by looking at the linear region and apply-
ing equation (5.5).
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Figure 5.4: Tensile test measurements of the two means. Samples are pieces of membrane attached to the tensile tester, each with a
width of 50 mm.
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Where o is the stress, € is the strain, F is the force exerted and A is the cross-section of the sample. With
the data in figure 5.4 and the measurements on the thickness of the membranes, the Young’s modulus is
accurately determined. Based on these measurements, the Young’s modulus of the tapes are:

e 3M 8991 - 1.28 GPa
e H-o0ld 12.SL - 1.34 GPa

These results do not differ much from the estimations, as the Young’s modulus of both PET and silicon have
a wide range. This results in the differences seen between the estimated values and the values from the
experiments.

Finally, the choice is made to design the system using the 3m 8991 tape because of its thinner membrane and
lower modulus of elongation. This results in lower forces required, which allows for smaller suction cup radii,
resulting in more design freedom, and reduces the initial pressure required to achieve the initially desired
mean height.

5.2.4. Wall thickness of suction cup
As stated in section 4.1, the clamping pressure must overcome the interaction force and gravity. Thus, to
ensure laminate pick-up, the following system of equations must hold, as seen in chapter 2.

Fg+Fcr+Fg=0 (5.6)
Fg=Axt*xpx*g 5.7)

Fer =Fcq+ Fyaw + Fcs (5.8)
FE:PS(t:oo)*az*n*N (5.9)

The interaction forces are dependent on the surface roughness, surface material and the surface area with
which they interact. The contact area with the end-effector is determined by the wall thickness of the suction
cup (p). The wall thickness impacts the amount of suction cups, as a large side wall reduces the amount of
suction cups that can be placed. The walls cannot be non-zero as a surface is required to attach the mem-
brane as stated in section 5.1.1.

As the carrier material has large surface roughness, the interaction forces with this surface are reduced enor-
mously. Therefore, for pick-up, the largest force that needs to be overcome is gravity.
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Variable Symbol Value
Minimum induced vacuum p; 13kPa
Initial mean height h 0.469 um
Young’s module membrane En 1.28 GPa
Membrane thickness t 25um
Wall thickness of suction cup 17} o]
Radius a 0.7 um

Table 5.2: Dimensions of the end-effector variables.

Theoretically, an end-effector with complete flat surfaces increases the interaction forces created by the end-
effector and thus increasing the base force it can create. This increases, its compatibility for very thin mate-
rials with a very low modulus of elasticity as the forces created by the suction cups decreases for very ductile
materials as stated in section 4.2. When laminate deposition is required, gravity and the inter laminate inter-
action force would result in releases. The suction cups itself would add a small switchable force generation to
ensure pick-up and release.

For thicker laminates (<100 um) with a large modulus of elasticity, the suction pressure becomes much more
dominant. So dominant in fact that the interaction forces are nearly negligible, as stated in section 4.2. This
allows for enough force to be created to ensure pick-up and release. Thus, the thickness of the walls does not
impede its performance negatively for these laminates.

Therefore, the choice is made to choose for a completely flat surface for the pick-up of micro laminates. For
thicker laminates with large modulus of elasticity, the wall thickness is close to irrelevant. These findings are
also experimentally validated in chapter 7.

5.2.5. Radius

As stated in figure 4.4a, increasing the radius results in a theoretical larger pressure differential. However, in-
creasing the radius limits the delicacy and geometric complexity of the laminates that are picked-up. There-
fore, the choice is made to minimize the radius to push the boundaries of the system and to achieve the most
uniform force distribution. Minimizing the radius is limited by production limitations, and the correspond-
ing radius is 0.7 mm. This radius is chosen based on the accuracy of the DLP printer, which has a resolution
of 100 microns in X/Y and has a minimum layer height of 25pum. In table 5.2 the final dimensions of the
membrane scaffold are shown.



6. Experiment methods

The numerical model results shown in chapter 4 are an estimation of the reality and need to be validated. In
this chapter, the experimental approach and the corresponding test-setups are depicted. The results of these
experiments are then compared to the numerical results to assess the prototype performance based on the
numerical model. The results are depicted and discussed in chapter 7.

6.1. Experiments

Three main experiments are conducted. The first experiment focuses on the deformation of the membrane
at different induced pressures. The second experiment focuses on the amount of force created by the suction
cups when using a rigid laminate. In the third experiment, various laminates are pick-and-placed. This ex-
periment validates the entire application of the end-effector. All experiments validate a certain aspect of the
numerical model, in the following paragraphs the methods of these experiments are elaborated.

6.1.1. Experiment 1: Deformation

The deformation experiment is prepared by first placing the membrane onto the membrane scaffold and
pressurizing the vacuum casing. The pressurized case is then decoupled from the vacuum pump and placed
on its back under the Keyence VHX6000 microscope [59]. Under the microscope, the 3D measurement ca-
pability of the VHX6000 is utilized to measure the deformation of the membrane, which is done for three
random suction cups. Gravity has negligible influence on this experiment.

The deformation of each of the three random suction cups is measured at four pressures: Py(= 101kPa), 70kPa, 40kPa
and 13kPa. These pressures are obtained by carefully opening the pressure release valve until the desired
pressure is reached. The measurement at = 101kPa is the baseline, as this is the pre-deformation at atmo-
spheric pressure. The deformation is measured by taking the average of the two heights at the edges of the
suction cups. The measured deformation is subtracted by the deformation present at atmospheric pressure
to counter any initial offsets. In the end, every measurement consists of four separate measurements. The
first two measurements are done at the opposite edges of each suction cup and the average of its height is
determined. The third measurement is done at the center to determine the maximum deformation of the
membrane. The fourth measurement is done at the edges and at the center at atmospheric pressure to deter-
mine the initial condition with which the deformation is offset by. Thus, in total 48 data points are collected,
four pressures at three random suction cups each consisting of four measurements.

The VHX6000 outputs the cross section of the membrane, and thus deformation is manually measured, re-
sulting in errors. Each suction cup radius is measured to consider the production inaccuracies of the DLP
printer. The measurement setup is shown in figure 6.1.

6.1.2. Experiment 2: Force generation

The suction force of the end-effector is measured by applying a force upon a rigid surface instead of a frag-
ile laminate. This rigid surface is attached to a sensor, which is then attached to the main plate as seen in
figure 6.2. This rigid surface consists of a silicone sheet (1.5 mm thick) attached to a flat glass surface. A sili-
cone surface is chosen to prevent leaks, as it is relatively ductile (Ex 5MPa [32]) compared to the membrane
(E=1.56 GPa). Additionally, a pre-load is applied to deform the silicone to further reduce leakage.

For all measurements, the same surface is used to ensure a constant surface interface. The experiment can
validate the behavior of the membrane for the application with a rigid laminate. The forces created this way
are much larger compared to a flexible laminate, as the silicone surface does not deform significantly, fig-
ure 4.4d. As forces are large for rigid laminates, the interaction forces can be neglected.

The force created is measured for various radii to validate the correlation between the suction pressure and
the suction cup radius. The radii chosen are: 0.7, 1, 1.3 and 3 mm. These radii are chosen based on the results
of the model, as stated in appendix G. Every radius is measured 4 times. To ensure a proper seal, a pre-load
of 50N is applied. After initial clamping, the induced pressure is applied and the change in perceived force

29
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is measured. During these measurements, a Futek sensor is used, which has a precision of 0.05N and all
measurements are directly digitally stored onto a computer.

With the same setup, the correlation between force and time is investigated. As the surface roughness is
vital as the model assumes that the interface between the suction cup and laminate is airtight. However, this
assumption does not hold in the real world and leaks are probably present. As this occurs, the force created
decreases. The rate at which this occurs depends on the sealing performance of the suction cup. During this
experiment, the force is measured over time for the various radii.

Figure 6.1: Experiment 1: Setup to visually ~ Figure 6.2: Experiment 2: Setup to measure Figure 6.3: Experiment 3: Setup to pick and

determine the deformation. The the forces created by the end-effector. Part  place laminates. Under the end-effector is
microscope used is a Keyence VHX-6000 A:Vacuum casing; Part B: Membrane a polished aluminum billet for laminate
[59]. scaffold; Part C: Silicon surface; Part D: deposition.

Build plate to sensor mount; Part E: Sensor;
Part F: Sensor to laminate mount.

6.1.3. Experiment 3: Pick-and-place

The final experiment is the entire application of the end-effector. The setup is built such that a laminate is
placed unto the carrier surface, which is then picked-up by the end-effector. Thereafter, the carrier surface
is swapped for a polished surface (R, < 0.2pum) which has a TPU laminate adhered to it. The covered TPU
billet is chosen to simulate the placement of a laminate for the creation of a multi-material metamaterial.
This experiment is done with a TPU and aluminum laminate due to the limited access to copper laminates.
This experiment is done three times for both an aluminum laminate and a TPU laminate. The setup of the
experiment is seen in figure 6.3.



7. Results & Discussion

7.1. Experiment 1: Deformation

The measurements performed on the membranes result in images as seen in figure 7.1 created with the VHX
6000 [59]. These images show the cross-section with their corresponding relation to the suction cup. In this
image, measurement lines are drawn to indicate various aspects seen in the cross-section. The white line
indicates the diameter of the hole and the red line indicates the actual diameter over which the membrane is
suspended, see section 7.1.1. At the edge, between the red and the white line, a drop is seen which stagnates
at the diameter of the hole (1430 um). Outside the red line, an increase of approximate 25um is measured
until the deformation stabilizes.

In figure 7.2 the final, measurements are seen of the maximum membrane deflection at various pressures,
considering the pre-deflection at atmospheric pressure. The deflection has a linear correlation to the suction
pressure, as seen in equation (4.7). Furthermore, it can be seen that the error is highest at larger pressures, as
the deformation is smaller and the present production inaccuracies impact it more.

The deformation results of figure 7.2 do not match the numerical results, as the measurements are far off.
This mismatch is mainly caused by production inaccuracies in the membrane scaffold, which can be solved
by polishing its surface. In the following two sections, these inaccuracies are further elaborated, followed by
the impact of polishing the membrane scaffold.

Membrane deflection per pressure
Unpolished membrane scaffold (a=768um)
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Figure 7.1: Cross sectional image of a suction cup membrane. Membrane:

3M 8991; Design diameter: 1400 um; Set pressure: 13 kPa; With added Figure 7.2: Deformation of membrane on raw scaffold
markers: White: Actual hole radius; Red: Outer edge radius; Purple: at various pressures. Slight inaccuracies in pressure
Membrane deflection radius; Blue: Edge drop until hole. are present due to manual approximation (+3kPa).

Atmospheric pressure: Py = 101kPa

7.1.1. Production inaccuracies

The inaccuracies of the DLP printer are considered by measuring the radius of the suction cups and applying
these values as input in the numerical model to create results similar to the real-world conditions. During
the analysis of the suction cups, two vital inaccuracies were detected. First, the radius of the suction cup was
larger than designed. In figure 7.3 it can be seen that the inner radius is = 717um instead of the designed
700 um which increases membrane deformation.

The second inaccuracy was found on the edge of the suction cup. In figure 7.4 it can be seen that the DLP
printer cannot produce a perfectly straight edge. It instead produces an edge with a fillet with a significant
radius. This results in the second outer diameter seen in figure 7.3. This inaccuracy alters the deformation,
as the actual radius over which the membrane is suspended is = 770um. Additionally, the fillet results in an
edge which can adhere to the adhesive layer of the membrane when fully deformed. This results in a drop
which then stagnates, see figure 7.1 between the white and red line. At atmospheric pressure, the adherence
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of the membrane onto the edge fillet is seen, figure 7.5. At the edges, the height is clearly lower compared to
the surrounding surface indicating the adhesion of the membrane to the edge fillet, see the two downward
spikes in figure 7.5. Thus, this production inaccuracy impedes the proper deformation of the membrane and
impacts these results negatively.

Lastly, a height decline of = 25um is seen outside the edge in figure 7.1. This is due to the deformation of
the silicone adhesion layer, which is much softer (E=4.5 MPa) and is probably compressed during applica-
tion and/or pressurizing the membrane. The deformation is plastic, as the deformation remains present at
atmospheric pressure, see downward slope leading towards the two spikes in figure 7.5.

] um

Magnification: X100.0 0.00 900.00 1000.00 1200.00 1400.00 1600.00

Figure 7.3: Measurements on the DLP printed membrane Figure 7.4: Cross section of the membrane scaffold edge. Cross
scaffold hole. The inner red circle indicates the hole radius, section through the center of the suction cups. Note: depth of hole
the outer red circle indicates the edge radius. is inaccurate and irrelevant due to absence of light.

T T T T
20000 40000  600.00 80000

Figure 7.5: Base deformation at atmospheric pressure. Membrane: 3M 8991; Design diameter: 1400 um; Set pressure: = 101 kPa;

7.1.2. Polishing of membrane scaffold

To counter the inaccuracies caused by the edge, an extra production step is applied. After cleaning the mem-
brane scaffold, the surface is polished to remove the top layer to achieve a more square edge before the mem-
brane is applied.The surface is polished with a 2mu polishing agent, resulting in a slimmer and more square
edge, as seen in appendix H.3.1 figure H.5b.
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Membrane deflection per pressure
Polished membrane scaffold (a=741um)
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Figure 7.6: Deformation of membrane on polished scaffold at various pressures. Slight inaccuracies in pressure are present due to
manual approximation (+3kPa) Atmospheric pressure: Py = 101kPa

In figure 7.6, the observed trend line is much closer to the modelled trend line in contrast to the unpolished
sample of figure 7.2. These results show that the polished sample resembles the model much better. This is
because the polished edge alters deformation less and results in fewer unpredictable errors, improving the
results.

In all measurements, relatively large error bars can be seen. The error bars in the measurements consist out of
three parts. The most present error are mechanical errors, which are probably the result of inaccuracies in the
assembly due to production. The second very influential error is the reading error. Due to the often laborious
and repetitive nature of the measurements, reading errors occur, which will result in a large cumulative error.
This error has been approximated to about 1.5 um due to the display accuracy of the VHX 6000 microscope.
The third error is due to the machinery itself. The error of the microscope itself is at 0.1 um [59], which is
substantially lower than the other errors.

These results indicate that the model does predict the membrane deformation accurately. However, many
parameters impact the deformation negatively, resulting in a large standard error and a large reading error.
The standard error can be countered effectively by improving the production method of the complete as-
sembly. The current production method has two main factors which impact the measurements negatively.
Firstly, the usage of a DLP printer results in no precise radii and creates large fillets at the edges. This problem
is increased by the adhesive backing of the membrane, adhering the membrane unto the fillet. Secondly, the
assembly does not ensure parallelity, and thus the membrane is being measured at an angle under the micro-
scope, impacting the measurements. Using a more precise production technique to produce the membrane
solves many issues, as both the radius and the edge would resemble the initial design more. There are many
production techniques that can be applied to achieve this, for example micro machining [60, 61], injection
molding [62], and two photon polymerization (nanoscribe) [63, 64]. Parallelity can be countered by machin-
ing the vacuum casing more accurately. Furthermore, the O-ring compression method can be done at the
side of the membrane scaffold, and therefore the mounting pressure does not impede the parallelity. Lastly,
an improved manufacturing technique for the membrane scaffold also improves parallelity, as the manual
polishing would not be required.

The reading error can be countered effectively by increasing the sample size of the measurements and by
using a white light interferometer to measure the depth of each suction cup. The usage of a white light in-
terferometer takes away numerous manual measurements, resulting in smaller errors. Additionally, the time
per measurement is decreased drastically, allowing for a much larger sample size.

In conclusion, the deformation experiment shows that the model gives an accurate representation of the
deflection of the membrane. The accuracy of the model can be better determined by increasing the sample
size of the measurements and applying a more accurate measurement method. Additionally, production
limitations result in errors, which impede the deformation of the membrane and thus the perceived model
accuracy and precision.
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7.2. Experiment 2: Force generation

The force experiments have been applied with a pre-load of 50 N. The force is measured in graphs as seen in
figure 7.7, where the peaks indicate the force created by the end-effector when turning on the vacuum pump.
The measurement peaks show a slight upward drift, which is probably due to mechanical play within the test
setup. With the applied pre-load no significant force change were measured over a substantial period of time
(> 5min). The exact time is not relevant for this research, as the laminate transportation is done in a much
shorter time-frame.

The experimental results of the first three radii show a clear resemblance to the numerical model, figure 7.8.
Anincrease in radius resulted in an increase in force. However, discrepancies are apparent, especially at larger
radii, which are discussed in section 7.2.2. These discrepancies are due to the following two aspects which
need to be considered: the initial volume of the membrane, and the sealing capability of the suction cups.
In the following two sections, these aspects are investigated. Additional graphs of the force experiments are
shown in appendix H.4.

Force experiment (a=1.3mm) ) _
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Figure 7.8: Numerical model and experimental results with a
pre-load of 50 N.
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Figure 7.9: Compensated numerical results due to changes in initial volume versus the measured experimental results. The results are
compensated by considering the initial volume and radius of the various suction cups.

7.2.1. Initial volume

The initial volume in this experiment is influenced by 1) the initial membrane deflection, and 2) the deforma-
tion of the silicon carrier surface, resulting in a change in initial volume. The effects of the change in initial
volume is used as input of the numerical model. These results indicate that the experimental values for the
radii, 0.7, 1.0 and 1.3 mm are close to the compensated numerical values, see figure 7.9. Additionally, the
impact of the change in initial volume is relatively limited, as the values are only slightly below the original
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numerical results of figure 7.8. In the following two subsections, the cause and impacts of these aspects are
investigated.

Initial membrane deformation

As seen in the previous experiment, it was apparent that the suction cups have an initial deformation and
impacts the generated force. Therefore, the initial deformation is measured accurately to determine the mean
membrane height of the various suction cups. Additionally, the corresponding radius is measured to consider
production inaccuracies. This has been done for four random suction cups for each sample, see figure 7.10
and table 7.1.

Membrane deflection at atmospheric pressure

Membrane: 3M 8991
120

g Design Actual Mean p're-
< e . . deflection
2 radius radius
g (at Py))
5 700 um 731 pum 8.4pum
o 1000pm  946um 16.6 um
&
& ! 1300pm  1268um 31.6pm

N ! 3000pm 2897 pm 53.6pum

! " " Sucton cu; raciun mm] ’ . ' Table 7.1: Initial conditions of maximum membrane

pre-deflection of different suction cup radii.

Figure 7.10: Initial deformation of the four samples. Measurements
performed with the VHX-600 and the full measurements are in
table H.3.

500pum

Figure 7.11: Deformation of the adhesive. (a=1.3 mm)

These results indicate an initial exponential relation between the initial maximum deflection and the suction
cup radius, which eventually stagnates. The reason for the deformation is twofold.

Firstly, the fillet on the suction cup edge and the adhesive nature of the membrane results in the membrane
sticking and therefore having an initial deformation as stated in the first experiment. This problem is coun-
tered by polishing the membrane scaffold and/or changing the production method of the membrane scaffold.

Secondly, the adhesive layer appears to deform, resulting in a change in initial deformation. The adhesive
backing has a significant lower yield stress than PET (Adhesive: = 2.77 MPa [65]; = PET 138 MPa [49]), result-
ing in the compression of the adhesive. Additionally, it appears that at larger radius the forces acting upon
the radius result in shear stresses which exceed the yield stress of the material resulting in visible alterations
underneath the membrane, see figure 7.11. The plastic deformation of the adhesive results in a permanent
increase in initial deformation of the membrane. The shear stress increases when increasing the suction cup
radius, and can be countered by altering the production method and/or by increasing the suction wall thick-
ness. Therefore, for this production method, a larger wall thickness is preferable to ensure proper adhesion
of the membrane.
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Thus, the initial deformation which occurs due to the membrane scaffold and the adhesive layer of the mem-
brane result in a reduction of the pressure differential at increasing radii. These effects mainly affect the edges
of the suction cups and therefore at larger radii these effects stagnate.

Indentation of carrier surface

The pre-load applied results in the compression of the silicone surface. Thus, the surface over which the
membrane is suspended is pushed into the suction cup, decreasing the initial membrane height before the
pressurization of the end-effector. The amount of indentation is determined by creating a FEM-simulation
[34], as seen in figure 7.12. The resulting indentation of the suction cups are shown in figure 7.13.

Pre-load | a=0.7mm a=1.0mm a=1.3mm a=3.0mm
5N 1.3um 1.1pm 0.9um 0.5um
10N 2.6um 2.2um 1.8 um 1.0pum
15N 3.9um 3.2um 2.8um 1.5um
20N 5.2um 4.3 um 3.7um 2.0pum
30N 7.8 um 6.4 pm 5.5um 2.9um
45N 11.7ym 7.5um 6.4 um 3.4um
50N 13.1um 10.8 pm 9.2um 4.9um

Figure 7.12: Indentation due to the applied pre-

load for a=0.7mm. Total pre-load: 15N; Per Figure 7.13: Expected deflection due to the various pre-loads.
suction cup: 0.41 N. Other FEM results are seen

in appendix H.4.3.

The amount of silicone indentation alters at various radii, due to the change in area of the suction cup walls.
The largest indentation is seen at a radius of 0.7 mm. As the suction cup wall thickness remains constant, the
area of the suction cup is smaller. Thus, the distributed load applied upon the silicone surface is increased,
resulting in larger indentations. The amount of indentation is subtracted off the mean initial deformation of
the membrane to determine the mean initial height/volume.

7.2.2. Sealing performance

The most impactful inaccuracy is the sealing performance of the suction cups. The end-effector consists out
of 37 suction cups, each requiring certain conditions to achieve suction pressure. The sealing performance
is impacted negatively by contaminates, parallelity issues and surface roughness, resulting in small and large
leaks.

These small leaks are only initially present as the force created remains constant. Thus, as the suction cup
is pressurizing, the vacuum below the membrane increases. During this increase, the force between the
suction-cup wall and the silicone increases, improving its sealing performance. But until this end-condition
is reached, air is being sucked into the chamber, reducing the pressure differential and thus the force.

This is proved by applying the force experiment at varying pre-load, figure 7.14. These results indicate that in-
creasing the pre-load improves the sealing performance until convergence is reached, indicating that nearly
no small leaks are present. Thus, the compressive flexibility of the silicone seals the small leaks as pre-load
is applied. The stagnating nature of figure 7.14 proves that initial leaks are present at lower pre-loads due to
less silicone compression, which results in a decrease in end-effector force.

The large leaks are mainly the result of parallelity issues, which result in suction cups not pressurizing. The
results from figure 7.14 indicate that the sealing performance is worse for larger radii. This is because larger
suction cups are more prone to parallelity issues due to their shear surface size. Additionally, the large wall
surface area results in a smaller distributed load resulting in less indentation of the silicone and thus the
sealing of large leaks is more improbable. The presence of large leaks is visually confirmed, as at a radius of
3.0mm and a pre-load of 50 N approximately 8 suction cups seal, which is only 20% of the total amount, see
appendix H.4.2. These discrepancies are mitigated by improving the parallelity of the end-effector and by
increasing the applied pre-load.

Thus, the discrepancies between the adjusted numerical results and the experiments shown in figure 7.9 are
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Pre-load vs. end-effector force

a=0.7mm
— a=1.0mm
a=1.3mm
a=3.0mm

End-effector force [N]

5 10 15 20 25 30 35 40 45 50
Pre-load [N]

Figure 7.14: Force generated at various pre-loads. Results based on the values in appendix H.4.2, table H.4. The pre-load at @ = 0.7mm
is stopped at 20 N as to maintain a buffer between the indentation of the silicone and the mean pre-deflection value of the membrane.

mainly due to suction cups not sealing at all and due to small leaks remaining ever so present. The probability
of suction cups not sealing increases at larger radii.

7.3. Experiment 3: Pick-up of laminate

The final experiment investigates the ability of the end-effector to pick and place thin laminates. This is
done for a flexible laminate (TPU: t = 20um) and a more rigid laminate (Aluminum: t = 20 pm). From these
experiments, it became apparent that the sealing performance of the end-effector with a PET membrane is
insufficient to pick-and-place flexible thin laminates due to parallelity issues. However, the end-effector is
capable of pick-and-placing thick ductile laminates as compression is required to improve sealing perfor-
mance (e.g. silicon and rubber laminates), see figure 7.15.

The parallelity issues, require the addition of a compressible layer and a larger pre-load to improve sealing
performance. The compressible layer can either be the laminate itself, or the membrane, however this does
impede the design flexibility heavily. Therefore, the current prototype is limited to thicker laminates with
a low young’s modulus to achieve sufficient compressibility to improve the sealing performance. Thus, to
increase laminate compatibility, the sealing performance must be excellent.

Figure 7.15: Pick-up of a silicone laminate. Laminate thickness: 1.5 mm, Young’s modulus: = 5MPa [32]



8. Design guidelines

From the numerical and experimental results, certain guidelines for the design variables can be set up de-
pending on the laminate type that is to be pick-and-placed. The laminate types are characterized based
on the intricate shape and the rigidness (thickness and/or Young’s modulus), resulting in four application

groups, as seen in table 8.1. In the following four paragraphs, the four types are further elaborated.
These guidelines assume that parallelity issues are solved to ensure proper sealing performance.

Rigid laminate +

Simple shape

Rigid laminate +

Intricate shape

Flexible laminate +

Simple shape

Flexible laminate +

Intricate shape

Small radius,

Small radius,

Radius Large radius* depends on the Large radius* depends on the
(a>1.3mm) features of the (a>1.3mm) features of the
laminate laminate
As small as possible  As small as possible
Me.mbrane h ~ 500pm h < 500um (capplllary. (capplllary.
height condensation condensation
distance)** distance)* *
Membrane . . . . . .
thickness Thin (¢, = 100 pum) Thin (¢, < 100pm) As thin as possbile As thin as possbile
Youngs Flexible (E = 1 GPa) Flexible (E < 1 GPa) As small as possbile  As small as possbile
modulus
Wall
thickness . .
(contact p>3mm p>15mm Aslarge as possible ~ As large as possible
area)

Table 8.1: Design guidelines for various laminates.
*Large radii are more susceptible to large leaks, thus excellent parallelity is needed to be combined with a larger pre-load. Large radii
result in larger stresses, and thus the maximum radius is limited by the yield stress of the membrane and laminate.
**Minimizing the membrane height until the capillary condensation distance results in the preference for hydrophobic materials.

8.1. Rigid laminate + Simple shape

Arigid laminate with a simple shape is the easiest type to pick-and-place. Larger radii may be applied, simpli-
fying the production of the end-effector. However, for larger radii, the stress must not exceed the yield stress
of either the membrane or the laminate. Additionally, parallelity must be ensured to prevent any large leaks.
The effect of the initial volume/membrane height on the end-effector force is relatively small, however, its
impact is not non-zero and must be considered. For all use cases, a thin and flexible membrane is preferred
to increase the end-effector force and to improve the sealing performance. Additionally, ductile laminates ab-
sorb less energy and therefore the induced pressure required to achieve the desired mean height is minimal.
For rigid laminates, this is not crucial and can be accounted for by a slightly larger radius and by increasing
the pre-load. As the laminate is rigid, interaction forces are negligible. Therefore, the wall thickness may be
of any size, and can be determined based on production requirements.

8.2. Rigid laminate + Intricate shape

This laminate type is very similar to the previous laminate, however, the radii size is limited and depends on
the feature size of the laminate. This limits the force created within a singular suction cups. To counter this,
simply more suction cups can be added, as the wall thickness can be reduced accordingly. Additionally, the
membrane height, thickness, and young’s modulus can be decreased to further improve the performance.
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8.3. Flexible laminate + Simple shape

A flexible laminate with a simple shape can have larger radii to simplify the production of the end-effector. For
flexible laminates, the force that can be generated is reduced enormously. This is due to their large deflection,
resulting in a decrease in suction force. Therefore, it is important to generate as much force as possible over
the entire surface of the end-effector. This is achieved by minimizing the membrane height, thickness, and
young’s modulus. The membrane height can be reduced to the capillary condensation distance, which is
decreased by utilizing a hydrophobic membrane and by reducing the relative humidity of the end-effector
environment. The young’s modulus of the membrane is vital, as it must ensure that the suction cups have an
excellent sealing performance with a pre-load. As interaction forces have an important effect, it is favorable
to utilize them in favor of the end-effector. Thus, the wall thickness of the suction cups may be as large as
possible to increase the interaction forces between the membrane and the laminate to overcome gravity.

8.4. Flexible laminate + Intricate shape

This laminate type is similar to the previous laminate, but it is limited in the radii that can be applied. The
minimization of the membrane height, thickness, and Young’s modulus also means that the maximum pres-
sure differential is reached at smaller radii. This, combined with more suction cups, results in enough force to
achieve successful pick-up and release. Improving these three parameters allows for even smaller radii, and
thus more complex shapes can be pick-and-placed.



9. Conclusion

The goal of the thesis was to create an end-effector to pick-and-place laminates of various materials for the
creation of multi-material architectures. The chosen end-effector design induces a pressure differential with
a membrane, and is capable to achieve a large switching force at a high throughput for delicate and geomet-
ric complex laminates. The experiments and numerical model accurately illustrate membrane deformation,
and show that force switching is achieved for pick-and-place. Additionally, the numerical model and the ex-
perimental results show that the suction forces can vary enormously depending on the target laminate. For
the pick-and-place of ductile laminates with an intricate shape, it is preferable to minimize the membrane
height, membrane thickness and Young’s modulus to create enough force. The radius size must be chosen
according to the required features sizes of the target laminates to ensure suction cups seal. The created pro-
totype is capable of manipulating rigid, intricate laminates, as the membrane material must be more ductile.

Analysis of the experimental results illustrated the sensitivity of the prototype to the following inaccuracies
that should be mitigated 1) production inaccuracies of the end-effector, and 2) ductility and application of
membrane material. When producing the membrane scaffold, the DLP printer with which it is created has
large inaccuracies in the x/y plane, resulting in unpredictable suction-cup radii and edge fillets. Additionally,
the current end-effector assembly cannot ensure parallelity, resulting in suction cups leaking.

The membrane material (PET) is chosen for its thickness and adhesive backing. However, the adherence
method of membrane resulted in large initial deformations, limiting the application of the end-effector to
onlyrigid laminates. Additionally, it is preferable to choose a more ductile membrane (e.g. PDMS) to improve
the end-effector forces and its sealing performance.

In conclusion, an end-effector based on the membrane induced pressure differential is a design path which
is worth investigating further for the creation of multi-material metamaterials. Depending on the application
and thus the target laminates, certain design guidelines are set up. These can be used for further research.
Additionally, further research is required to reduce production inaccuracies and allow for the application of
more ductile membranes without adhesives impeding the end-effector performance.
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A. Material properties

Material properties Symbol  (Thermoplastic) Polyurethane Copper - C11000*
Production process - Thin nozzle or Blow molding [33]  Electro-deposited & rolled [66]
Thickness T 20 pum [67] 9 um [66]
Area S 100 cm? 100 cm?
Density o 1.12 x 10% kg/m?3 [33] 8.89 x 10% kg/m®
Fracture toughness K. 0,192 -1,29 MPa [32] 223 —-318 MPa [68]
Youngs modulus E 2,5—30 MPa [32] 115-117 GPa
Yield strength oy 40—-51 MPa 206 Mpa [69]
2?{;2;‘2160? ?é%’rg;l P 1.6— 1.65 x 104 Strain/°C 1.68 — 1.69 x 1075 Strain/°C
Hamaker constant Apam ~1.3x10720] [70, 71] ~28.3x10720] [72]
Poisson ratio v 0,47 -0,49 [32] 0,34 [73]
Effective hardness H 87** [33] 40 *** [73]
Contact angle CcA 99.5° [55] 87° [54]
Mean distance (urface < 450m 74 < 470m (73

Table A.1: Material properties of case. *Cold-Worked and Precipitation Heat-treated which is 122 Hard [76]. **Shore hardness A measure-
ment (DIN ISO 48-4 (3s)) the hardness scale measures the hardness of flexible mold rubbers [77]. ***Rockwell F Scale.****Mean distances

are estimated based on literature and considering the corresponding production technique.
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B. Surface interaction forces

B.1. Capillary condensation

The largest stiction force is capillary condensation. Bowden and Tabor investigated experimentally the stiction force as a result of the
liquid tension of water. They found an experimental dependency of the capillary force regarding the relative humidity, as shown in
figure B.1. The humidity of the environment has a tremendous effect on the capillary-based stiction force. For two perfectly flat surfaces
near each other, the capillary surface interaction energy is quantified according to the Young-Laplace equation [78].

ecap(z) = Y(Ql - 92)|Zidmp
(B.1)
ecup(z) = 0|z>dmp

In equation (B.1) vy is the surface tension of water (at 20°C: 72.75 x 1073 N/m) [44], 6 is the contact angle of water on the surface and
dcap is the characteristic distance between the two plates. If the distance is smaller than d¢qp water will, capillary condense and gives
rise to a stiction force. This characteristic distance is dependent on the materials and humidity of the environment, as indicated in
equation (B.2).

2y(T)vcosO

RTlog(Hy) (.2)

dcup =

In which v is the liquid molar volume of water, R is the gas constant (8.314 IK’lmol’l) [46], T is the absolute temperature in Kelvin and
Hy is the relative humidity. With these two formulas, the surface interaction as a result of the humidity of the experimental room can be
calculated. In both formulas, surface tension is indicated as a function which is dependent on the temperature. This effect is not large
but does occur and is material dependent [79]. For this, a fit is created as seen in equation (B.3) [80]. This fit is not perfect but does
approach the reality very close and its discrepancy is negligible.

¥(T) = (75.6—0.167T) x 10" 3Jm 2 (B.3)

The formula indicates that the surface tension of water decreases when temperatures increase. In general, if water is present, the capillary
force will dominate all other forces and surface interaction energies, which will be discussed in the following paragraphs.

B.2. Van der Waals

The van der Waals force between molecules becomes larger as the intermittent distance between the surfaces reduces. The adhesion
behavior occurs in absence of water and are not dependent on the environment. However, it is dependent on the surface roughness and
in the case of exceptionally smooth surfaces, the surface energy due to van der Waals interactions are

AHAM

Tonz? e .

epdw =

with e,z being the surface energy due inJ/ m?, Ag ap is the Hamaker constant in Joule, z the distance between the two surfaces [80].
However, this distance only results in a surface energy in a specific domain. If the plates are far away from each other, the van der Waals
surface energy is negligible. If the two plates come to close to each other, the van der Waals force will become negative and will become
a repulsive force between the plates. This is due to electron shell deformation, which results in a cut-off distance and is universally
determined at d¢o = 0.165nm which is slightly less than the inter-atomic distance.

B.3. Casimir

Compared to the van der Waals force, the Casimir force takes effect at larger gap distances, as demonstrated in figure B.2 [82]. The
Casimir force is the result of a very unintuitive consequence of quantum electrodynamics. The force between two parallel uncharged
plates as a result of the Casimir force is quantified by equation (B.5).

2

n°hc

E@=——"—  S>>7°
2% 72023

(B.5)
Where z is yet again the distance between the plates and S being the surface of the plates. This formula is only applicable if § >> z2. This
condition is met as the surface of the sheets is about 100 cm?.

This equation can be derived by assigning a zero-point energy of %hc to each electromagnetic mode (photon). As Lamoreaux explains
it so nicely [83]: "The change in total energy density between the plates due to modification of the mode structure compared with
free space, as a function of the separation, d, leads to the force of attraction." Thus, the Casimir force is a fundamental force which is
independent of material and humidity.
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Figure B.1: Adhesion as function of the humidity. [81]

B.4. Electrostatic

An Electrostatic force is not only due to an applied charge but can be the result of a contact potential difference. The Coulomb interaction
between the two surfaces can be described with the following formula.

_ eV?

F.— —
€7 222

(B.6)
Here F is the force, V is the potential difference and z is the distance between the plates. In this case, no voltage is induced, however a
potential may arise due to contact and/or tribocharging. Contact potential is the difference in electrostatic potential between two metals,
which does not occur in the process [14]. However, the electrode potentials at the interface between metal and organic coating can be
of real electrochemical significance [85]. Tribocharging is caused by rubbing surfaces, which may introduce a potential. In general, the
electrostatic force will not be a significant force during laminate transfer.

B.5. Gravitational forces

During the process, the weight of the various laminates needs to be considered. These forces are relatively small compared to the
interaction forces and can sometimes be neglected. In this case, there are added as the sheets cover a substantial area. To make the
comparison easier, the gravitational force is quantified as a distribution force.

F,
Pg=§g=g*ﬂ*t (B.7)

With Pg being the gravitational distributed load, Fg is the gravitational force, S is the total surface of the to be manipulated laminates, g
is the gravitational acceleration, p is the density of the laminate and ¢ is the corresponding laminate thickness. In the case of copper and
polyurethane, the forces are seen in table B.1.

TPU Copper
Py 1.74Pa  0.22Pa
Fg 174mN 22mN

Table B.1: Gravity induced forces and pressures.
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C. Concept assessment

C.1. Selection criteria

In section 3.1 six different concepts are described. It is evident that the different concepts have their specific properties, with their
advantages and disadvantages. In the following sections, the selection criteria are described and applied to assess the concepts. These
are used to select a concept in section 3.2.

The limitations and characteristics of the different concepts are investigated with a set of criteria. These criteria are based on the expected
required characteristics of multi-material metamaterials.

C.1.1. Material diversity

The first criterion is the extent to which an end-effector concept allows application of multiple materials.

The concepts are analyzed based on the range of the Young’s modulus of the materials that are applicable within a single concept.
Additionally, it analyses other mechanical properties restricting certain material groups, such as thermal properties, conductivity and
hardness.

C.1.2. Geometric capability

Another important criterion is the capability to handle laminates with diverse shapes. The end-effector must handle such laminates and
therefore is required to create a uniform-force despite these geometric irregularities.

The concepts are analyzed based on the distribution with which a force is generated and its dependency on laminate surface quality.

C.1.3. Delicacy

The end-effector must pick up the laminate delicately and release it onto the previous laminate without destroying the previous stack.
The concepts are analyzed based on the method and range of force application method. For example: A large force generation only
during laminate release is not preferable during stacking of a complex and delicate stack.

C.1.4. Throughput

An end-effector with high throughput capabilities has the potential to deliver consistency and increase accessibility. Due to consistent
production, research can be compared accurately, enabling further development.

The concepts are analyzed based on the speed of the expected end-effector force switching.

C.1.5. Force generation

For the transportation of the laminates, it is important that the force generated is sufficient to create a force to overcome gravity (Fg)
and the layer interaction forces (F¢). Additionally, the end-effector must release the layer, which requires the end-effector to create a
force variation large enough to release the layer onto the previously stacked laminate.

This criterion is investigated based on the maximum generated switchable force.

C.2. Concept evaluation

The concepts are assessed based on their strengths and weaknesses for each of the criteria, table 3.1. The argumentation of table is
written in the sections below.

Pressure
Contact area: Contact area: . . Pressure Pressure
Contact area: . differential: . . . .
. Expanding Membrane differential: differential:
Peeling . Temperature .
membrane actuation . Speed induced The octopus
induced
Material + - - +- +- ++ ++
diversity
Geom(.et.rlc ++ +- + +- _ +-
capability
Delicacy -- ++ + + -- ++
Throughput ++ + + + - + + +
Force + + - +- ++ +
generation

Table C.1: Qualitative selection table with the various concepts and criteria.
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Contact area: Peeling

Contact peeling utilizes a PDMS stamp which is rolled up. This allows for a wide range of materials which can be applied. However,
as a radius is required to pick up and release the laminates, certain flexibility is required. Therefore, this concept is slightly limited to
materials with a low modulus of elasticity.

Because the stamp covers the whole surface, it has excellent geometric capabilities. The shape of the laminate does not impede the
mechanism, and therefore the geometric shape of the laminate is completely unrestricted.

When depositing the laminate, a large force is exerted unto the underlying structure. If the underlying structure is intricate (e.g.metamaterial),
the large force could result in part failure. Therefore, the concept release method is not delicate.

The throughput of the stamp is excellent. As laminates are first rolled unto the stamp and then rolled off, the system can be applied
continuously at a high rate. The generated force during pickup is mainly based on the interlayer adhesion, release of the laminate is
where a large force is created. Therefore, the force fluctuation is large, but mainly achieved during laminate release.

Contact area: Expanding membrane

The working principle is the thermal match between the membrane and the laminate to ensure de-lamination. The large amount of
initial parameters which must match limits the end-effector to certain materials. So in essence it can be designed to manipulate many
materials, but it is then not applicable for different materials. This is due to the necessary thermal property match between the laminate
and the membrane. This is an unfavorable property for multi-material builds, as a new material laminate consequently means a new
end-effector with the corresponding membrane needs to be manufactured and mounted. Therefore, material diversity is not great for
this concept.

The addition of many membranes allows for a more uniform force distribution. The more membranes are present in a certain area, the
better its performance in both delicate maneuverability and force generation thus minimization of the membrane radius is favorable.
However, this decrease in size is limited due to the membrane and the required air pocket for successful thermal expansion of the air.
Therefore, the amount of suction cups is limited reducing the feature size over which a uniform force can be distributed reducing its
geometric complexity of the shape.

The main working force for pick-up is interlayer adhesion, and for release thermal properties are utilized. As the air is only heated
momentarily by lasers, the laminates are not affected. Therefore, this concept can very delicately pick-up and release laminates.

Throughput of the concept is excellent. The concept only requires the energy input for the air pockets which are in contact with the
laminate, and therefore lasers can selectively heat the small air pockets, which is achieved very rapidly.

Force generation is dependent on the material combination used. Additionally, as the membrane and air pocket combination requires
more complex production methods, the minimum radius achievable is limited. This therefore slightly limits the achievable force gener-
ated by the concept.

Contact area: Membrane actuation

Membrane actuation results in large deformations to achieve pick-up and release. This large deformation ensures that the contact
area is reduced enormously for material with a large modulus of elasticity. However, for materials with a modulus of elasticity equal or
lower than the membrane itself, the deformation would result in the deformation of the laminate and thus the contact area is reduced
minimally.

Additionally, the bi-stable mechanism uses contact area reduction to generate its force. To ensure pick-up, the interlayer interaction
forces must overcome gravity and thus material properties must match to achieve such interaction forces. Thus, a few limitations do
impede the material diversity of the concept.

In this concept to the following statement holds true. The smaller the holes, the more uniform the force distribution, the better its
geometric capability. As the bi-stable membranes must be actuated and mounted to an end-effector, production limitations are present.
Therefore, the geometric capability of the design is good, but limited by its membrane size.

The membrane itself creates large deformations. Applying the membrane directly onto a laminate would result in large deformations,
which could harm the to be manipulated membrane. However, the membrane can also be used to create a pressure differential, as seen
in section 3.1.4 & section 3.1.6. This application method is more delicate.

Throughput of the membrane is excellent, as the membranes can be individually electrically actuated. This allows for rapid membrane
actuation, enabling the end-effector for rapid pick-up and release.

The bistable membrane is delicate and is limited in the forces it can exert [31]. The switching force created is the result of the large
displacement, which thus changes the contact area and thus the layer interaction force. This limits the force generation achievable.

Pressure differential: Temperature induced

The concept fundamentally works by creating a temperature induced pressure differential. Due to the pressure which is directly corre-
lated to the temperature, any temperature limitations would impede the suction pressure. Therefore, for materials with a low service
temperature, the suction pressure achievable is limited.

The end-effector concept consists of a solid piece with numerous holes. This design simplifies manufacturing, allowing for the mini-
mization of the hole diameter, and thus more holes can be made. This allows for the pick-up of complex geometric shapes. Additionally,
due to their abundance, a relative uniform force distribution can be created, allowing for delicate manipulation.

Throughput of this concept is limited due to the required time to heat and cool the end-effector. If larger forces are required, the tem-
perature fluctuations increase as well which would also impede the throughput capabilities of the concept.

The concept requires a seal to be created between the end-effector and the to be picked-up laminate. Thus surface roughness must
be minimized to ensure that a pressurized chamber can be created. The smoother the surface, the better the seal and the longer the
suction pressure can be maintained. Additionally, The temperature range in which the end-effector operates must be in the operating
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range of the to be moved laminate. Therefore, the force generated is temperature limited by the material that is to be moved. Due to the
requirement on the surface quality and the temperature, force generation can be good but is limited.

Pressure differential: Speed induced

The benefit of this method is that the stamp is a single PDMS part that deforms. As the force is created based on the stamp geometry
and speed, the forces created can be changed easily, allowing for the manipulation of a wide variety of laminates. Therefore, the material
diversity of this concept is excellent.

The stamp collapses to create a larger contact area and pressure differential. However, when reverting to its initial condition, certain
contact points must be maintained to keep the laminate attached to the end-effector. This means that every laminate must have certain
attaching points, limiting its geometric capability.

The force created by the stamp is mainly created when retracting the stamp. This induces a considerable pressure. The moment the
laminate is released of the carrier material, the pressure fluctuation acting upon the laminate is considerable. The release force is created
rigorously, thus resulting in a large peak force which could damage the laminate. Due to this rigorous nature, it cannot be used on delicate
materials, thus limiting the laminate material and thickness. Therefore, delicacy of the laminate cannot be ensured consistently.

This simple stamp design results in a high-speed and repeatable process. The stamp can create large forces, which enables the release
of the laminate of the carrier material in a rapid speed. The high throughput and force generation is favorable, but does influence the
delicacy cirterion negatively.

Pressure differential: The octopus
The main working principle is a pressure differential, which is independent of the material on which it is applied. Therefore, it has
excellent material diversity.

Similar to the temperature induced concept, the geometric capability is limited by the surface roughness of the laminate. Additionally,
because a membrane is suspended over a small hole, fabrication is more complex. Therefore, the suction cups cannot be minimized
indefinitely, limiting the geometric complexity it can pick up.

The concept creates a pickup force predominately by the suction pressure created. Additionally, the membrane is expanded to ensure
release of the laminate. This continuous two directional actuation method allows for very precise and delicate force generation in both
direction. This allows for fine control and thus delicate handling.

The concept has an excellent throughput as the suction cups are controlled with a vacuum pump. The use of a vacuum pump allows
for rapid actuation, resulting in a higher throughput. However, the use of a vacuum pump requires additional tubing attached to the
end-effector, thus increasing the weight and therefore its maneuverability.

The low-pressure volume in the suction cups (Ps) is preferably as small as possible. A smaller size suction cup allows for a more uniform
pressure distribution. As this is slightly limited, so is the force variation that can be achieved. Additionally, the force generated is very
dependent on the surface roughness as a proper seal must be ensured to achieve a pressure distribution.



D. Surface roughness: the distance destri-
bution

The precious formula’s calculate the force as a function of distance. However, in practice the distance between two planes variate due
to surface roughness as seen figure D.1. Therefore, the mean distance needs to be determined based on a model and or measurements.
Furthermore, if load is applied the asperities of the layers deform thus altering the distance. This variation must be taken into account.

f/

Surface b

= 3‘Nl

NI
S

Surface a

Figure D.1: Modeling surface roughness between two parallel plates. [80]

D.1. Gaussian approximation

With the configuration of figure D.1, the height is modeled as a Gaussian distribution function. This probability function models the
surface roughness to quantify the expected distance between the surfaces. This results in a probability function seen in equation (D.1)
between the two plates. The formula is equated based on a probability function h,, for surface A, and hy, for surface B. This results in the
distribution between the two surfaces.

(= (Za+zp))?

1 2(0%+02)

hap(2,2q+2p) = D.1)

252
2n(og+07)

In this equation o is the standard deviation of the respective surface, Z is the mean distance of a surface and the origin of variable z is the
mean height of the lower surface. This Gaussian approximation is nothing more than a crude estimate, therefore taking measurements
of the actual roughness is always preferred.

D.2. Roughness measurement

When measuring the surface with a better description of the height can be determined. By measuring a set sample of the area, various
sample points can be combined to accurately determine the mean distance of a surface. This results in a discrete determination of the
height based on the various sample points, which mean result in the height Z. This experimental determination of the height is stated in
equation (D.2).

Zq= Z ZaN

n N=1
_ 1 X (D.2)
Zy=— 3 ZpN

n N=1

Zah=Z2a+2Zp

In this formula Z,, is the mean distance between the two plates, z,4 &2,y is a sample height of the respective surfaces measured and
N is the sample size taken. By measuring the distance, a much more accurate determination can be made between the various surfaces
to accurately determine the distances between the plates. These measurements can be done with an Atomic force microscope (AFM).
However, this requires an enormous amount of time. Alternatively, a white light interferometer can be applied to measure the roughness
of the surfaces.
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D.3. Plasticity

When applying a force on the surfaces, the various asperities can deform, thus resulting in a change in distance

elastic or plastic and is material and load dependent as stated in equation (D.3). The plasticity is defined as

_E' Joa
H\ Ba
with E’ defined as,
2 _ a2
i: 1-v4 1 vy
E E, Ep,

. Deformation is either

(D.3)

(D.4)

and with ¥ being the plasticity index as defined by Greenwood and Williamson [86], E is the Young’s modulus of the material, H is the
hardness of the softer material of the two contacting surfaces,v is the Poisson’s ratio of the material, o is the RMS value of the asperity
heights based on the Gaussian distribution and g is the asperity radius [87].
With the AFM the radius can be determined accurately. Additionally, the RMS value of a surface (o), can be substituted for the mean
distance as measured by the AFM. Thus resulting in the following equation.

T H

E Zap

B

(D.5)



E. Formula’s & derivations

E.1. Suction pressure

—a+VA2+4B
pg=— 1 " (E.1)
2
Vo
A= =P (E.2)
P
= Lovo (E.3)
C
n(l - vz)aG
C= (E.4)
16E13
(E.5)
Combining equation (E.5) results in,
2 3
Pt 16Eh 3 _B4EPght
L P; Pat(vi-) at(v2-1) 8Eh13
Pg(Pj, t,h,a) = — + + E.6
sBobha) =7 2 a*(v2-1) 0

which is equal to equation (4.2). This formula is used for the calculations, as it completely describes the pressure variations as a result of
induced pressure changes. Simplifying this equation and assuming P and P; remain constant results into

poo Vo _ 16E3h )
TC T a-vwat ’

which is equal to equation (3.6) according to the research of T. Tomokazu [39].
E.1.1. Initial volume

x]T*r (wy,, P; d(.UV =rwa“h=V E.8
0’ l) 0 0 (E.8)
0

wy, 16E13

E.9
7(1-v2)(Py—P;) ta E9

r(wVO,Pl-) =

7(1-v2)(Py - P;) a*

= E.10
Wmax 16ED3 ( )
7- P4
at(v-1)n? (v+1)(—3g2 + (Z-1)(Po-Pr)at Zpl)a )(PO—P,-)
v(Po—P;)"-1 )
Vo=- =na?h (E.11)

2413E
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F. Numerical model figures

E1. Suction pressure - laminate release

Clamping pressure (P_) vs Suction cup radius (a) Clamping pressure (P_) vs Suction cup height (h)
, £ 108 (h=0.469um, t = 25um, Material: 3M 8991) , 105 (a=100um, t = 30um, Material: PDMS)
— P, ~P, = 191kPa
121kP. 175kPa
19r 130kPa e 157kPa
s 15 T P —139kPa
187 175cPa 8 121kPa
17Fh 191kPa [~ P ~P,
16
© ©
L st o
o’ o’
14 r
13
121
11r
1 n ; . . . ‘
0.5 1 15 2 25 3
a[m] %107 b [m] %104
(a) Suction pressure (P;) vs Suction cup radius (a). (b) Suction pressure (Ps) vs Suction cup height (k).
Clamping pressure (P_) vs Membrane thickness (t ) Clamping pressure (Ps) vs Membrane youngs modulus (E)
) %10° (h=1pm, a=100um, Material: PDMS) 105 (h=1pm, a=100pm, t _ = 30pm)
—— 191kPa 2 = 191kPa
175kPa 175kPa
19 157kPa 19 157kPa
——— 139kPa = 13%kPa
18 121kPa 18 121kPa
17 P~ P, P ~Py
g £
o’ a”
1 - - - - | 1 T T T T T T T
0.5 1 15 2 2.5 2 4 6 8 10 12 14
t[m] %10 E [Pa] %1010
(c) Suction pressure (Ps) vs membrane thickness (). (d) Suction pressure (Ps) vs Modulus of elasticity (E).

Figure E1: Indication of the influence of the independent design variables on the suction pressure. The variating lines are various
induced pressures applied. Atmospheric pressure: Py = 102kPa
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E.2. Deformation - laminate release

Membrane deflection Max membrane deformation (w) vs Suction cup height (h)
. 108 (@=100pm, t = 30pm, Material: PDMS) <10 (a=100um, t = 30um, Material: PDMS)
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Crossection of membrane in [m] x107 h [m] %107
(a) PDMS membrane cross-section of deflection. (b) Max deformation (w) vs Suction cup height (h).
Max membrane deformation (w) vs Membrane thickness (tm) Max membrane deformation (w) vs Membrane youngs modulus (E)
«10° (h=1pm, a=100um, Material: PDMS) 2«10 (h=1pm, a=100pm, t =30pm)

— 19 1kPa s 191k P2
175kPa 175kPa
157kPa 157kPa
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=) 121kPa E 121kPa
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(] ()
c c
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S S
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b1 % -10
= =
-12
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 2 4 6 8 10 12 14
t[m] %10 E [Pa] «10°
(c) Max deformation (w) vs membrane thickness (t;;,). (d) Max deformation (w) vs Modulus of elasticity (E)

Figure E2: Indication of the influence of the independent design variables on the yield stress. The variating lines are various induced
pressures applied. Atmospheric pressure: Py = 102kPa
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E3. Yield stress - laminate release
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(a) Suction pressure (Ps) vs Suction cup radius (a).
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(b) Suction pressure (Ps) vs Suction cup height (h).
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Figure E3: Indication of the influence of the independent design variables on the yield stress. The variating lines are various induced
pressures applied. Atmospheric pressure: Py = 102kPa



G. End-effector dimensions

G.1. Vacuum casing
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G.2. Membrane scaffold
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G.3. Preferred membrane

Variable Symbol Value
Design variables
Young’s Modulus Eppums 360 - 850kPa [41]
Yield strength oy 700 kPa [88]
Poisson ratio VPDMS 0.5 [89]
Density PPDMS 0.97 kg/m® [89]
Hydrophobicity i Highly hydrophobic contact angle

90-120° [41]

Table G.1: Overviews of the main variables.



H. Experiment Results

H.1. Tensile tests

Tensile test H-old 12.SL

2 %107
E— Test 1
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| Mean
5
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2 .
1 .
0 . L . L ) . I | |
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Strain [%]

Figure H.1: Tensile test measurements of H-old 12.SL. Samples are pieces of membrane attached to the claw, each with a width of
50 mm.

Tensile test 3M 8991
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Figure H.2: Tensile test measurements of 3M 8991. Samples are pieces of membrane attached to the claw, each with a width of 50 mm.

61



H.2. Membrane thickness 62

H.2. Membrane thickness

Magnification: X200.0)

Figure H.3: Keynes VHX 6000 thickness measurement of the 3M 8991 tape.

a

Magnification: X200.0; A ification: X500.0}

Figure H.4: Keynes VHX 6000 thickness measurement of the H-old 12.SL tape.
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H.3. Experiment 1: Deformation
H.3.1. Edge-analysis

Magnification: X1000.0|

(a) Polished membrane edge radius.

(b) Polished membrane edge width.

Figure H.5: Polished edge of membrane scaffold. Edge width and radius are much smaller compared to the unpolsihed scaffold.

H.3.2. Deformation datasets

Unpolished vs Polished

Experiment Radius 13kPa  40kPa  70kPa Experiment Radius 13kPa  40kPa  70kPa

1 763 24 25 19 1 735 21 8 5

2 780 26 21 16 2 752 24 12 5

3 760 23 21 11 3 735 24 17 6

Average 768 24 21 13 Average 741 23 12 5

Modelled value - 24 17 8 Modelled value - 21 14 7

Absolute error 0 3 4 Absolute error 2 2 2

Relative error - 0% 19% 39% Relative error - 9% 14% 29%
Table H.1: Unpolished deformation results. Deformation is Table H.2: Polished deformation results. Deformation is

measured with Keynes VHX 6000 microscope [59] and are measured with Keynes VHX 6000 microscope [59] and are

the deformation created compared to the deformation at Pg.  the deformation created compared to the deformation at Py.
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H.4. Experiment 2: Force generation
H.4.1. Initial deformation

FIN]

Radius [um]

Max deformation [um]

Measurement: 1

Measurement: 2

Measurement: 3

Measurement: 4

0.7 1436 1462 1464 1484
| 20 17 15 12
1.0 1882 1880 1876 1930
| 35 31 30 30
1.3 2541 2530 2520 2550
' 60 75 44 60
3.0 5823 5801 5786 5769
' 89 81 105 130
Table H.3: Initial deformation and radius of suction cups at atmospheric pressure.
H.4.2. Force experiment
Force experiment (a=0.7mm) Force experiment (a=1.0mm)
-1 . . -11.5 . T . " T
. RO X 13550 s 1 X 17161
115 | é f,1z1z.1305 / o .151.ia1 Y -11.118 2k 1 $ ?1812.33 é ?1114.223 Y -11.616
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125
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13 =z
w
-13.5 1357
14 14t
145 X 6227 X 10940
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sk Y 15059 ~! 5 | . Ik -1‘4.935 | YI-14.394 \_.‘Y 14.842 ‘
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(a) Suction cup radius: a=0.7 mm
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Force experiment (a=1.3mm)

(b) Suction cup radius: a=1.0 mm

.
X 7517 X 21763 X 40129
Y -11.502 Y -11.544 Y -11.512 | 4§
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(c) Suction cup radius: a=1.3 mm.

Figure H.6: Force generated with an applied pre-load of 15N. Load per suction cup: 0.41 N.
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0.7mm 1.0mm 1.3mm 3.0mm
5N 1.08N  0.75N 1.17N 1.49N
10N | 2.25N 1.55N - -
15N | 3.63N 323N 6.76N 43N
20N | 408N 342N - -
30N Error 6.17N 9.86N 11.94N
45N Error 6.81N 1096N 13.53N
50N | Error 6.96N 11.03N 13.92N

Table H.4: Force generated for the four samples at variating pre-loads with their sealing performance in brackets. The sealing

performance is relative to the expected numerical results, considering the pre-deformation of the membrane and the deformation of

the silicone surface, based on the results in appendix H.4.1 & appendix H.4.2.

\

Figure H.7: Image representation of the discrepancies in the sealing performance of the suction cups. Applied pre-load » 50 N.
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H.4.3. Pre-load defection
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(a) Suction cup radius: a=1.0 mm.
(b) Suction cup radius: a=1.3 mm.
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SOLIDWORKS Educational Product. For Instructional Use Only.

(c) Suction cup radius: a=3.0 mm.

Figure H.8: Deformation of silicone carrier material due to the applied pre-load of 15 N. Load per suction cup: 0.41 N.
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l. Matlab model

%Dimensionalisation of the suction cups
cle

clear all

%% +System variablesx

u = symunit;

%
%IHE CONSTANTS

v
(4

%General constants

o7,

g = vpa(9.81xu.m/u.s”2); % gravity

A_S = 49 x 10A-4xu.m"2; %Area of sheets (7x7cm)

c = 299792458+u.m/u.s; %Speed of light

h_p = 6.62607015+¥10/-34+u.J*u.s; %constante van plank
T = 293; %Roomtemperature in kelvin

R = 8.314; %Gas constant

i_l= 200; %Length

H_r = linspace(0,1,i_1); %Relative humidty per percentage
v.w = 1.8 *10A-5; %Liquid molar volum of water

%

%Copper material constants

E_c = 115%1079xu.kg*u.m/u.s"2/u.mr2; %Youngsmodulus

rho_c = 8.89+10/3+u.kg/u.mr3;%Density

t_c = 20%10A-6+xu.m; %Copper sheet thickness

v_c = 0.34; %Poisson factor

z_c = 0.045x10A-6+u.m; %mean estimate distance (R_a value of surface roughness)
Ham_c = 28.3 * 10 A-20+u.];% Hamaker constant

c_Ac = 86; %Contact angle - hydrophobicity

s_yc = 206+1076+u.kg+u.m/u.sA2/u.mr2; %Yield stress

o7,

%IPU material constants

E_tpu = 2.5x107A6+u.kg+u.m/u.s"2/u.m’2; %Youngsmodulus

rho_tpu = 1.12%1073*u.kg/u.m"3;%Density

t_tpu = 20%10A-6+u.m; %IPU sheet thickness

v_tpu = 0.48; %Poisson factor

z_tpu 0.047+10A-6*u.m; %mean estimate distance (R_a value of surface roughness)
A_tpu 1.3 = 10 A-20*u.J; % Hamaker constant

c_Atpu = 99.5; %Contact angle - hydrophobicity

s_ytpu = 40%1076+u.kg+u.m/u.sA2/u.mr2; %Yield stress

v
(4

%membrane material constants —-—> Polyester is de praktijk

9%€ MEM= 2332937500+u. kg+u.m/u. s 2/u.m”2; %t-old12.SL

E MEM= 1.5587e+09+u.kgxu.m/u.sA2/u.m’2; %3M 8991 61A(m

9% MEM = 3.1174e+09+u.kg+u.m/u.sA2/u.mr2; %M 8991 25A(m

vMEM = 0.48; %Poisson factor

cAMEM = 79 ; %Contact angle - hydrophobicity

zMEM = 120+10A-9xu.m; %mean estimate distance (R_a value of surface roughness)
s YMEM = 138#1076+u.kg+u.m/u.s 2/u.mr2; %Yield stress

o7,
(4

%preferred membrane constants — PDMS

%membrane material constants —-—> Polyester is de praktijk

% EMEM= 605%10/3*u.kg+u.m/u.sA2/u.m"2; %Youngsmodulus

% v.MEM = 0.5; %Poisson factor

% c AMEM = 105 ; %Contact angle — hydrophobicity

% zMEM = 120+107A-9+u.m; %mean estimate distance (R_a value of surface roughness)
% s yMEM = 700%10A3xu.kg+u.m/u.s"2/u.m’2; %Yield stress

%Carrier material

E_alu = 7.4%¥10710*u.kg*u.m/u.s"2/u.m’2; %Youngsmodulus
rho_alu = 2.80+10/3+u.kg/u.mr3;%Density

v_alu = 0.33; %Poisson factor
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z_alu = 3.2x107A-6xu.m; %mean estimate distance (R_a value of surface roughness)
A_alu = 15 = 10 A-20*u.J; % Hamaker constant

c_Aalu = 97; %Contact angle - hydrophobicity

s_yalu = 1.05%10/8+u.kg+*u.m/u.s*2/u.mn2; %Yield stress

V_00 = 1.33%x1076%10A-18%u.m"3;

llJ
% DESIGN VARIABLES
%
syms r

I = rxu.m;

N_p = 37; %Amount of suction cups

a =500%107A-6+u.m; %Radius of suction cups

p_scm = 1.5%¥10A-3xu.m; %outer radius of suction cup walls

p_sv = linspace(a,2*p_scm,100); %vector of changing wall thickness

A_f = (p_sv.A2-anr2)xpi; % Singular suction cup flat contact surface

Pl = 101939;%Atmospheric pressure

PO = Pl+u.kgru.m/u.sA2/u.m’2; %Units of Atmospheric pressure

h = 0.469e-06+u.m; %Initial height of sealing space

%h = vpa(V_00/(pi*an2)); %measured height

t_PET = 25x10A-6xu.m; %Thickness of membrane

P_im = 13x1073* u.kg/u.sA2/u.m %miniAtmm induced pressure by vacuum pump

%start vectors and length
%o
n=100;

P_i = linspace (P_im,2+P0-P_im,100) ;

P_i_w = [P_i(1),P_i(11),P_i(21),P_i(31),P_i(41),P_i(51)];

r = linspace(-a,a,n);

rp = separateUnits(r);

V_0_v = linspace (0*u.m"3,pi*(1000¥10A-6)A2x1x10A-6%xu.m*3,100);
%% =Pre—defecltion: Membrane movement and initial pressuresx

9MEMBRANE pre suction for desired volume change

v

(4

syms w_V0

n_er =500;

n0 = linspace (0, n_er,n_er);
P_iv0 = linspace (PO, P_im,n_er);
V_0 = pixhxar2; %2D equal

nl = round(linspace(1l,n_er,10));
for k=1:10
rv0 (k) = sqrt(sqrt(w_V0+16+E MEM*t_PETA3 / ( pix(1-v.MEMA2)*(P0-P_iv0(nl(k)))))+anr2);
wmax(k) = vpa(pi*(1-v.MEMA2)/(16+EMEMx*t_PETA3) «(P0-P_iv0 (nl(k)))=ard);
Vw = vpa(int ((0.5+rv0(k))~2+pi,0,wmax(k)));
DV1 (k) =vpa(abs (Ww/V_0-1));
end
[valuel, P1] = min(DV1(:));

n2 = round(linspace (n1(P1-1),n1(P1+1),20));
for k =1:20
rv02 (k) = sqrt(sqrt(w_V0+16+E MEM+t_PETA3 / ( pi*(1-v.MEMA2)+(P0-P_iv0(n2(k)))))+anr2);
wmax2(k) = vpa(pix*(1-v.MEMA2)/(16+EMEMx*t_PETA3) «(P0-P_iv0 (n2(k)))*ar4);
Vw2 = vpa(int ((0.5#rv02 (k))A2+pi,0,wmax2(k)));
DV2(k)=vpa(abs(Vw2/V_0-1));
end
[value2, P2] = min(DV2(:));

n3 = round(linspace (n2(P2-1) ,n2(P2+1),13));
for k3 =1:10
rv03 (k3) = sqrt(sqrt(w_V0+16+E MEM+t_PETA3 / ( pix(1-v.MEMA2)*(P0-P_iv0(n3(k3)))))+an2);
wmax3(k3) = vpa(pix(1-vMEMA2)/(16+E MEMxt_PETA3) *(P0-P_iv0 (n3(k3)))*anr4);
Vw3 (k3) = vpa(int((0.5%rv03(k3))A2+pi,0,wmax3(k3)));
DV3(k3)=vpa(abs (Vw3(k3) /V_0-1));
end
[value3, P3] = min(DV3(:));
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135 error= (vpa(Vw3(k3)/V_0)-1)%100;

16 S = vpa(P_iv0(n3(P3)))

137 DS = PO-S;

138 %Predeflection curve

139 for k=1:n

140 w_V0_plot(k) = separateUnits (pi*(1-vMEMA2)/(16+EMEM=t_PETA3)*(P0-S) .= (r(k)A2-an2).A2);
11 end

142 %Before contact

s figure

s hold on

us  plot(rp,w_VO0_plot)

ue xlim (' tight’)

147 title ('Pre-deflection of membrane’,’ )
us xlabel(’Crossection of membrane in [m]’
ue ylabel (’Height of membrane in [m] ")

150 ylim ([0.0000000 0.0000025])

151 %% *Suction pressuresx

152 % *Induced pressures=

153

)

154

155 for k =1:100

156 P_s m(k) = vpa((P_i(k)+DS)/2 + sqrt (((P_i(k)+DS) + (16+EMEM=h+t PETA3)/(ar4*(V.MEMA2 — 1)))A2 — (64%
E MEM*POxhxt_PETA3) /(ar4*(V.MEMA2 - 1)))/2 + (8+EMEM=h#t_PETA3)/(ar*(V.MEMA2 - 1)));

157 %P_s_tpu(k) = vpa(P_s_m(k)/2 + sqrt((P_s_m(k) + (16+E_tpuxz_tpust_tpun3)/(ar4=(v_tpur2 - 1)))A2 — (64*
E_tpuxP0xz_tpuxt_tpu/r3)/(ar=(v_tpur2 — 1)))/2 + (8+E_tpu*z_tpuxt_tpunr3)/(ar4x(v_tpur2 - 1)));

158 %P_s_c(k) = vpa(P_s_m(k)/2 + sqrt((P_s_.m(k) + (16+E_c*z_cx*t_cA3)/(arx*(v_cr2 - 1)))"2 - (64+E_c*P0*z_c
xt_cN3)/(ardx(v_cNh2 — 1)))/2 + (8+E_c*xz_cxt_cA3)/(ar4x*(v_cr2 - 1)));

159 S_PET_max(k) = 0.75*(P_s_m(k)-P_i(k))=*ar2/t_PETA2;

160 S_tpu_max(k) = 0.75%(P0-P_s_m(k))=*anr2/t_tpur2;

161 S_c_max(k) = 0.75x(P0-P_s_m(k))=*anr2/t_cA2;

162 end

163 %Figuur la - Change of induced presure

164 %

165 figure

166 hold on

167 plot(separateUnits(P_i),separateUnits(P_s_.m), -")

168 %plot(separateUnits (P_i),separateUnits(P_s_c))

169 %plot(separateUnits (P_i),separateUnits(P_s_tpu),’ --")

170

i xlim (' tight”)

172 title ('Max clamping pressure (P_s) vs Induced pressure (P_i)’,’ )

173 xlabel('P_i [Pa]’)

172 ylabel ("P_s [Pa]’)

175 %legend ('Only PET’, PET + Copper’, 'PET + Polyurethane’,’ Location’, northeastoutside’)

176 9%

177 % =Radius*

178

179 as = linspace(5¥10A-6+u.m3%10A-3*u.m,100);

1o for k =1:n

181 P_s_mal(k) = vpa((P_i_w(1))/2 + sqrt(((P_i_w(1)) + (16+*EMEM=h+t_PETA3)/(as (k)" +(V.MEMA2 — 1)))A2 -
(64+E MEM*P0O+hxt_PETA3) /(as (k) A (VMEMA2 — 1)))/2 + (8+EMEMxh+t_PETA3)/(as (k) Mx(vMEMA2 - 1)))

182 P_s_ma2(k) = vpa((P_i_w(2))/2 + sqrt(((P_i_w(2)) + (16+*EMEM=+h+t PETA3)/(as (k) A4x(vVMEMA2 - 1)))A2 -
(64+E MEM=*P0+h+t_PETA3) /(as (k) A4+(vVMEMA2 - 1)))/2 + (8+*EMEM=h+t_PETA3)/(as (k) A4+(V.MEMA2 - 1)))

183 P_s_ma3(k) = vpa((P_i_w(3))/2 + sqrt(((P_i_w(3)) + (16+*EMEM=+h+t PETA3)/(as (k) A4V MEMA2 - 1)))A2 -
(64+E MEM+PO+h+t_PETA3) /(as (k) A+(V.MEMA2 - 1)))/2 + (8+*EMEM=+hx+t_PETA3)/(as (k) A+(V.MEMA2 - 1)))

184 P_s_ma4(k) = vpa((P_i_w(4))/2 + sqrt(((P_i_w(4)) + (16+EMEM=hxt_PETA3)/(as(k)Ax(vV.MEMA2 - 1)))A2 —
(64+E MEM=*P0+h+t_PETA3) /(as (k) AM+(V.MEMA2 — 1)))/2 + (8+*EMEM=hxt_PETA3)/(as (k) A*(v.MEMA2 - 1)))

185 P_s_ma5(k) = vpa((P_i_w(5))/2 + sqrt(((P_i_w(5)) + (16+EMEM=+h+t PETA3)/(as (k) A4V MEMA2 - 1)))A2 -
(64+E MEM+PO+h+t_PETA3)/(as (k) AM+(VMEMA2 - 1)))/2 + (8+*EMEMshx+t_PETA3)/(as (k) A*(V.MEMA2 - 1)))

186 P_s_ma6(k) = vpa((P_i_w(6))/2 + sqrt(((P_i_w(6)) + (16*EMEM=hxt_PETA3)/(as (k) M+*(V.MEMA2 — 1)))A2 -
(64+E MEM=P0+h=t_PETA3) /(as (k) A*(V.MEMA2 — 1)))/2 + (8+*EMEM=hxt_PETA3)/(as (k) M*(vV.MEMA2 - 1)))

187

188 S_PET_maxal (k)

189 S_c_maxal (k) =

190

= 0.75=(P_s_mal (k)-P_i(1))=as(k)A2/t_PETA2;
0.75%(P0-P_s_mal (k) ) *as (k) A2/t_cA2;
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191 S_PET_maxa3 (k) = 0.75+(P_s_ma3(k)-P_i_w(3))=as (k)A2/t_PETA2;
192 S_c_maxa3 (k) = 0.75x(P0-P_s_ma3(k))=as(k)A2/t_cA2;
193 end

194

15 %Figuur 2a - Change of suctioncup radius

196 %

197 figure

198 hold on

199 plot(separateUnits(as) ,separateUnits (P_s_mal), LineWidth’,2)

200 plot(separateUnits(as),separateUnits(P_s_ma2),’ LineWidth’,2

200 plot(separateUnits(as),separateUnits (P_s_ma3),’ LineWidth’,2
2
2

202  plot(separateUnits(as),separateUnits (P_s_ma4),’ LineWidth’,
203 plot(separateUnits(as),separateUnits(P_s_ma5), LineWidth’,
204 plot(separateUnits(as),separateUnits(P_s_ma6) ,’ LineWidth’,2
205 xlim(’tight’)

206 title (’Clamping pressure (P_s) vs Suction cup radius (a)’,’ ')

200 subtitle (' (h=0.469Atm, t.m = 25Atm, Material: 3V 8991)")

208 xlabel(’a [m] )

209 ylabel('P_s [Pa]’)

210 legend(’13kPa’, ’31kPa’, ’49kPa’, ’67kPa’, ’'85kPa’, 'P_i \approx P_0’)

)
)
)
)
)

a1 %
212 as = linspace(5%¥10A-6+u.m1%x10A-5%u.m,100) ;
23 figure

214 hold on

215 plot(separateUnits(as),separateUnits (S_PET_maxal), Color’, #0072BD’, LineWidth’,2)

216 plot(separateUnits(as),separateUnits(S_c_maxal), Color’, #D95319", LineWidth’,2)

217

218 plot(separateUnits (as),separateUnits (S_PET_maxa3), -, Color’, '#0072BD’, 'LineWidth " ,2)
219 plot(separateUnits(as),separateUnits(S_c_maxa3), -, Color’, '#D95319", LineWidth’,2)
220

221 xlim (' tight’)

222 title ('Maximum stress (\sigma_{y_{max}}) vs Suction cup radius (a)’,” )

23 subtitle (' (h=1Atm, t_l = 20Atm, t_m = 30Atm, Material: PDMS) )

24 xlabel(’a [m]’)

25 ylabel(’\sigma_ {y_{max}} [Pa]’)

26 legend(’'Membrante (P_i=13kPa)’, ’'Laminate (P_i=13kPa)’, Membrante (P_i=49kPa)’, ’'Laminate (P_i=49kPa)’)
21 W

28 %

229 %

230 % *Initial heightx

231

232 hh= linspace(1¥x10A-8xu.m0.2x10A-3*u.m,100) ;

23 for k =1:n

234 P_s_mhl(k) = vpa(P_i_w(1)/2 + sqrt((P_i_w(1) + (16*EMEM=hh(k)=*t_PETA3)/(ar4*(V.MEMA2 — 1)))A2 — (64%
E MEM*P0xhh (k) «t_PETA3) /(a4 (VMEMA2 - 1)))/2 + (8+«EMEMxhh(k)*t_PETA3)/(ar«(v.MEMA2 - 1)));
235 P_s_ mh2(k) = vpa(P_i_w(2)/2 + sqrt((P_i_w(2) + (16+*EMEM=hh(k)=*t_PETA3)/(ar+*(V.MEMA2 — 1)))A2 — (64*
E MEM*PO+hh (k) xt_PETA3) /(ar4*(vMEMA2 - 1)))/2 + (8+EMEMxhh(k)*t_PETA3)/(ar4*x(vVMEMA2 - 1)));
236 P_s mh3(k) = vpa(P_i_w(3)/2 + sqrt((P_i_w(3) + (16+*EMEM=hh(k)+*t_PETA3)/(ar*(V.MEMA2 - 1)))A2 — (64*
E MEM*PO+hh (k) xt_PETA3) /(ar4*(v.MEMA2 - 1)))/2 + (8+EMEM=hh(k)*t_PETA3)/(ar4*x(vV.MEMA2 - 1)));
237 P_s_mh4(k) = vpa(P_i_w(4)/2 + sqrt((P_i_w(4) + (16+*EMEM=hh(k)+*t_PETA3)/(ar4*(V.MEMA2 — 1)))A2 — (64*
E MEM*P0O+hh (k) xt_PETA3) /(ar4*(v.MEMA2 - 1)))/2 + (8+EMEM=hh(k)*t_PETA3)/(ar*x(vV.MEMA2 - 1)));
238 P_s_mh5(k) = vpa(P_i_w(5)/2 + sqrt((P_i_w(5) + (16+«EMEMx+hh(k)+*t_PETA3)/(ar*(V.MEMA2 — 1)))A2 — (64x
E MEM=*P0O+xhh (k) *t_PETA3) / (ar*(V.MEMA2 — 1)))/2 + (8+*EMEM=hh(k)*t_PETA3)/(arx(v.MEMA2 - 1)));
239 P_s_mh6(k) = vpa(P_i_w(6)/2 + sqrt((P_i_w(6) + (16+EMEMx+hh(k)+*t_PETA3)/(ar*(V.MEMA2 — 1)))A2 — (64%

E MEM+PO+hh (k) «t_PETA3) / (a7 4+(v.MEMA2 - 1)))/2 + (8+EMEMxhh(k)«t_PETA3)/(ar+(vV.MEMA2 - 1)));

240

241 S_PET_maxhl (k) = 0.75=(P_s_mhl(k)-P_i_w(1))=ar2/t_PETA2;
242 S_c_maxhl (k) = 0.75%(P0-P_s_mhl (k))=ar2/t_cA2;

243

244 S_PET maxh3 (k) = 0.75%(P_s_mh3(k)-P_i_w(3))=*ar2/t_PETA2;
245 S_c_maxh3(k) = 0.75%(P0-P_s_mh3(k))=*an2/t_c/2;

26 end

247
248
29 figure
250 hold on

251 plot(separateUnits (hh) ,separateUnits (P_s_mhl), 'LineWidth’,2)
252 plot(separateUnits (hh),separateUnits (P_s_mh2), LineWidth’,2)
253 plot(separateUnits (hh) ,separateUnits (P_s_mh3), ' LineWidth’,2)
254 plot(separateUnits (hh) ,separateUnits (P_s_mh4) , 'LineWidth’,2)

255 plot(separateUnits (hh) ,separateUnits (P_s_mh5), ' LineWidth’,2)
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plot (separateUnits (hh) ,separateUnits (P_s_mh6) , 'LineWidth’,2)

xlim ('tight’)
title ('Clamping pressure (P_s) vs Suction cup height (h)’,” ")

subtitle (' (a=100Atm, t.m =

xlabel ("h [m] ")
ylabel ("P_s [Pa]’)

legend ('13kPa’,

9o

'31kPa’, ’49kPa’, ’67kPa’,

figure
hold on
plot (separateUnits (hh) ,separateUnits (S_PET_maxhl), Color’, '#0072BD’, 'LineWidth’,2)
plot (separateUnits (hh) ,separateUnits (S_c_maxhl), ' Color’, #D95319", 'LineWidth ' ,2)

"85kPa’,

30Atm, Material: PDMS) )

"P_i \approx P_0")

plot(separateUnits (hh) ,separateUnits (S_PET_maxh3), ' -, Color’, '#0072BD’, 'LineWidth " ,2)
plot(separateUnits (hh) ,separateUnits (S_c_maxh3), -, Color’, "#D95319", 'LineWidth " ,2)

xlim (" tight )

title ('Maximum stress
subtitle (' (a=100Atm, t_l = 20Atm, t_m =

xlabel ('h [m] )

ylabel ("\sigma_{y_{max}}
legend ('Membrante (P_i=13kPa) ",

9o
%
%

[Pa]’)

% *Membrane thicknessx

tt=
for

end

linspace(1¥10A-8+u.m,2.5¥10A -4+u.m,100) ;

k =1:n

P_s_mtl(k) = vpa(P_i_w(1)/2 + sqrt((P_i_w(1)
*POxhxtt (k)A3)/(ar4x(VMEMA2 - 1)))/2 +

P_s_mt2(k) = vpa(P_i_w(2)/2 + sqrt((P_i_w(2)
*POxhxtt (k)A3) /(ar4*(VMEMA2 - 1)))/2 +

P_s_mt3(k) = vpa(P_i_w(3)/2 + sqrt((P_i_w(3)
*POxhxtt (k)A3) /(ar4x(vVMEMA2 - 1)))/2 +

P_s_mt4 (k) = vpa(P_i_w(4)/2 + sqrt((P_i_w(4)
«POxhxtt (k) A3)/(ar4x(VMEMA2 - 1)))/2 +

P_s_mt5(k) = vpa(P_i_w(5)/2 + sqrt((P_i_w(5)
«POxhxtt (k) A3) /(ar4=x(VMEMA2 - 1)))/2 +

P_s_mt6(k) = vpa(P_i_w(6)/2 + sqrt((P_i_w(6)
«POxhxtt (k) A3) /(ar4=(V.MEMA2 - 1)))/2 +

S_PET_maxtl (k) =

’Laminate (P_i=13kPa)’, 'Membrante (P_i=49kPa)’,

(\sigma_{y_{max}}) vs Suction cup height (h)’,” )
30Atm, Material: PDMS) ")

+ (16+EMEMxh=tt (k) A3) /(ar4*(V.MEMA2 — 1)))A2
(8+E MEM=hxtt (k) A3) / (ar4*(VMEMA2 - 1)));
+ (16+EMEM=h=tt (k) A3) /(ar4x(V.MEMA2 - 1)))A2
(8+EMEM=h=tt (k) A3) / (aN4*(V.MEMA2 - 1)));
+ (16+EMEM=h=tt (k) A3) /(ar4*(V.MEMA2 - 1)))A2
(8+E MEM=h=tt (k) A3) / (ar4=(VMEMA2 — 1)));
+ (16+EMEM=h=tt (k) A3) /(ar4x(V.MEMA2 - 1)))A2
(8+E MEM+h=+tt (k) A3) /(ar4+(v.MEMA2 - 1)));
+ (16+E MEM=xhxtt (k) A3) /(ar4+(V.MEMA2 — 1)))A2
(8+E MEM=h=tt (k) A3) / (ar4*(VMEMA2 - 1)));
+ (16+EMEM=h=tt (k) A3)/(ar4+(VMEMA2 - 1)))A2
(8+E MEM=h=tt (k) A3) / (ar4*(VMEMA2 - 1)));

0.75+(P_s_mtl (k)-P_i_w(1))=*anr2/tt (k) A2;

S_c_maxtl (k) = 0.75%(P0-P_s_mtl(k))=*ar2/t_cA2;

S_PET_maxt3 (k)

0.75%(P_s_mt3(k)-P_i_w(3))=*anr2/tt (k) r2;

S_c_maxt3 (k) = 0.75%(P0-P_s_mt3(k))=*ar2/t_cA2;

figure

hold on
plot(separateUnits(tt),separateUnits (P_s_mtl), LineWidth’,2)
plot (separateUnits(tt),separateUnits (P_s_mt2), LineWidth’,2)
plot(separateUnits(tt),separateUnits (P_s_mt3), LineWidth’,2)

plot (separateUnits (tt) ,separateUnits (P_s_mt4), LineWidth’,2
plot(separateUnits (tt),separateUnits (P_s_mt5), LineWidth’,2
plot(separateUnits (tt) ,separateUnits (P_s_mt6) , LineWidth’,2

xlim ("tight’)
title ('Clamping pressure (P_s) vs Membrane thickness (t.m)’,’ )
subtitle (' (h=1Atm, a=100Atm, Material: PDMS) ')

xlabel ('t

[m] ")

ylabel ("P_s [Pa]’)

legend ('13kPa’,

9o

'31kPa’, ’'49kPa’, ’'67kPa’,

figure
hold on
plot(separateUnits (tt) ,separateUnits (S_PET_maxtl), Color’, #0072BD’, ' LineWidth’,2)

'85kPa’,

)
)
)

"P_i \approx P_0")

’Laminate (P_i=49kPa)’)

(64+E MEM

(64+E MEM

(64+E MEM

(64+E MEM

(64+E_ MEM

(64+E_ MEM
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plot(separateUnits (tt),separateUnits (S_c_maxtl), Color’, #D95319", LineWidth’,2)

plot (separateUnits (tt),separateUnits (S_PET_maxt3), -, Color’, "#0072BD", 'LineWidth’ ,2)
plot(separateUnits(tt) ,separateUnits (S_c_maxt3), -, Color’, '#D95319", 'LineWidth’,2)

xlim (" tight ")
title ('Maximum stress (\sigma_{y_{max}}) vs Membrane thickness (t.m)’,’ ')

subtitle (' (h=1Afm, a=100Afm, t 1 =

xlabel ("h [m] ")

ylabel ("\sigma_{y_{max}}
legend ('Membrante (P_i=13kPa)’,

T
%
Yo
[7; 0
%

[Pa]’)

% *Membrane Material *

EE=
for

end

linspace (EMEM/100,E MEMx100,100) ;

k =1:n

P_s mE1(k) = vpa(P_i_w(1)/2 + sqrt((P_i_w(1)
*POxhxt_PETA3) /(ar4*(VMEMA2 - 1)))/2 +

P_s mE2(k) = vpa(P_i_w(2)/2 + sqrt((P_i_w(2)
*POxhxt_PETA3) /(ar4*(VMEMA2 - 1)))/2 +

P_s mE3(k) = vpa(P_i_w(3)/2 + sqrt((P_i_w(3)

*POxhxt_PETA3)/(ar*(VMEMA2 - 1)))/2 +
P_s_ mE4(k) = vpa(P_i_w(4)/2 + sqrt((P_i_w(4)
*POxhxt_PETA3)/(ar*(VMEMA2 - 1)))/2 +
P_s_ mE5(k) = vpa(P_i_w(5)/2 + sqrt((P_i_w(5)
*POxh+t_PETA3)/(ar*(VMEMA2 - 1)))/2 +
P_s mE6(k) = vpa(P_i_w(6)/2 + sqrt((P_i_w(6)
*POxh+t_PETA3)/(ar*(VMEMA2 - 1)))/2 +

S_PET_maxEl1 (k)

’Laminate (P_i=13kPa)’, 'Membrante (P_i=49kPa)’,

20Atm, Material: PDMS) ')

+ (16+EE(k) *h*t_PETA3)/(ar4*(VMEMA2 - 1)))A2
(8+EE(k) *h*t_PETA3) /(ar+(vV.MEMA2 - 1)));
+ (16+EE(k) *h#t_PETA3)/(ar4x(VMEMA2 - 1)))A2
(8+EE (k) *h*t_PETA3) /(afr4*(VMEMA2 - 1)));
+ (16+EE(k) *h+t_PETA3)/(ar4+(V.MEMA2 — 1)))A2
(8+EE (k) *h*t_PETA3) /(ar4*(VMEMA2 - 1)));
+ (16+EE(k) *h+t_PETA3)/(afr4+(V.MEMA2 - 1)))A2
(8+EE (k) *h*t_PETA3) / (a”r4x(VMEMA2 - 1)));
+ (16+EE(k) *h#t_PETA3)/(afr4+(V.MEMA2 — 1)))A2
(8+EE (k) *h*t_PETA3) /(ar4*(VMEMA2 - 1)));
+ (16+EE(k) *h#t_PETA3)/(ar4*(V.MEMA2 — 1)))A2
(8+EE (k) *h*t_PETA3) /(afr4*(VMEMA2 - 1)));

0.75+(P_s_mE1(k)-P_i_w(1))+*anr2/t_PETA2;

S_c_maxEl(k) = 0.75%(P0-P_s_mE1(k))*anr2/t_tpuAr2;

S_PET _maxE3 (k) =

0.75+(P_s_mE3(k)-P_i_w(1))*ar2/t_PETA2;

S_c_maxE3 (k) = 0.75%(P0-P_s_mE3(k))*anr2/t_tpuAr2;

figure

hold on
plot (separateUnits (EE) ,separateUnits (P_s_mE1l) , 'LineWidth ' ,2)
plot(separateUnits (EE) ,separateUnits (P_s_mE2) , 'LineWidth’,2)
plot(separateUnits (EE) ,separateUnits (P_s_mE3), 'LineWidth’,2)
plot (separateUnits (EE) ,separateUnits (P_s_mE4) , 'LineWidth’,2)
plot(separateUnits (EE) ,separateUnits (P_s_mE5) , 'LineWidth ' ,2)
plot (separateUnits (EE) ,separateUnits (P_s_mE6) , 'LineWidth ' ,2)

xlim ("tight’)
title (’'Clamping pressure (P_s) vs Membrane youngs modulus (E)’,” )
subtitle (' (h=1Atm, a=100Atm, t. m = 30A(m) ")
xlabel ('E [Pa]’)

ylabel ("P_s [Pa]’)

legend ('13kPa’,

9o

"31kPa’, ’'49kPa’, ’'67kPa’,

figure
hold on
plot(separateUnits (EE) ,separateUnits (S_PET_maxEl) , Color’, '#0072BD’, 'LineWidth’,2)
plot (separateUnits (EE) ,separateUnits (S_c_maxEl) , Color’, '#D95319", 'LineWidth’ ,2)

"85kPa’,

"P_i \approx P_0")

plot (separateUnits (EE) ,separateUnits (S_PET_maxE3), -, Color’, "#0072BD", 'LineWidth’ ,2)
plot(separateUnits (EE) ,separateUnits (S_c_maxE3), -, Color’, "#D95319", 'LineWidth " ,2)

xlim (" tight ")
title ('Maximum stress (\sigma_{y_{max}}) vs Membrane youngs modulus (E)’,” )
subtitle (' (h=1Afm, a=100A{m, t m=30A{m )’)
xlabel ('E [Pa]’)

’Laminate (P_i=49kPa)’)

(64+EE (k)
(64+EE (k)
(64=EE (k)
(64+EE (k)
(64+EE (k)

(64+EE (k)
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sse  ylabel (’\sigma_{y_{max}} [Pa]’)

37 legend ('Membrante (P_i=13kPa)’, ’'Laminate (P_i=13kPa)’, Membrante (P_i=49kPa)’, ’'Laminate (P_i=49kPa)’)

388

389 T

390 %% *Only membrane deformation=

391 % *Cross*

392

393 for k=1:n

394 wplot_ml (k) = separateUnits (pi*(1-v.MEMA2)/(16+E MEMx*t_PETA3)*(P0 — P_i_w(1)).*(r(k)A2-ar2).A2); %PET
Membrane

395 wplot_m2(k) = separateUnits (pi*(1-v.MEMA2)/(16+E MEM=*t_PETA3)*(P0 — P_i_w(2)).x(r(k)A2-ar2).A2); %PET
Membrane

396 wplot_m3 (k) = separateUnits (pi*(1-v.MEMA2)/(16+EMEM+t_PETA3)*(P0 — P_i_w(3)).*(r(k)A2-ar2).72); %PET
Membrane

397 wplot_m4 (k) = separateUnits (pi*(1-vMEMA2)/(16+E MEMxt_PETA3)*(P0 — P_i_w(4)).x(r(k)A2-an2).A2); %PET
Membrane

3¢ wplot_m5(k) = separateUnits (pix(1-v.MEMA2)/(16+EMEMxt_PETA3)*(P0 — P_i_w(5)).x(r(k)A2-an2).7r2); %PET
Membrane

399 wplot_m6(k) = separateUnits (pix(1-v.MEMA2)/(16+EMEMxt_PETA3)*(P0 — P0) .*(r(k)A2-anr2).A2); %PET Membrane

400 end

401

402

403

a4 figure

105 hold on

106 plot(rp,wplot_ml, 'LineWidth’,2)

107 plot(rp,wplot_m2, 'LineWidth’,2)

108 plot(rp,wplot_m3, LineWidth’,2)

409 plot(rp,wplot_m4, LineWidth’,2)

a0 plot(rp,wplot_m5, 'LineWidth " ,2)

s plot(rp,wplot_m6, 'LineWidth’,2)

a2 xlim (" tight")

a3 ylim (' tight’)

414 title ('Membrane deflection’,’ )

415 subtitle (’ (a:lOOAgm, tm = 30Agm, Material: PDMS) )

416  xlabel(’Crossection of membrane in [m]’)

a7 ylabel ('Height of membrane in [m] ")

a8 legend(’13kPa’, ’31kPa’, ’49kPa’, ’67kPa’, ’'85kPa’, 'P_i \approx P_0’)

419

20 % =Radius=

421

122 wplot_mal = separateUnits (pix(1-v.MEMA2)/(16+E MEM=t_PETA3

423 wplot_ma2 = separateUnits (pi*(1-v.MEMA2)/(16+E MEM=t_PETA3

424  wplot_ma3 = separateUnits (pix(1-v.MEMA2)/(16+E MEM=t_PETA3

425 wplot_ma4 = separateUnits (pi*(1-v.MEMA2)/(16+E MEM=t_PETA3

426 wplot_ma5 = separateUnits (pi*(1-v.MEMA2)/(16+E MEM=t_PETA3

127  wplot_ma6 = separateUnits (pix(1-v.MEMA2)/(16+E MEMxt_PETA3

428

129 figure

430 hold on

31 plot(separateUnits (as) ,wplot_mal, 'LineWidth’,2)

42 plot(separateUnits(as) ,wplot_ma2, 'LineWidth’,2)

133 plot(separateUnits (as) ,wplot_ma3, 'LineWidth’,2)

1314 plot(separateUnits (as) ,wplot_ma4, 'LineWidth’,2)

135 plot(separateUnits(as) ,wplot_ma5, 'LineWidth’,2)

136 plot(separateUnits(as) ,wplot_ma6, 'LineWidth’,2)

437 xlim (' tight")

s ylim (' tight")

439 title (’Max membrane deformation (\omega) vs Suction cup radius (a)’,” )

wmo subtitle (' (h=1Atm, t m = 30Atm, Material: PDMS) ")

41 xlabel(’a [m]’)

42 ylabel ('Max membrane deformation [m] )

443

44 legend(’13kPa’, ’31kPa’, ’49kPa’, ’67kPa’, ’'85kPa’, 'P_i \approx P_0’)

15 T

16 %

47 % xInitial heightx

448

49 hh= linspace(1¥10A-6+u.m0.4x10A-4*u.m,100) ;

450 wplot_mhl = separateUnits (pix(1-v.MEMA2)/(16+E MEMx=t_PETA3)*(P0 — P_s_mhl).*(an2).A2); %PET Membrane

451 wplot_mh2 = separateUnits (pi*(1-v.MEMA2)/(16+E MEM=*t_PETA3)*(P0 — P_s_mh2).x(an2).A2); %PET Membrane

«(P0 — P_s_mal).x(as.N2).A2); %PET Membrane
*(PO — P_s_ma2).x(as.N2).A2); %PET Membrane
#*(PO — P_s_ma3).x(as.N2).A2); %PET Membrane
*(P0O — P_s_ma4).x(as.N2).A2); %PET Membrane
«(PO- P_s_mab) .x(as.A2).A2); %PET Membrane

*(PO — P_s_ma6).x(as.N2).A2); %PET Membrane



16+E MEMx*t_PETA3) «(PO — P_s_mh3).x(an2).A2); %PET Membrane
16+E MEM«t_PETA3)*(P0 - P_s_mh4).x(an2).A2); %PET Membrane
16+E MEMxt_PETA3) *(P0- P_s_mh5) .x(anr2).A2); %PET Membrane

16+E MEM«t_PETA3)*(P0 — P_s_mh6) .x(an2).A2); %PET Membrane

42 wplot_mh3 = separateUnits (pix(1-v.MEMA2)/
453 wplot_mh4 = separateUnits (pi*(1-v.MEMA2)/
454 wplot_mh5 = separateUnits (pix(1-v.MEMA2)/
455 wplot_mh6 = separateUnits (pi*(1-v-MEMA2)/

457 figure

158 hold on

159 plot(separateUnits (hh) ,wplot_mhl, 'LineWidth’,2)

a0 plot(separateUnits (hh) ,wplot_mh2, 'LineWidth’,2)

61 plot(separateUnits (hh) ,wplot_mh3, 'LineWidth’,2)

42 plot(separateUnits (hh) ,wplot_mh4, 'LineWidth’,2)

163 plot(separateUnits (hh) ,wplot_mh5, 'LineWidth’,2)

44 plot(separateUnits (hh) ,wplot_mh6, 'LineWidth’,2)

45 xlim (' tight’)

46 ylim('tight’)

47 title (’Max membrane deformation (\omega) vs Suction cup height (h)’,” )
w8 subtitle (' (a=100Atm, t_m = 30Atm, Material: PDMS) ")

469 xlabel ("h [m] ")

40 ylabel ('Max membrane deformation [m]’)

4 legend(’13kPa’, ’31kPa’, ’49kPa’, ’67kPa’, ’'85kPa’, 'P_i \approx P_0’)

472 % *Membrane thicknessx
476 tt= linspace(10%¥10A-6+*u.m1.7+10A-5+u.m,100) ;

a8 wplot_mtl = separateUnits (pi*(1-v.MEMA2)./(16+*EMEM=*tt.A3).+(P0 — P_s_mtl)*(anr2)A2); %PET Membrane
479 wplot_mt2 = separateUnits (pi*(1-v.MEMA2)./(16+EMEM=*tt.A3) . (PO — P_s_mt2)x(anr2)A2); %PET Membrane
450  wplot_mt3 = separateUnits (pi*(1-vMEMA2)./(16*EMEM=tt.A3) .x(P0 — P_s_mt3)*(ar2)A2); %PET Membrane
a1 wplot_mt4 = separateUnits (pi*(1-v.MEMA2)./(16+*EMEM=*tt.A3) . (PO — P_s_mt4)*(anr2)A2); %PET Membrane
4.2 wplot_mt5 = separateUnits (pi*(1-v.MEMA2)./(16+EMEM=tt.A3) .+ (P0- P_s_mt5)*(anr2)A2); %PET Membrane

43 wplot_mt6 = separateUnits (pi*(1-v.MEMA2)./(16+*EMEM=*tt.A3) .+ (PO — P_s_mt6)*(a”r2)A2); %PET Membrane

45 figure

186 hold on

457 plot(separateUnits(tt) ,wplot_mtl, LineWidth’,2)

a8 plot(separateUnits (tt) ,wplot_mt2, 'LineWidth’,2)

489 plot(separateUnits(tt) ,wplot_mt3, LineWidth’,2)

a0 plot(separateUnits(tt),wplot_mt4, LineWidth’,2)

191 plot(separateUnits(tt) ,wplot_mt5, 'LineWidth’,2)

12 plot(separateUnits(tt) ,wplot_mt6, 'LineWidth’,2)

493 xlim (' tight")

s94  ylim (' tight")

495 title (’Max membrane deformation (\omega) vs Membrane thickness (t.m)’,” )
a6 subtitle (' (h=1Atm, a=100Atm, Material: PDMS) ")

497 xlabel ('t [m]’)

498 ylabel ('Max membrane deformation [m]’)
499 legend(’13kPa’, ’31kPa’, ’49kPa’, ’67kPa’, ’'85kPa’, 'P_i \approx P_0’)
s00 % *Membrane material*

so2  EE= linspace (EMEM,E MEMx10,100) ;

so4  wplot_mEl = separateUnits (pi*(1-v.MEMA2)./(16+EE+t_PETA3).%x(P0 — P_s_mEl).x(anr2).A2); %PET Membrane
s05  wplot_mE2 = separateUnits (pix(1-v.MEMA2)./(16«EExt_PETA3).x(P0 — P_s_mE2).x(a”2)./A2); %PET Membrane
so6  wplot_mE3 = separateUnits (pi*(1-v.MEMA2)./(16+EE+t_PETA3).%(P0 — P_s_mE3).x(an2).A2); %PET Membrane
s07  wplot_mE4 = separateUnits (pix(1-v.MEMA2)./(16*EExt_PET~3).x(P0 — P_s_mEFE4).x(a”r2).A2); %PET Membrane
so8  wplot_mE5 = separateUnits (pi*(1-v.MEMA2)./(16+EE+t_PETA3).%(P0- P_s_mE5).*(an2).A2); %PET Membrane

s09  wplot_mE6 = separateUnits (pix(1-v.MEMA2)./(16+EExt_PET~3).x(P0 — P_s_mE6).x(a’r2).A2); %PET Membrane

su figure

si2 hold on

513 plot(separateUnits (EE) ,wplot_mEl, 'LineWidth’,2)
si4 plot(separateUnits (EE) ,wplot_mE2, 'LineWidth’,2)
515 plot(separateUnits (EE) ,wplot_mE3, 'LineWidth’,2)
s16  plot(separateUnits (EE) ,wplot_mE4, 'LineWidth’,2)
517 plot(separateUnits (EE) ,wplot_mE5, 'LineWidth’,2)
s13 plot(separateUnits (EE) ,wplot_mE6, 'LineWidth’,2)
si9  xlim (' tight’)

s20 ylim(’tight’)

521 title ('Max membrane deformation (\omega) vs Membrane youngs modulus (E)’,’ )
52 subtitle (' (h=1Atm, a=100Atm, t m=30Atm)’)
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xlabel ('E [Pa]’)

ylabel ('Max membrane deformation [m]’)

legend (’13kPa’, '31kPa’, ’49kPa’, ’67kPa’, ’'85kPa’, 'P_i \approx P_0’)
9o

%% *Deformation experiment results =

% =Unpolished*

a = 768+107A-6+u.m;

wplot_m13 = vpa(separateUnits (pi*(1-v.MEMA2)/(16+E MEM=t_PETA3)*(P0 — P_i(1)).*x(0-ar2).A2))*10/6;
wplot_m40 = vpa(separateUnits (pix(1-v.MEMA2)/(16+E MEM=t_PETA3)*(P0 — P_i(16)).%(0—-an2).A2))*10/6;
wplot_m70 = vpa(separateUnits (pi#*(1-v.MEMA2)/(16+EMEM+t_PETA3)+(P0 — P_i(33)).x(0-an2).A2))*1076;

Plain_13 = [24 26 23];

SE_P13 = std(Plain_13)/sqrt(length(Plain_13))+1.5;

Plain_40 = [20.6 21.4];

SE_P40 = std(Plain_40)/sqrt(length(Plain_40)) +1.5;

Plain_70 = [16 11];

SE_P70 = std(Plain_70)/sqrt(length(Plain_70)) +1.5;

fit_data_P = [mean(Plain_13) mean(Plain_40) mean(Plain_70) ];

Pressure = [separateUnits(P_i(1)/1000) separateUnits(P_i(16)/1000) separateUnits(P_i(33)/1000)];

figure

hold on

plot(separateUnits (P_i(1)/1000), separateUnits(wplot_m13),’+’, 'MarkerEdgeColor’,’b")

errorbar (separateUnits (P_i(1)/1000) ,mean(Plain_13) ,SE_P13, '+, MarkerFaceColor’, 'r’, Color’,’'r")

plot (separateUnits (P_i(16)/1000), separateUnits (wplot_m40), =", 'MarkerEdgeColor’,'b")
errorbar (separateUnits (P_i(16)/1000) ,mean(Plain_40) ,SE_P40, '+, ' MarkerFaceColor’, r’, Color’, r")

plot(separateUnits (P_i(33)/1000), separateUnits (wplot_m70), +’, 'MarkerEdgeColor’,’b’)
errorbar (separateUnits (P_i(33)/1000) ,mean(Plain_70) ,SE_P70, "+, MarkerFaceColor’, r’, Color’, 'r")

title ('Membrane deflection per pressure ', ')
subtitle (’Unpolished membrane scaffold (a=768Atm)’)
xlabel ('Induced pressure in [kPa]’)

ylabel ('Defelction of membrane in [Agm] M)

legend ('Model’, "Measurements’)

ll&%}

% =Polished*

a = 741107 -6xu.m;

wplot_m13 = vpa(separateUnits (pi*(1-v.MEMA2)/(16+E MEM=t_PETA3)*(P0 — P_i(1)).x(0-an2).A2))*10/"6;
wplot_m40 = vpa(separateUnits (pi*(1-v.MEMA2)/(16+EMEMx*t_PETA3) (PO — P_i(16)).%(0-an2).A2))*10/6;
wplot_m70 = vpa(separateUnits (pi*(1-v.MEMA2)/(16+E MEM=t_PETA3)*(P0 — P_i(33)).#(0-an2).A2))*10/6;
Polished_13 = [21 24 24];

SE_PP13 = std(Plain_13)/sqrt(length (Polished_13))+1.5;

Polished_40 = [8 12 17];

SE_PP40 = std (Polished_40)/sqrt(length (Polished_40))+1.5;

Polished_70 = [5 5 6];

SE_PP70 = std (Polished_70)/sqrt(length (Polished_70))+1.5;

figure

hold on

plot(separateUnits (P_i(1)/1000), separateUnits(wplot_m13),’+’, 'MarkerEdgeColor’,’b")

errorbar (separateUnits(P_i(1)/1000) ,mean(Polished_13) ,SE_PP13, '+, MarkerFaceColor’, 'r’, Color’,’'r")

plot (separateUnits (P_i(16)/1000), separateUnits(wplot_m40), =", 'MarkerEdgeColor’,'b")
errorbar (separateUnits (P_i(16)/1000) ,mean(Polished_40) ,SE_PP40, '+’ , MarkerFaceColor’, 'r’, Color’, 'r")

plot (separateUnits (P_i(33)/1000), separateUnits (wplot_m70), =", 'MarkerEdgeColor’,'b")
errorbar (separateUnits (P_i(33)/1000) ,mean(Polished_70) ,SE_PP70, '+’ ,  MarkerFaceColor’, r’, Color’, 'r")

title ('Membrane deflection per pressure ',’ )
subtitle ('Polished membrane scaffold (a:741A{m) M)
xlabel ('Induced pressure in [kPa]’)

ylabel ('Deflection of membrane in l[\tml )

legend ('Model’, 'Measurements’)



663

76

9o
% *Initial deformationsx

Polished_14 = [20 17 15 12];

SE_PP14 = std(Polished_14)/sqrt(length (Polished_14))+1.5;
Polished_20 = [31 30 30 35];

SE_PP20 = std(Polished_20)/sqrt(length (Polished_20))+1.5;
Polished_26 = [60 75 44 60];

SE_PP26 = std(Polished_26)/sqrt(length (Polished_26))+1.5;
Polished_60 = [89 81 105 130];

SE_PP60 = std (Polished_60)/sqrt(length (Polished_60))+1.5;

figure
hold on
errorbar (0,0,0, =, MarkerFaceColor’, r’, Color’, r’, LineWidth " ,2)

errorbar (0.7 ,mean(Polished_14) ,SE_PP14, '+’ , MarkerFaceColor’, 'r’, Color’,
errorbar (1,mean(Polished_20) ,SE_PP20, '+’ , MarkerFaceColor’, 'r’, Color’,’r
errorbar (1.3 ,mean(Polished_26) ,SE_PP26, '+, MarkerFaceColor’, r’, Color’,

errorbar (3 ,mean(Polished_60) ,SE_PP60, '=', MarkerFaceColor’,’r’, Color’,’r

title ('Membrane deflection at atmospheric pressure ', )
subtitle ('Membrane: 3M 8991")

xlabel ("Suction cup radius [mm] ")

ylabel ('Pre-deflection of membrane in [Atm] )

%% *Ps_end - TPU=

P_s_m_end = linspace (P0%0.9999,P0%1.0001,20);
C0 = Vw3(P3)*P_s_m(1);
ql = waitbar (0, Calculating converged pressure for TPU. [1/2]);
for k=1:20
waitbar (k/20,q1) ;

rv0_end_m(k,:) = sqrt(sqrt(w_V0+*16+E MEM=t_PETA3./( pi*(1-vMEMA2)+(P_s_m_end(k)-P_i_w)))+a’2);

‘r’,’LineWidth’,2)
*’LineWidth’ ,2)
‘r’, ’LineWidth’ ,2)

", ’LineWidth’ ,2)

wmax_end m(k,:) = vpa(pi*(1-vMEMA2)./(16+EMEM=t_PETA3).x(P_s_m_end(k)-P_i_w)*an4);

Vw_end_m_tpul (k) = vpa(int ((0.5+rv0_end_m(k,1))*2+pi,0,wmax end_ m(k,1)));
Vw_end_m_tpu3 (k) = vpa(int ((0.5+rv0_end_m (k,3))"2xpi,0,wmax end m(k,3)));
Vw_end_m_tpu5(k) = vpa(int ((0.5*rv0_end_m(k,5))A2+pi,0,wmax end m(k,5)));
Vw_end_m_tpu6 (k) = vpa(int ((0.5*rv0_end_m(k,6))~2+pi,0,wmax end m(k,6)));
end
close(ql)

q2 = waitbar (0, Calculating converged pressure for TPU. [2/2]);
for k=1:20
waitbar (k/20,q2);

rv0_end_tpu (k) = sqrt(sqrt(w_V0=16+E_tpuxt_tpun3./( pix(1-v_tpur2)=(P0-P_s_m_end(k))))+an2);

wmax_end_tpu(k) = vpa(pi*(1-v_tpur2)./(16+E_tpuxt_tpu”3).+(P0-P_s_m_end(k))*an4);

Vw_end_tpu(k) = vpa(int((0.5+rv0_end_tpu(k))A2+pi,0,wmax_end_tpu(k)));

end
close (q2)

C_end = [(Vw_end_m_tpul (:)-Vw_end_tpu(:)).*P_s_m_end(:), (Vw_end_m_tpu3(:)-Vw_end_tpu(:)).*P_s m_end(:), (

Vw_end_m_tpu5 (:) -Vw_end_tpu(:) ) .*P_s_m_end (:) , (Vw_end_m_tpu6 (:)-Vw_end_tpu(:)).+P_s_m_end(:) 1;

C_minl = abs(C_end(:,1)/C0 -1);
[C_valuel, Ckl] = min(C_minl(:));
P_s_m_end_1_tpu=vpa(P_s_m_end (Ckl))
C_min3 = abs(C_end(:,2)/C0 -1);
[C_value3, Ck3] = min(C_min3(:));
P_s_m_end_3_tpu=vpa(P_s_m_end (Ck3))
C_min5 = abs(C_end(:,3)/C0 -1);
[C_value5, Ck5] = min(C_min5(:));
P_s_m_end_5_tpu=vpa(P_s_m_end (Ck5))
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C_min6 = abs(C_end(:,4)/C0 -1);
[C_value6, Ck6] = min(C_min6 (:));
P_s_m_end_6_tpu=vpa(P_s_m_end (Ck6))

%% +Ps_end - Copperx

P_s_ m_end = linspace (P0%0.9,P0%1.3,20);

ql = waitbar (0, Calculating converged pressure for Copper. [1/2]");

for k=1:20
waitbar (k/20,q1);

rv0_end_m_c(k,:) = sqrt(sqrt(w_VOx16+E_cxt_cA3./( pix(1-v_c/2)*(P_s_m_end(k)-P_i_w)))+a’r2);

wmax end_ m_c(k,:) = vpa(pi*(1-v_c”2)./(16*E_cxt_c”3).*(P_s_m_end(k)-P_i_w)=*and);
Vw_end_m_cl (k) = vpa(int ((0.5+rv0_end_m_c(k,1))"2+pi,0,wmax end m_c(k,1)));

Vw_end_m_c3(k) = vpa(int

0.5+rv0_end_m_c(k,3))A2+pi,0,wmax_end_m_c(k,3)));

( (( (
Vw_end_m_c5(k) = vpa(int ((0.5+rv0_end_m_c(k,5))A2+pi,0,wmax end m_c(k,5)));
( (( (

Vw_end_m_c6(k) = vpa(int
end
close (ql)

0.5+rv0_end_m_c(k,6))"2+pi,0,wmax_end_m_c(k,6)));

q2 = waitbar (0, Calculating converged pressure for Copper. [2/2]");

for k=1:20
waitbar (k/20,q2) ;

rv0_end_c (k) = sqrt(sqrt(w_V0«16+E_c*t_c23./( pix(1-v_cA2)=(P0-P_s_m_end(k))))+a’2);

wmax_end_c(k) = vpa(pi*(1-v_cA2)./(16*E_c*t_c/3).*(P0-P_s_m_end(k))*an4);

Vw_end_c(k) = vpa(int ((0.5*rv0_end_c(k))A2xpi,0,wmax_end_c(k)));

end
close (q2)

C_end_c = [(Vw_end_m_cl(:)-Vw_end_c(:)).*P_s_m_end(:) ,
Vw_end_m_c5(:)-Vw_end_c(:) ) .*P_s_m_end (:) ,

C_minl_c = abs(C_end_c(:,1)/C0 -1);
[C_valuel, Ckl_c] = min(C_minl_c(:));
P_s_m_end_1_c=vpa(P_s_m_end(Ckl_c))

C_min3_c = abs(C_end_c(:,2)/C0 -1);
[C_value3, Ck3_c] = min(C_min3_c(:));
P_s_m_end_3_c=vpa(P_s_m_end(Ck3_c))
C_min5_c = abs(C_end_c(:,3)/C0 -1);
[C_value5, Ck5_c] = min(C_min5_c(:));
P_s_m_end_5_c=vpa(P_s_m_end (Ck5_c))
C_min6_c = abs(C_end_c(:,4)/C0 -1);
[C_value6, Ck6_c] = min(C_min6_c(:));
P_s_m_end_6_c=vpa(P_s_m_end (Ck6_c))

%% =Deformation converged state=*

for k=1:n

(Vw_end_m_c6 (:)-Vw_end_c(:)).*P_s_m_end (:) ];

(Vw_end_m_c3 (:)-Vw_end_c(:)) .*P_s_m_end (:), (

wplot_m_1_tpu(k) = separateUnits (pi*(1-v.MEMA2)/(16+EMEMx*t_PETA3)«(P_s_m_end_1_tpu — P_i_w(1)).x(r(k)A2-a

A2).A2); %PET Membrane + TPU

wplot_m_3_tpu(k) = separateUnits (pi*(1-v.MEMA2)/(16+EMEMx*t_PETA3)*(P_s_m_end_3_tpu — P_i_w(3)).*(r(k)A2-a

A2).A2); %PET Membrane + TPU

wplot_m_5_tpu(k) = separateUnits (pi*(1-v.MEMA2)/(16+EMEM*t_PETA3) *(P_s_m_end_5_tpu — P_i_w(5)) .*(r(k)A2-a

A2).7A2); %PET Membrane + TPU

wplot_m_6_tpu(k) = separateUnits (pi*(1-v.MEMA2)/(16+EMEM*t_PETA3) «(P_s_m_end_6_tpu — P_i_w(6)) .*(r(k)A2-a

A2).A2); %PET Membrane + TPU

wplot_m_1_c(k) = separateUnits (pi*(1-v.MEMA2)/(16+E MEMxt_PETA3)*(P_s_m_end_1_c - P_i_w(1)).

.A2); %PET Membrane + Copper

wplot_m_3_c(k) = separateUnits (pi*(1-v.MEMA2)/(16+E MEM*t_PETA3)*(P_s_m_end_3_c - P_i_w(3)).

.A2); %PET Membrane + Copper

wplot_m_5_c(k) = separateUnits (pi*(1-v.MEMA2)/(16+E MEM*t_PETA3)*(P_s_m_end_5_c - P_i_w(5)).

.A2); %PET Membrane + Copper

wplot_m_6_c(k) = separateUnits (pi*(1-v.MEMA2)/(16+E MEM+t_PETA3)*(P_s_m_end_6_c - P_i_w(6)).

.A2); %PET Membrane + Copper
end

for k =1:n

«(r(k)A2-an2)
= (1 (k)Ar2-an2)
#(r(k)A2-an2)

#(r(k)A2-an2)
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wplot_cl1 (k) =
wplot_c3 (k) =
wplot_c5 (k) =
wplot_c6 (k) =

wplot_tpul (k)

separateUnits (pi*(1-v_cA2)/(16*E_cxt_cA3)*(P0-P_s_m_end_1_c) .*(r (k)A2-ar2).A2); %Copper
separateUnits (pi*(1-v_c/2)/(16+E_c*t_c/3)*(P0-P_s_m_end_3_c) .*(r (k) A2-an2).A2); %Copper
separateUnits (pi*(1-v_cA2)/(16+E_cxt_cA3)*(P0-P_s_m_end_5_c) .* (r (k)A2-ar2).A2); %Copper
separateUnits (pi*(1-v_c/2)/(16+E_c*t_c/3)*(P0-P_s_m_end_6_c) .*(r (k) A2-an2).A2); %Copper

separateUnits (pi*(1-v_tpu?r2)/(16+E_tpust_tpun3)*(P0-P_s_m_end_1_tpu) .+ (r (k)A2-an2).A2)

; %IPU
wplot_tpu3 (k) = separateUnits (pi*(1-v_tpunr2)/(16«E_tpuxt_tpu”3)«=(P0-P_s_m_end_3_tpu) .= (r(k)A2-ar2).A2)
; %IPU
wplot_tpu5 (k) = separateUnits (pi*(1-v_tpun2)/(16«E_tpuxt_tpu”3)=(P0-P_s_m_end_5_tpu) .= (1 (k)A2-ar2).A2)
; %IPU
wplot_tpu6 (k) = separateUnits (pi*(1-v_tpunr2)/(16+E_tpuxt_tpu”3)=(P0-P_s_m_end_6_tpu) .= (1 (k)"2-ar2).A2)
; %IPU
end
figure
hold on
plot (rp,wplot_m_1_tpu, 'Color’, '#EDBI20")
plot (rp,wplot_tpul, '—-", "Color’, "#EDB120")
plot (rp,wplot_m_1_c, 'Color’, '#D95319")
plot (rp,wplot_cl, '—’, Color’, '#D95319")
xlim ("tight’)
title ('Membrane and laminate deflection (P_i = 13kpa)’,” )

xlabel (’Crossection of membrane in [m]’)
ylabel ('Height of membrane in [m] ")

legend ('PET’,

"Polyurethane’, 'PET’, ’'Copper’, ’Location’, northeastoutside’)

%ylim ([0.0000000 0.0000025])

figure

hold on

plot(rp,wplot_m_3_tpu, 'Color’, ’'#EDBI120")

plot (rp,wplot_tpu3, '—-", "Color’, "#EDB120 ")

plot (rp,wplot_m_3_c, 'Color’, '#D95319")

plot (rp,wplot_c3, -, Color’, '#D95319")

xlim ('tight’)

title ('Membrane and laminate deflection (P_i = 49kpa)’,’” ')

xlabel (’Crossection of membrane in [m]’)
ylabel ('Height of membrane in [m] ")

legend ('PET’,

"Polyurethane’, 'PET’, ’Copper’, ’Location’, northeastoutside’)

% ylim ([0.0000000 0.0000025])

%

figure

hold on

plot (rp,wplot_m_5_tpu, 'Color’, '#EDBI20")

plot (rp,wplot_tpu5, '—-", "Color’, "#EDB120 ")

plot (rp,wplot_m_5_c, 'Color’, ’'#D95319")

plot (rp,wplot_c5, '——’, Color’, "#D95319")

xlim (" tight’)

title ('Membrane and laminate deflection (P_i = 85kpa)’,’ ')

xlabel ('Crossection of membrane in [m] )
ylabel ('Height of membrane in [m] ")

legend ('PET",

"Polyurethane’, 'PET’, ’Copper’, ’Location’, northeastoutside’)

% ylim ([-0.0000002 0.0000025])

[%)

figure

hold on

plot (rp,wplot_m_6_tpu, 'Color’, '#EDBI20")

plot (rp,wplot_tpu6, '——", 'Color’, "#EDB120")

plot (rp,wplot_m_6_c, 'Color’, '#D95319")

plot (rp,wplot_c6, '—’, Color’, '#D95319")

xlim (' tight’)

title ('Membrane and laminate deflection (P_i = P_0)"," ")

xlabel ('Crossection of membrane in [m]’)
ylabel ('Height of membrane in [m] ")

legend ('PET’,

"Polyurethane’, 'PET’, ’'Copper’, ’Location’,’northeastoutside’)

% ylim ([-0.0000002 0.0000025])

9%
%

9%% *Change of suction cup radius: suction=
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9%

%Figuur 2b - Change of suctiocup radius
74

o

figure

hold on

plot(separateUnits(as) ,separateUnits (S_PET_maxa) )

plot (separateUnits(as) ,separateUnits (S_PET_maxac) )
plot(separateUnits(as) ,separateUnits (S_tpu_maxa))

xlim ('tight’)

title ('Maximum stress (\sigma_{y_{max}}) vs Suction cup radius (a)’,” )
subtitle (' (P_i = 13kpa)’)

xlabel(’a [m] )

ylabel ("\sigma_{y_{max}} [Pa]’)

legend ('Membrane uncovered’, 'Membrane + Laminate’, ’'Laminate’, Location’, northeastoutside’)

9%
% =Initial height/volume: Suction=

% figure

% hold on

% plot(separateUnits (hh) ,separateUnits (S_PET_maxh))

% plot(separateUnits (hh),separateUnits (S_c_maxh))

% plot(separateUnits (hh) ,separateUnits (S_tpu_maxh))

% xlim (" tight )

% title ('"Max stress (\sigma_{y_{max}}) vs Suction cup height (h)’,” )
% subtitle ("(P_i = 45kpa) )

% xlabel ('h [m]’)

% ylabel ("\sigma_{y_{max}} [Pa]’)

% legend ('PET’, ’'Copper’, ’'Polyurethane’,’Location’,’ northeastoutside’)

S

5

S

S

S

S

9o
% *membrane movement: Suctionx

% z=51;

% P_i_w = [P_i(1),P_i(11),P_i(21),P_i(31),P_i(41),P_i(51) |;

% P_s_mw = [P_s_m(1),P_s.m(11),P_s_.m(21),P_s_m(31),P_s_m(41),P_s.m(51)];
%

% r = linspace(-a,a,n);

% rp = separateUnits(r);

% for k=1:n

% wplot_m_1(k) = separateUnits(h + pi*(1-vMEMA2)/(16+EMEMx*t PETA3) *(P_s mw(1)

.A2); %PET Membrane

% wplot_m_2 (k) = separateUnits(h + pi*(1-v.MEMA2)/(16+EMEM=+t PETA3) *(P_s_ mw(2)

.A2); %PET Membrane

% wplot_m_3(k) = separateUnits (h + pix(1-vMEMA2)/(16+EMEMx*t_PETA3) (P_s_mw(3)

.A2); %PET Membrane

% wplot_m_4(k) = separateUnits (h + pi*(1-vMEMA2)/(16+EMEMx*t_PETA3) = (P_s_mw(4)

.A2); %PET Membrane

% wplot_m_5(k) = separateUnits (h + pi*(1-v.MEMA2)/(16+EMEMx*t_PETA3) (P_s_mw(5)

.A2); %PET Membrane

% wplot_m_6(k) = separateUnits (h + pi*(1-v.MEMA2)/(16+EMEMx*t_PETA3) (P_s_mw(6)

.AN2); %PET Membrane
% end
%
% %Figuur 5
% %
% figure
% hold on
% plot (rp,wplot_m_1)
% plot (rp,wplot_m_2)
% plot (rp,wplot_m_3)
% plot (rp,wplot_m_4)
% plot (rp,wplot_m_5)
% plot (rp,wplot_m_6)
%
%
%

S

S

S

S

xlim (" tight )
title ('PET membrane deflection vs Induced pressure (P_i)’,” ’)

S

S

P_iw(1)).

P_iw(2)).

P_iw(3)).

P_iw(4)).

P_i_w(5)).

P_i_w(6)).

#(r(k)A2-an2)
#(r(k)A2-an2)
# (1 (k)A2-an2)
# (1 (k)A2-an2)
# (1 (k)A2-an2)

# (1 (k)A2-an2)
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S

S

S

S

xlabel ('’ Crossection of membrane in [m]’)
ylabel (’Height of membrane in [m]’)
legend ("P_i = 10kpa’, 'P_i = 28kpa’, 'P_i = 46kpa’, 'P_i = 65kpa’, 'P_i = 83kpa’, 'P_i \approx P_0’,’
Location’, 'northeastoutside )
ylim ([0.0000010 0.0000035])
%0ther material movement
Ps.cw = [P_s_c(1),P_s_c(11),P_s_c(21),P_s_c(31),P_s_c(41),P_s_c(51)];
P_s_tpuw = [P_s_tpu(l),P_s_tpu(1l),P_s_tpu(21),P_s_tpu(31),P_s_tpu(41),P_s_tpu(51)];
for k =1:n
wplot_c1 (k) = separateUnits (pi*(1-v_c/2)/(16+E_cxt_c/3)*(P_s_cw(1)-P_s.mw(1)).x(r(k)A2-an2).A2); %
Copper
wplot_c3 (k) = separateUnits (pi*(1-v_c/2)/(16+E_cxt_c/3)*(P_s_cw(3)-P_s.mw(3)) .x(r(k)A2-ar2).A2); %
Copper
wplot_c5(k) = separateUnits (pi*(1-v_c/2)/(16+E_cxt_c/3)*(P_s_cw(5)-P_s_mw(5)) .=(r(k)A2-an2).A2); %
Copper

wplot_tpul (k) = separateUnits (pi*(1-v_tpun2)/(16«E_tpuxt_tpu”3)«(P_s_tpuw(1)-P_s mw(1)).*(r(k)r2-a
A2).N2); %IPU
wplot_tpu3 (k) = separateUnits (pi*(1-v_tpun2)/(16«E_tpuxt_tpu”3)«(P_s_tpuw(3)-P_s mw(3)).x(r(k)r2-a
A2).72); %IPU
wplot_tpu5 (k) = separateUnits (pi*(1-v_tpun2)/(16+E_tpuxt_tpu”3)+(P_s_tpuw(5)-P_s mw(5)) .*(r(k)r2-a
A2).72); %IPU
end

figure

hold on

plot (rp,wplot_m_1)

plot (rp,wplot_cl)

plot (rp,wplot_tpul)

xlim (" tight ")

title ("Membrane and laminate deflection (P_i = 10kpa)’,’ )
xlabel (' Crossection of membrane in [m]’)

ylabel (’Height of membrane in [m]’)

legend ("PET’, ’Copper’, ’'Polyurethane’,’Location’, northeastoutside’)
ylim ([0.0000000 0.0000035])

figure

hold on

plot (rp,wplot_m_3)

plot (rp,wplot_c3)

plot (rp,wplot_tpu3)

xlim (" tight ")

title ("Membrane and laminate deflection (P_i = 46kpa)’,’ ')
xlabel (' Crossection of membrane in [m]’)

ylabel (’Height of membrane in [m]’)

legend ("PET’, ’'Copper’, ’'Polyurethane’,’Location’, northeastoutside’)
ylim ([0.0000000 0.0000035])

figure

hold on

plot (rp,wplot_m_5)
plot (rp,wplot_c5)
plot (rp, wplot_tpu5)
xlim (" tight ")

% title ("Membrane and laminate deflection (P_i = 83kpa)’,’” ')

% xlabel (’Crossection of membrane in [m]’)

% ylabel ('Height of membrane in [m]’)

% legend ('PET’, ’'Copper’, ’'Polyurethane’,’Location’,’ northeastoutside’)
% ylim ([0.0000000 0.0000035])

%

9%% FORCES

%

%Gravity

F_gc = g = rho_c*t_c = A_S; % Copper gravity force
F_gtpu = g * rho_tpust_tpu * A_S; % Tpu gravity force

o7

o

%Interaction energy

[v7A

(o
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%lhe layer interaction force at point of pick up, thus only the force with
%the carrier material
%

%Van der waals paramaters
d_cO0 = 0.165*% 10A-9xu.m; %min cut—off distance

d_0 = 20% 10~A-9*u.m; %max cut-off distance
o7,

(4

D_i = vpa(linspace(d_c0,10A-5%xu.m,i_1));

Y%COPPER
rehash toolboxcache
q = waitbar (0, Calculating interaction forces. Please wait... );

for i=1:i_l
waitbar (i/i_1,q);
e_vdw_c(i) = Ham_c/(12xpixD_i(i)~"2);
%F_vdw_c (i) = separateUnits(e_vdw_c/D_i(i)*A_f);
%Casimir Force
e_casimir_c (i)=separateUnits (vpa(pir2+h_p=c/(2+pi*720+D_i(i)"3)));
%F_casimir_c (i) = separateUnits (pixh_pxcxA_f/(240+D_i(i)));

%Capillary force
gamma = (75.6-0.167#(T-273))*10A-3;
d_cap_c = -2 * gamma*v_w * cosd(c_Ac) / (R#Txlogl0(0.999));
if separateUnits(D_i(i)) <= separateUnits(d_cap_c)
e_cap_c(i) = gamma+(-cosd(c_Ac)+cosd(c AMEM) ) ;
end
if separateUnits(D_i(i)) > separateUnits(d_cap_c)
e_cap_c(i) = 0;
end
e_cap_c(i) = separateUnits(vpa(e_cap_c(i)));
%F_cap_c(i) = separateUnits(e_cap_c(i)/D_i(i)*A_f);

%F_CL_c(i) = vpa(F_casimir_c(i) + F_vdw_c(i) + F_cap_c(i)); % Total interaction force with carrier

material in the case of copper
e_CL_c(i) = vpa(separateUnits(e_vdw_c(i)) + e_casimir_c(i) + e_cap_c(i));
end
close(q)
figure
loglog (separateUnits (D_i) ,e_CL_c)
hold on
loglog (separateUnits (D_i) ,separateUnits (e_vdw_c))
loglog (separateUnits (D_i) ,e_casimir_c)
loglog (separateUnits (D_i) ,e_cap_c)
title ('Copper interlayer ineteraction energy vs distance’,’ ')
subtitle ([ 'R H = 99.9% 1)
xlabel (’'Distance to laminate [m]’)
ylabel ('Interaction energy [J/mA2]’)
legend (' Total’, ’'Van der Waals’, ’'Casimir’, Capillary’)
%D_cap vs Relative humidity
% for y=1:i_1
% d_cap_c_d(y) = -2 * gammaxv_w = cosd(c_Ac) / (R«TxloglO(H_r(y)));
% end

% figure

% plot(separateUnits(d_cap_c_d) ,H_r+100)

% title (' Capillary condensation distance vs Relative humidity’,” )
% subtitle ([’ Material: Copper (\theta = 86A1) ')

% xlabel (' Capillary condensation distance [m]’)
% ylabel (' Relative humidity [%]’)

%

% ylim ([0.00 100])

S

9
%% Interaction forces

gamma = (75.6-0.167%(T-273))*107-3;
%(F_CL) (ALU vs laminate)

v

%cappillary condesation distance for eman humidy netherlands
d_cap_alu = 2 * gamma*v_w * cosd(c_Aalu) / (R+Txlogl0(0.81));
d_cap_c = -2 * gamma*v.w * cosd(c_Ac) / (R+T+logl0(0.81));

d_cap_tpu = 2 * gamma+*v_w * cosd(c_Atpu) / (R«Txlogl0(0.81));
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d_cap_PET = -2 % gamma*v_w * cosd(cAMEM) / (R+Txlogl0(0.81));

%Copper

e_vdw_c_fcl = Ham c/(12+pi*(z_c+z_alu)/2)

Pa_vdw_c_fcl= vpa(separateUnits (e_vdw_c_fcl/(z_c+z_alu)));

%Zero as carrier surface roughness is larger than the capillary condensation distance
e_cap_c_fcl = gammax(-cosd (c_Ac)+cosd (c AMEM) )

%Pa_cap_c_f cl = vpa(separateUnits(e_cap_c_fcl/(z_c+zMEM)));

e_casimir_cfcl =pinr2+h_px*c/(2+pi*720+(z_c+z_alu)/3)

Pa_casimir_c_fcl = vpa(separateUnits(e_casimir_cfcl/(z_c+z_alu)));

Pa_CL_c = (Pa_vdw_c_fcl + Pa_casimir_c_fcl)*u.kg+u.m/u.s 2/u.mn2;

%IPU

e_vdw_tpu_fcl = Ham_ c/(12*pi*(z_tpu+z_alu)A2);

Pa_vdw_tpu_fcl= vpa(separateUnits (e_vdw_tpu_fcl/(z_tpu+z_alu)));

%Zero as carrier surface roughness is larger than the capillary condensation distance
e_cap_tpu_fcl = gammax(-cosd (c_Atpu)+cosd (c AMEM) )

%Pa_cap_tpu_fcl = vpa(separateUnits (e_cap_tpu_fcl/(z_tpu+zMEM)));

e_casimir_tpu_fcl =piA2+«h_px*c/(2+pi*720+(z_tpu+z_alu)~3);

Pa_casimir_tpu_fcl = vpa(separateUnits(e_casimir_tpu_fcl/(z_tpu+z_alu)));

Pa_CL_tpu = (Pa_vdw_tpu_fcl + Pa_casimir_tpu_fcl)*u.kg+u.m/u.sA2/u.mn2;

[
O
%Interaction forces (F_E) (end-effector vs Laminate)
%

%Copper

e_vdw_c_fe = Ham_c/(12#pi*(z_c+zMEM) A2);

Pa_vdw_c_fe= vpa(separateUnits (e_vdw_c_fe/(z_c+zMEM)));

%Zero as surface roughness is larger than the capillary condensation distance
e_cap_c_fe = gammax(2+cosd(c_Ac))

% Pa_cap_c_fe = vpa(separateUnits(e_cap_c_fe/(z_c+zMEM)));

e_casimir_c_fe =pir2+h_p*c/(2+pi*720+(z_c+z MEM) A3);

Pa_casimir_c_fe = vpa(separateUnits(e_casimir_c_fe/(z_c+zMEM)));

Pa_FE_c = (Pa_vdw_c_fe + Pa_casimir_c_fe)+u.kg+u.m/u.s 2/u.mn2;

%IPU

e_vdw_tpu_fe = Ham c/(12#pix(z_tpu+z MEM)A2);

Pa_vdw_tpu_fe= vpa(separateUnits(e_vdw_tpu_fe/(z_tpu+zMEM)));

%Zero as surface roughness is larger than the capillary condensation distance
e_cap_tpu_fe = gammax(-2+cosd(c_Atpu))

% Pa_cap_tpu_fe =vpa(separateUnits(e_cap_tpu_fe/(z_tpu+zMEM)));
e_casimir_tpu_fe =pir2+h_pxc/(2xpi*x720x(z_tpu+z MEM) A3) ;

Pa_casimir_tpu_fe = vpa(separateUnits(e_casimir_tpu_fe/(z_tpu+zMEM)));

Pa_FE_tpu = (Pa_vdw_tpu_fe + Pa_casimir_tpu_fe)*u.kg+*u.m/u.s 2/u.mn2;

%
%Interaction forces (F_RL) (Laminate vs Laminate)
%

%Copper

e_vdw_c_frl = Ham_c/(12+pix*(z_c+z_c)"2);

Pa_vdw_c_frl= vpa(separateUnits(e_vdw_c_frl/(z_c+z_c)));
e_cap_c_frl = gammax(2+cosd(c_Ac));

Pa_cap_c_frl = vpa(separateUnits(e_cap_c_frl/(z_c+z_c)));
e_casimir_c_frl =pifr2+h_p=c/(2+pi*720%(z_c+z_c)"3);
Pa_casimir_c_frl = vpa(separateUnits(e_casimir_c_frl/(z_c+z_c)));
Pa_RL_c = (Pa_vdw_c_frl + Pa_casimir_c_frl)+*u.kg+u.m/u.s"2/u.mr2;

%IPU

e_vdw_tpu_frl = Ham_c/(12+pi*(z_tpu+z_tpu)A2);

Pa_vdw_tpu_frl= vpa(separateUnits (e_vdw_tpu_frl/(z_tpu+z_tpu)));

%Zero as surface roughness is larger than the capillary condensation distance
e_cap_tpu_frl = gammax(-2xcosd (c_Atpu))

%Pa_cap_tpu_frl =vpa(separateUnits(e_cap_tpu_frl/(z_tpu+z_tpu)));
e_casimir_tpu_frl =pifr2«h_pxc/(2+pi*720*(z_tpu+z_tpu)/3);

Pa_casimir_tpu_frl = vpa(separateUnits(e_casimir_tpu_frl/(z_tpu+z_tpu)));
Pa_RL_tpu = (Pa_vdw_tpu_frl + Pa_casimir_tpu_frl)*u.kg+u.m/u.sr2/u.mr2;
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%% =Force prediction in laminate pick-up for a= 0.7¥10A-3 [m] !l per suction cup!!!*
%
%Pickup copper —— per suction cup

F_pickup_c_a = -separateUnits(P_s_m_end_1_c-P0) = separateUnits (pi*ar2);

F_stiction_c_a = separateUnits(-Pa_CL_c+Pa_FE_c)* separateUnits (pi*(p_scm+a)/2)+separateUnits (Pa_FE_c)*
separateUnits (pi*(p_scm”2-an2));

F_res_c_a = F_pickup_c_a + F_stiction_c_a;

%Pickup tpu

F_pickup_tpu_a = -separateUnits (P_s_m_end_1_tpu-P0) = separateUnits(pi*ar2);

F_stiction_tpu_a = -separateUnits(-Pa_CL_tpu+Pa_FE_c)* separateUnits (pi*(p_scm+a)/2)+separateUnits (
Pa_FE_tpu)* separateUnits (pix*(p_scmA2-an2));

F_res_tpu_a = F_pickup_tpu_a + F_stiction_tpu_a;

%release copper —— per suction cup

F_release_c_a = -separateUnits (P_s_m_end_6_c-P0) = separateUnits(pi*an2);
%release tpu —- per suction cup

F_release_tpu_a = —separateUnits (P_s_m_end_6_tpu-P0) * separateUnits(pixan2);
9%

% xForce experiment (solid surface)x
O
0

% _no suction pressure is present under to be picked up laminate_

%
%Pickup copper —- per suction cup

for k=1:99

F_pickup_c(k) = separateUnits(PO-P_s_mal(k)) * separateUnits(as(k).A2)*pi;
F_stiction_c (k) = separateUnits(-Pa_CL_c+Pa_FE_c)* separateUnits (pi*(p_scm+as(k))A2);
F_res_c(k) = F_pickup_c(k) + F_stiction_c (k);

%Pickup tpu

F_pickup_tpu(k) = separateUnits(P_s_mal(k)-P0) * separateUnits(as(k).A2)xpi;
F_stiction_tpu(k) = -separateUnits(-Pa_CL_tpu+Pa_FE_c)* separateUnits (pix*(p_scm+as (k))"2);
F_res_tpu(k) = F_pickup_tpu(k) + F_stiction_tpu(k);

end

figure
hold on
plot (separateUnits (as(1:99)) ,separateUnits (F_pickup_c*N_p), 'LineWidth',2)

plot(separateUnits (as(1:99)) ,separateUnits (F_stiction_c*N_p), Color’, '#D95319", LineWidth’,2)

plot(separateUnits(as(1:99)) ,separateUnits (F_stiction_tpu*N_p), -, Color’, "#EDB120", 'LineWidth’,2)

plot([0.7 1 1.3 3]%10~-3, separateUnits ([FO7 F10 F13 F30]), ', LineWidth’,2);

plot([0.7 1 1.3 3]%*10~A-3, separateUnits(-1+[mean_force_des_07 mean_force_des_10 mean_force_des_13
mean_force_des_30]), =, LineWidth’,2);

title ('Force vs suction cup radius’,’ )

subtitle ([ 'Pickup of rigid undeformable laminate (P_i=13kPa)’])

xlabel ("Suction cup radius [m]’)

ylabel ('Force generated by end-effecor [N]’)

legend (' Pickup force’, ’Stiction - Copper’, ’Stiction - TPU’, ’'Expected compensated force’, ’Measured
force’ )

ylim (' tight”)

ll&%}

%

a07s = [1436 1462 1464 1484]+0.5;

a07 = mean(a07s)*10A-6xu.m;
alOs = [1882 1880 1876 1930]%0.5;
al0 = mean(al0s)*10A-6xu.m;
al3s = [2541 2530 2520 2550]%0.5;
al3 = mean(al3s)*10A-6xu.m;
a30s = [5823 5801 5786 5769]%0.5;
a30 = mean(a30s)*10A-6+u.m;

t_oppervlate = 1.5¥10A-3*u.m;
E_oppervlakte =5x1076+u.kg+u.m/u.sA2/u.mh2;
f w=1.8936; %factor between wmax and w_mean



ns  h07_pre = 16/f_ wx10A-6+u.m;

ust h10_pre = 31.5/f wx10A-6+u.m;

nsz  hl3_pre = 59.75/f wx10A-6+u.m;

uss  h30_pre = 101.25/f w+10A-6+u.m;

1134

nss  h07_f = 3.8+x10A-6+u.m;

me hl0_f = 2.3x10A-6*u.m;

137 h13_f = 1.8¥10A-6*u.m;

nss h30_f = 0.9¥10A-6*u.m;

1139

1m0 % h07_d= (PO-P_s_ma7)=*t_oppervlate/E_oppervlakte;

uar % h10_d= (P0-P_s_malO)+t_oppervlate/E_oppervlakte;

42 % h13_d= (P0-P_s_mal3)=t_oppervlate/E_oppervlakte;

1143

nas  h07 = (h07_pre-h07_f);

mss h10 = (h10_pre-h10_f);

s h13 = (h10_pre-h13_f);

n47 h30 = (h30_pre-h30_f);

1148

149 P_s_ma7 = vpa((P_i_w(1))/2 + sqrt(((P_i_w(1)) + (16+EMEM+h07+t_PETA3)/(a0774+(V.MEMA2 — 1)))A2 — (64*
E MEM*P0+h07+t_PETA3) /(a0724*(v.MEMA2 - 1)))/2 + (8+*EMEM=h07xt_PETA3)/(a07 " *(vV.MEMA2 - 1)));

uso  P_s_mal0 = vpa((P_i_w(1))/2 + sqrt(((P_i_w(1)) + (16+EMEMx+h10xt_PETA3)/(al0A4*(vVMEMA2 — 1)))A2 — (64x
E MEM*P0+h10%t_PETA3) /(al0A4*(vMEMA2 - 1)))/2 + (8+*EMEM=hl10xt_PETA3)/(al0Ax(v.MEMA2 - 1)));

ust P_s_mal3 = vpa((P_i_w(1))/2 + sqrt(((P_i_w(1)) + (16+EMEMxh13+t_ PETA3)/(al3/M4*(V.MEMA2 — 1)))A2 — (64x
E MEM*P0xh13xt_PETA3)/(al3/A4*(vMEMA2 — 1)))/2 + (8+*EMEM=h13+t_PETA3)/(al37A4x(vMEMA2 - 1)));

ns2 P_s_ma30 = vpa((P_i_w(1))/2 + sqrt(((P_i_w(1)) + (16+*EMEMxh30xt_PETA3)/(a30/4x(v.MEMA2 - 1)))A2 - (64=
E MEM#P0xh30xt_PETA3) /(a30/A 4% (vMEMA2 — 1)))/2 + (8+*EMEM=h30+t_PETA3)/(a3074x(v.MEMA2 - 1)));

1153

1154

uss  FO7 = vpa((P0-P_s_ma7) *a07/2+pi*N_p)

use  F10 = vpa ((P0O-P_s_mal0)*al0A2+pi*N_p)

us7  F13 = vpa((P0-P_s_mal3)*al3A2+pi*N_p)

uss  F30 = vpa ((P0-P_s_ma30)*a30/2+pi*N_p)

159 %%

1e0 %

ner %

nez %

ues 9% xForce prediction vs changing side wal thickness - Pick-up=

1164

nes  for k=1:100

nes  %Copper

ner  F_pickup_c_total = F_pickup_c_a*N_p;

nes F_stiction_c_total (k) = separateUnits (vpa(-Pa_CL_c*A_S+Pa_FE_c*(p_sv(k)"2-ar2)*pi*N_p));

nes  F_res_total_c_v (k) = vpa(-separateUnits (F_gc)+F_stiction_c_total (k)+F_pickup_c_total);

1170

1171

n7zz  %IPU

uzs  F_pickup_tpu_total = F_pickup_tpu_a*N_p;

nz  F_stiction_tpu_total (k) = separateUnits (vpa(-Pa_CL_tpuxA_S+Pa_FE_tpux(p_sv(k)A2-ar2)*pi*N_p));

us  F_res_total_tpu_v (k) = vpa(-separateUnits (F_gtpu)+F_stiction_tpu_total (k)+F_pickup_tpu_total);

nz end

urz  figure

n7s hold on

u7  plot(separateUnits (p_sv) ,separateUnits (F_res_total_c_v), Color’, '#D95319")

nso title ('Pick-up resultant force vs suction cup wall radius’,’ )

us1  subtitle ("Copper (P_i=13kPa)’)

us2  xlabel (’Suction cup wall radius [m]’)

uss  ylabel ('Resultant force[N] ")

nss  xlim (' tight’”)

1185

nugs figure

ns7  hold on

nss  plot(separateUnits (p_sv) ,separateUnits (F_res_total_tpu_v), Color’, #EDB120")

s title ('Pick-up resultant force vs suction cup wall radius’,’ )

meo subtitle ("TPU (P_i=13kPa) ")

ne1  xlabel (’Suction cup wall radius [m]’)

ne2 ylabel ('Resultant force[N] ")

nes  xlim ('tight”)

1194

195 %% =Releasex

1196
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for k=1:100

%Copper

F_release_c_total = F_release_c_ax*N_p;

F_stiction_c_total_r (k) = separateUnits (vpa(-Pa_RL_c*A_S+Pa_FE_c*(p_sv(k)A2-an2)+pi*N_p));
F_res_total_c_v_r (k) = vpa(-separateUnits (F_gc)+F_stiction_c_total_r(k)+F_release_c_total);

%IPU

F_release_tpu_total = F_release_tpu_a*N_p;

F_stiction_tpu_total_r (k) = separateUnits(vpa(-Pa_RL_tpu*A_S+Pa_FE_tpux*(p_sv(k)A2-an2)=pi*N_p));
F_res_total_tpu_v_r (k) = vpa(-separateUnits (F_gtpu)+F_stiction_tpu_total_r(k)+F_release_tpu_total);
end

figure

hold on

plot(separateUnits (p_sv) ,separateUnits (F_res_total_c_v_r), Color’, '#D95319")
title ('Release resultant force vs suction cup wall radius’,’ ’)

subtitle ('Copper (P_i=13kPa)’)

xlabel ('Suction cup wall radius [m]")
ylabel (' Resultant force[N] ")

xlim ('tight”)

figure

hold on

plot(separateUnits (p_sv) ,separateUnits (F_res_total_tpu_v_r), Color’, #EDB120")
title ('Release resultant force vs suction cup wall radius’,’ ')

subtitle ("TPU (P_i=13kPa)’)

xlabel ('Suction cup wall radius [m]")

ylabel ('Resultant force[N]")

xlim ('tight )

9

% =Force prediction in complete laminate pick-up for a= 0.7+10A-3 [m] and p
% = 1.5mmx

%Copper

F_pickup_c_total = F_pickup_c_a*N_p;

F_stiction_c_total = separateUnits (vpa(-Pa_CL_c*A_S+Pa_FE_c*(p_scm/A2-a’2)+pi*N_p));
F_res_total_c = vpa(-separateUnits (F_gc)+F_stiction_c_total+F_pickup_c_total)

%IPU

F_pickup_tpu_total = F_pickup_tpu_a=*N_p;

F_stiction_tpu_total = separateUnits (vpa(-Pa_CL_tpu*A_S+Pa_FE_tpu*(p_scm~2-a/2)+pi*N_p));
F_res_total_tpu = vpa(-separateUnits (F_gtpu)+F_stiction_tpu_total+F_pickup_tpu_total)

9%
% *Force prediction in complete laminate release for a= 0.7x10A-3 [m] p=1.5mm*

%Copper

F_release_c_total_release = F_release_c_a*N_p;

F_stiction_cr_total = separateUnits (vpa(-Pa_RL_c*A_S+Pa_FE_cx(p_scm/2-aA2)*pi));
F_res_total_c_release = vpa(-separateUnits (F_gc)+F_stiction_cr_total+F_release_c_total_release)

%IPU
F_pickup_tpu_total_release = F_release_tpu_ax*N_p;
F_stiction_tpur_total = separateUnits (vpa(-Pa_RL_tpu*A_S+Pa_FE_tpux(p_scm”2-aA2)+pi));

F_res_total_tpu_release = vpa(-separateUnits (F_gtpu)+F_stiction_tpur_total+F_pickup_tpu_total_release)
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