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Abstract

Biomimicry is the art of mimicking nature to overcome a particular technical or scientific challenge.
The approach studies how evolution has found solutions to the most intricate problems through
the permutations and mutations of different species. This makes it a powerful method for science.
In combination with the rapid development of manufacturing and information technologies into the
digital age, structures and material combinations that seemed to be unrealistic a few decades ago
can now be realized. This doctoral thesis had as its primary goal to investigate how digital tools,
such as programming, modelling, 3D-Design tools and additive manufacturing, in conjunction with
a design strategy founded in biomimicry, could lead to new analysis methods and devices to be
applied in science and medicine. This will be demonstrated by the following three projects:

The |[Electrical Discharge Machining (EDM)| process is applied commonly to deform or mold hard

metals that are cumbersome or implausible to manufacture or process with other substractive
manufacturing processes. A work-piece submerged in an electrolyte is deformed while being in
close vicinity to an electrode. When high voltage is put between the work-piece and the electrode
it will cause sparks that create cavitations on the substrate which in turn removes material and is
flushed away by the electrolyte. In order to further the topographical analyses usually applied to
[EDM}treated substrates, such as roughness analysis, this work investigates how a novel curvature
analysis method could characterize the deformed state of the substrate and the topographical
changes during the process. A phenomenological model based on the [EDM|process was devised
that deformed the substrate through an impact model, which allowed to quasi-temporally analyse
the substrate and how it changes over time by applying the curvature analysis method. Using
this approach the model produced surfaces similar to that of actual deformed samples with a
crater and a ridge of material formed from ejected material which re-solidified. The curvature
analysis showed that the parameter reduced peak concavity curvature S, reached an equilibrium
between 103 and 10* impacts. In terms of potential applications, curvature analysis may be used
to evaluate fatigue limits for machined parts and it has been seen that curvature may play an
important role in blastocyst formation and this analysis could also be applied for substrates to be
used for cell culture purposes.

By analysing the closing of the lobes of the Venus flytrap one could see that non-linear
mechanics enabled the lobes to quickly snap shut after being stimulated. By applying the

non-linear mechanical model |[Chained Beam Constraint Model (CBCM)| for the development

of a bi-stable structure, there were two truncated tetrahedral structures devised - one with
a slope angle of 30° which was predicted to be mono-stable and one with a slope angle of
45° predicted to be bi-stable. The predictions were confirmed from mechanical tests and the

Xi
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bi-stable structure showed a characteristic bi-stable behaviour with three equilibrium points, two
stable and one unstable. Developing this idea further, by using the shape-memory polymer

[Poly[ethylene-co-(vinyl acetate)] (PEVA)| the 30° structure was programmed to have a 45° slope

angle. This enabled the structure to be bi-stable below the switching temperature of 70°C. Above
this switching temperature, the structure changed its shape to a slope angle of 30° and became
mono-stable. Here, we illustrated that a structure could achieve multi-functional properties by
using geometrical properties to achieve bi-stability and material properties to switch between
bi-stability and mono-stability.

The tapeworm is a parasite habiting in the intestine of mammals and birds. The tapeworms of
the order of Cyclophyllidea are most commonly found in domesticated animals and are equipped
with suckers on their sides to attach themselves to the villi of the intestine. Some species of the
Taeniidae family are equipped with hooks on their scolex (head) which can be in- or evaginated.
For the purpose of constructing medical devices in minimally invasive medicine, these two
attachment mechanisms are interesting due to the nature of the attachments: suction (temporary)
and penetration of hooks (permanent). In this work the switching between the two attachment
mechanisms could be achieved through a bi-stable mechanism predicted by the CBCM| By using
additive manufacturing, combining different materials and geometry could be used to tune the
bi-stable mechanism. Here, the bi-stability was achieved through creating a truncated cone and
by using digital polymer materials with a Young’s modulus ranging from E = 2 to 40 MPa (Shore
A40 - A95) and a thickness variation of 0.5, 1.0, and 1.5 mm. From experimental work, the
combination of the material with E = 10 MPa (Shore A70) and a thickness of 1.0 mm was used.
A prototype was devised and showed that, relative to gauge pressure, a pressure of AP = 20
kPa only achieved suction on the substrate. A pressure of AP = 50 kPa penetrated the hooks
into the porcine tissue. This work illustrates the high applicability potential of a discrete two-step
controlled attachment mechanism for use in minimally invasive medicine.

In summary, these three projects in this thesis display how digital tools and bioinspiration

can work symbiotically to analyse, break down, and overcome scientific challenges and aiding the
development of novel medical devices.

Xii
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Zusammenfassung

Der Begriff der Biomemetik bezeichnet das Vorgehen, bestimmte technische oder
wissenschaftliche Problemstellungen durch Nachahmen der Natur zu I6sen. Die Biomimetik
untersucht, wie die Evolution durch Permutationen und Mutationen verschiedener Spezies
Lésungen flr komplexe Probleme gefunden hat. Das macht sie zu einer leistungsfahigen
Methode fir die Wissenschaft. In Verbindung mit der rasanten Entwicklung der Fertigungs-
und Informationstechnologien im digitalen Zeitalter kénnen heute Strukturen und
Materialkombinationen realisiert werden, die vor einigen Jahrzehnten noch unrealistisch
schienen. Diese Doktorarbeit untersucht anhand dreier Beispiele, wie digitale Werkzeuge
wie Programmierung, Modellierung, 3D-Konstruktions-Werkzeuge und additive Fertigung in
Verbindung mit einer auf Biomimetik basierenden Designstrategie zu neuen Analysemethoden
und Produkten fihren kdnnen, die in Wissenschaft und Medizin Anwendung finden.

Mit dem Verfahren des [Electrical Discharge Machining (EDM) kann man harte Metalle verformen,

die sich schwer mit anderen subtraktiven Fertigungsverfahren herstellen oder bearbeiten
lassen. Ein Werkstlick wird in einen Elektrolyten eingetaucht und verformt, und es wird eine
Hochspannung zwischen dem Werkstlick und der Elekirode angelegt. Dadurch entstehen
Funken und es kommt durch Kavitation zu Materialabtrag. Ublicherweise werden die Oberflachen
der so behandelten Werkstliicke mittels topographischer Methoden analysiert (zum Beispiel
Rauheitsanalyse). Diese Arbeit untersucht, wie eine neuartige Methode zur Krimmungsanalyse
den verformten Zustand des Werkstiicks und dessen topografische Verdnderungen wahrend des
Prozesses charakterisieren kann. Es wurde ein phanomenologisches Modell auf der Grundlage
des [EDM}Prozesses entwickelt, bei dem das Werkstlick durch ein Aufprallmodell verformt
wird, das eine quasi-temporale Analyse des Werkstlicks und seiner zeitlichen Veranderungen
durch Anwendung der neuartigen Methode zur Krimmungsanalyse ermdglicht. Mit diesem
Ansatz erzeugte das Modell Oberflachen, die denen von tatsachlich verformten Proben
ahnelten: mit einem Krater und einem Kraterrand, der sich aus ausgestoBenem und wieder
erstarrtem Material bildete. Die Krimmungsanalyse zeigte, dass der Parameter der reduzierten
Spitzenkonkavitatskrimmung S, ein Gleichgewicht zwischen 10 und 10* Einschlagen erreichte.
Was mdgliche Anwendungen betrifft, so kann die Krimmungsanalyse zur Bewertung der
Ermidungsgrenzen fir bearbeitete Werkstiicke verwendet werden. Es hat sich aufB3erdem
gezeigt, dass die Krimmung eine wichtige Rolle bei der Blastozystenbildung spielen kann, und,
dass diese Analyse auch fir Substrate in der Zellkultur angewendet werden kénnte.

Bei der Analyse des SchlieBmechanismus der Blatter der Venusfliegenfalle konnte man
feststellen, dass die nichtlineare Mechanik es ermdglicht, dass die Blatter nach einer

Xiii
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Stimulation schnell zuschnappen. Mithilfe des nichtlinearen mechanischen Modells
[Beam Constraint Model (CBCM)| fir die Entwicklung einer bistabilen Struktur wurden zwei

abgestumpfte Tetraederstrukturen entwickelt: eine monostabile mit einem Neigungswinkel
von 30° und eine bistabile mit einem Neigungswinkel von 45°. Die Vorhersagen wurden
durch Versuche am mechanischen Modell bestatigt und die bistabile Struktur zeigte ein
charakteristisches, bistabiles Verhalten mit drei Gleichgewichtspunkten: zwei stabilen und einem
instabilen. In Weiterentwicklung dieser Idee wurde die 30-Grad-Struktur unter Verwendung des
Formgedachtnispolymers Poly-(ethylen-co-vinylacetat) (PEVA) so programmiert, dass sie einen
Neigungswinkel von 45° aufweist. Dadurch wurde die Struktur unterhalb der Schalttemperatur
von 70 Grad Celsius bistabil. Oberhalb dieser Schalttemperatur anderte die Struktur ihre Form zu
einem Neigungswinkel von 30° und wurde monostabil. Damit wurde gezeigt, dass eine Struktur
multifunktionale Eigenschaften haben kann, indem sie sowohl geometrische Eigenschaften
nutzt, um Bistabilitdt zu erreichen, als auch Materialeigenschaften, um zwischen Bistabilitat und
Monostabilitéat zu wechseln.

Die Bandwirmer der Ordnung Cyclophyllidea kommen am haufigsten bei Haustieren vor
und sind mit Saugnapfen an den Seiten ausgestattet, mit denen sie sich an den Darmzotten
festsetzen. Einige Arten aus der Familie der Taeniidae haben Haken an ihrem Scolex (Kopf),
die ein- oder ausgefahren werden kdnnen. Fir die Konstruktion von Medizinprodukten in der
minimalinvasiven Medizin sind diese beiden Mechanismen aufgrund der Art der Befestigung
interessant: dem Saugen (voribergehend) und Eindringen der Haken (dauerhaft). In dieser Arbeit
konnte der Wechsel zwischen den beiden Befestigungsmechanismen durch einen bistabilen
Mechanismus erreicht werden, der durch das vorhergesagt wurde. Mithilfe additiver
Fertigung wurden verschiedene Materialien und Geometrien kombiniert, um den bistabilen
Mechanismus zu optimieren. Die Bistabilitdt wurde durch die Schaffung eines Kegelstumpfs und
die Verwendung von Materialien mit einem Elastizitatsmodul von E = 2 bis 40 MPa (Shore A-Wert
von 40-95) und einer Dicke von 0,5, 1,0 und 1,5 mm erreicht. Fir die Experimente wurde ein
Material mit E = 10 MPa (Shore A 70) und einer Dicke von 1,0 mm verwendet. Damit wurde ein
Prototyp gebaut, der sich bei einem Unterdruck von P = 20 kPa an einer Oberflache festsaugte.
Eine Erhéhung des Unterdrucks auf P = 50 kPa lieB die Haken in das Schweinegewebe
eindringen. Diese Arbeit verdeutlicht das hohe Anwendungspotenzial eines diskreten, zweistufig
gesteuerten Befestigungsmechanismus fiir den Einsatz in der minimalinvasiven Medizin.

Die drei vorgestellten Projekie zeigen beispielhaft wie Biomimetik, digitale Modellierung
und neuartige additive Fertigungsverfahren eine leistungsfahige Kombination darstellen, die
zur Weiterentwicklung wissenschaftlicher Berechnungs- und Analysemethoden sowie neuer
Medizinprodukte beitragt.

Xiv
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1 Introduction

1.1 [Electrical Discharge Machining (EDM)

1.1.1 Physical principles

With any machining process the surface of the workpiece is modified to a certain extent; whether
its waviness, cracks, or roughness, and they occur at different scales or orders [1]. In many cases
this may be undesirable as fitting of work pieces usually depends on workpieces being machined
exactly with smooth finishes. However, surface roughness may be desireable in fields such as
dental and orthopedic implants to promote osseointegration [2] and has shown to improve implant
fixation over time [3, 4}, 5]. For surface roughness treatment there are many different options
ranging from mechanical methods such as lathing, milling, threading, and sandblasting to chemical
and electrochemical methods such as alkaline/acid etching, passivation, electropolishing, and
anodization [6]. [Electrical Discharge Machining (EDM)| is an electro-chemical process which

is able to deform metallic substrate with a high hardness value, such as Titanium, which is a
significant advantage for medical equipment. An electrode, which is within close vicinity of the
metallic surface has current flowing through the gap which builds up charge until a certain time
point, at which the current is switched off and a spark is created. This occurs several thousands
or millions of times during the process. There are many variations to the process such as
wire{EDM,| die-sinking{EDM] and hole drilling{EDM| This thesis focuses on die-sinking{EDM| The
spark in effect removes material from the metallic surface and the debris is removed by the flowing
dielectric fluid [7] (see Figure[f). The process is usually initiated setting a desired roughness value.
The process time is set so that the repeated removal of material through EDM]sparks reached said
roughness value. A significant benefit of the process, is that no physical contact is made between
workpiece and electrode which removes any problems with mechanical stresses or vibrations [8].
Depending on the electrical input parameters (current, voltage, electrolyte) one can vary the final
surface roughness [9]. The location of each spark on the surface can be assumed to be stochastic,
and thus a model of the EDM] process should imitate that.

1.1.2 Modelling of EDM|

In order to optimize the surface treatment of EDM] modelling of the process would be beneficial.
The resulting deformation on a metallic workpiece consists of three key events: (i) material
removal, (ii) overlapping craters, and (iii) shape of the impact. For material removal (i): The
resulting deformation on a metallic surface after the impact of one spark consists of heating of
the material, loss of material that is washed away by the dielectric fluid, and the melted material
debris left on the periphery which can be seen in Fig. In addition, another crucial point is (ii)
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!2 I 4 2

1

Figure 1: A schematic of the process. 1 Pulse generator (DC), 2 Workpiece, 3 Fixture,
4 Dielectric fluid, 5 Pump, 6 Filter, 7 Tool holder, 8 Spark, 9 Tool. Image source: “Electrical
Discharging Machining scheme” by Frank50 licensed under CC BY-SA 4.0

the overlapping of craters. There have been simpler anode-cathode models which tries to
find the optimum processing parameters with respect to cathode material, and there are thermal

[Finite Element Analysis (FEA) models that only consider single spark events. Overlapping
craters have a direct impact on surface roughness and thus, to model the substrate outcome
of an [EDM]treatment, successive impacts should be included. Another aspect is (iii) the shape of
the cross-section of the deformation after a single spark removes materials. Throughout an[EDM|

process there may be millions of such impacts, which are compounded over time and creates a
rough topography. Previously, researchers have used an ellipsoidal model [14], however there
have also been simulation studies that have considered a more spherical shape with a bulging
rim [16]. The latter was used in order to consider the aspects that some material is ejected
whereas some portion of the material melts but remains on the surface. This will be referred to as
an impact model, which is illustrated in Figure [3| For a successive model, all three aspects have
to be considered.

1.2 Curvature
1.2.1 Curvature Analysis

Considering the vast amount of options and methods there are to analyse roughness, there are
equally many for considering curvature. Curvature, C, in 1-D space is defined as the deviation
from some line, such as the curving of a circle. This could be defined as the reciprocal of some
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Figure 2: |Scanning Electron Microscopy (SEM)|image of an treated surface. The appearance
of crater-like structures is evident, as well as the unremoved material at the periphery of each

impact. Scale bar = 1000 xm

radius r
1

K=- (1)
,

Consequently the units of curvature are in inverse length [L]~!. It could be thought of the velocity
of a point € R2. Initially at timepoint ¢, the point is at coordinate A with velocity v, and at a later
timepoint ¢, the point is at coordinate B with velocity ' (Fig. [4). If S denotes the path the point

travels between A and B then curvature can be defined as:
dN(S)

as

= KT(S) (2)

Where N denotes the normal perpendicular to the velocity vector, and T is the tangent vector.
Effectively at the limit for % the direction will be N and the speed of the rotation of the frame is
. For points and curves € R? the curvature is defined and its calculation is trivial. However, for
planes and bodies € R? the definition of curvature becomes more intricate.

1.2.2 Curvature in three dimensions

To consider curvature in 1D or 2D space is without greater ambiguity. When analysing planes and
bodies € R? one must take more parameters into consideration. First lets consider a 2D plane
€ R3. A surface S exists in 3D space: S € R? (See Fig. . On this surface consider a point p

3
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Figure 3: Schematic showing the impact model for a spark hitting a metallic surface during the
[EDM|process. The colours denote material to remove (red) and to add (green). A) Profile view. B)
Annotated view showing the relevant parameters.

that lies on this surface, and a curve C that goes through p on S in direction ¢ which is defined
as the unit tangent vector. Perpendicular to ¢ and defined as the normal of S at p is the normal
vector N. Furthermore, ¢t and n, the unit normal vector of C' at p, are related through the following
expression:

g d{ — - —

k=$=/€n=kn+k9 (3)
Where k,, is the normal curvature vector parallel to the normal N, and k; is the geodesic curvature
vector, parallel to the tangent plane which is perpendicular to the normal N. These are the

Figure 4: Schematic of a velocity vector changing direction in space
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A
N

Figure 5: Schematic of a plane surface € R3. S denotes the surface. Given a point p on S and a
direction vector ¢t one can define the resulting normal vector N with respect to S

components of the curvature vector k. The normal curvature vector k,, can be expressed as:

kp = ki N (4)
Where «, is defined as the normal curvature on surface S at point p in direction . From the
diagram one can see that «,, is the magnitude of the projection of k onto the surface normal N
at p. The sign of k,, is therefore determined by the orientation of N at p. The convention is that
the surface S at point p is concave when &, is positive and convex when it is negative. When
differentiating N-t{=0 along C with respect to S equation (3) becomes:

§g4V+£Z§:o (5)
(k;+k;)-ﬁ+f.%=o (6)
AR RN FR 7
waN+%{N+ﬂ§§=o (8)
Since N-f=0and N-N = 1: -
o =12 (9)

Let #(u, v) be a vector-valued function of the Lagrangian surface coordinates « and v pointing from
the origin to the surface point p (see Fig. [6). If a small step dS is taken on surface S along curve
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Figure 6: Schematic showing the vector-valued function r(u,v) defining the location of point p as
a function of the lagrangian surface coordinates v and v pointing from the origin to point p within
S.

C, then 92 must be equal to the tangent vector ¢ i.e.:

t= (10)

al S

Thus the expression for normal curvature k,, is:

ds dsS  dF-dF

Rp =

And this can be rewritten as:
B Ldu? + 2M dudv + Ndv?

T Bdu? + 2F dudo + Gdo?

Where
L=y N E=F,-F,
M = Fypy- N F =7y 7,
N =7y N G=7, 7,

The parameters E, F,G are coefficients of the first fundamental form (I) and L,M,N are
coefficients of the second fundamental form (17). Rewriting eq. for direction one gets

L+2MXN+NX2  II
Kp = = — (13)
E + 2F)\ + G)\2 I

Where )\ = g—g which is the direction in the tangent plane at point p on S. This enables one the
mathematical operation to calculate normal curvature at any given point on S in any direction in the
tangent plane. Furthermore, for any point there are two principal directions in which x,, reaches a
maximum and minimum respectively. These are referred to as maximum and minimum curvature
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kmaz = k1 @and ki = ko. Evaluating these two parameters one can compute the average H and
Gaussian G curvature:

k1 + ko
— 14
! (14)

G = ki-ky (15)

These calculations of curvature were classically worked through by Gauss in his Theorema
Egregium, but were developed further by Weingarten [17].

1.3 Biomimicry

Coming up with new ideas in science always commences with the first question of: where do you
start? It could start with a need as with John Wesley Hyatt, who was commissioned with creating
billiard balls not using ivory, as they were prone to crack during play. He came up with a new
material referred to as “Celluloid” which with a new method he invented would later be patented
by himself as the first injection molding machine [18]. Or it could start with serendipity, as with
Sir Harold Ridley who noticed that the eyes of some pilots after World War Il who had gotten
plastic shards implanted in their eyes after their windshield of their planes shattered, had healed

without any sign of further infection. This led to the discovery that [poly(methyl methacrylate)|

[[PMMA)] which the airplane windshields were made of, were in fact tolerated by biological tissue
and no foreign body reaction was observed, or in other words “biocompatible” [19]. It could start
with insight, as in the case of George de Mestral noticing how burrs got stuck in his dog’s fur
while walking in the forest. This later became the idea of the hook-and-loop fastening system
which we know today as Velcro [20]. Once an idea has been formed, a natural progression
would be to consider the strategy to realize the idea. It may be to understand a process, such
as a manufacturing process, or to understand how a biological system works mechanically. To
use nature as inspiration for the creation of new medical devices becomes ever more present in
literature. Other examples include the development of new tissue adhesives inspired by the van
der Waal’s interactions between Gecko feet and substrates. The bottom surface of a gecko foot
consists of many smaller repeated strucrues known as setae, which is an architectural structure
that branches into even smaller long thin strucutres called spatulae. These structures enable
the gecko to make use of the van der Waal’s forces, and climb vertical and inclined surfaces.
For this example the group constructed a micropillar-structured biodegradable array using a
photolithographic method and optimized for geometrical parameters [21].

In the Karp lab at the Brighams and Women’s hospital there are many examples. To come
up with new syringe and needle designs, they looked at porcupine quills and saw that their design
and mechanical performance allowed for easy tissue penetration [22]. The long thin shape with
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backward-facing barbs contributed to this design, and from decoding this information they came
up with a design that required less force to penetrate skin than a barb-less design. There are
many other examples like the superhydrophobic effect from the lotus plant [23], dry vaccine
development from tardigrades [24], and cacti-like tendrils for robotic arm development [25]. In
this thesis, it will be examined how digital methods such as modelling, functional programming,
in combination with bioinspiration, may be used as a powerful set of tools to overcome scientific
challenges. There will be focus on two particular species: the Venus flytrap and the tapeworm.

1.3.1 Venus flytrap

The Venus flytrap, Dionaea muscipula, is a plant which is able to lure prey into its two lobes and
shap shut within 100 - 300 ms [26]. This finely tuned mechanical system still is under scrutiny and
debate as to what mechanisms constitute this rapid shutting of the lobes. It is known that the lobes
consist of two layer of cells [27, 28] and that there is movement of water from the inner to the outer
lobes [29, [30]. The shape-change of the Venus flytrap lobes is also something characteristic of a
bi-stable behaviour - the buckling of the lobes is what allows the lobes to "snap” shut. In the work
from Speck and Poppinga, they argue that not only displacement of water is necessary for the
function but also that pre-stress plays an important role [31], and refer to this as a "ready-to-snap”
state. This species has been previously implemented as a fluidic origami device [32] and snapping
hydrogel assembly [33]. Here, it would be interesting to see whether it would be possible to devise
a polymeric structure that is able to activate and de-activate its bi-stable behaviour, which could
potentially be used as an energy storage.

1.3.2 Tapeworm

Tapeworms, or the sub-class Eucestoda from the class Cestoda, are parasitic worms found in the
intestine of living species. The order Cyclophyllidea encompasses all tapeworms that are found in
terrestial vertebrates [34]. For larger mammals such as cattle, one can find the family Taeniidae,
which is also commonly spread and found in humans. Some common species of this family are
Taenia Solium (pork tapeworm), Taenia saginata (beef tapeworm) and Echinococcus granulosus.
The main feature of such species is the use of suction and hook attachment to attach their bodies

to [gastrointestinal tract (GI)| (See Figure [7). Tapeworms of the order cyclophyllidea are identified

by having four suckers located laterally on the scolex (head) of the tapeworm (See Figure[7). For
the species T. Solium the size of its suckers is around 400 pum [36]. With the suckers the tapeworm
can temporarily attach itself to host tissue, presumably to probe a potential landing location. As can
be seen in the figure, there is an extendable section inside the scolex called the rostellum which
is a flexible pouch that can be evaginated. The mechanism with which the tapeworm attaches is a
result of specifically designed hooks coordinated by a fine tuned muscular system. The rostellum
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Figure 7: Parts of the Taenia Solium. Image taken from Taenia Solium cysticercosis: from basic
to clinical science [35].

can be described as a muscular pouch which comprises circular muscle fibres which are located
a small distance above the suckers. This forms a sphincter which is believed to be contracted
when the hooks are invaginated keeping them inert. This sphincter is located above the hooks
when they are invaginated and below the hooks when they are evaginated. The rostellum is also
separate from the rest of the scolex tissue by the rostellar capsule [37]. Two muscle layers form the
rostellar capsule; an inner circular layer and an outer longitudinal layer. Basal lamina separates
these two layers. The interface between the tapeworm and the host is called the tegument, and is
a metabolically active structure providing protection, absorption and secretion [38]. The rostellum
extends for a certain length, and subsequently the rostellar pad bends through the extension of
the apical rostellum, which increases the angle between the rostellar hooks and the longitudinal
axis of the worm. Lastly, the rostellar region posterior to the hooks contracts and the worm
securely anchors into the host’s tissue. Analysing the attachment steps of the tapeworm one can
conclude that once roaming the host in the [Gl|tract, one can see that initially the tapeworm may
probe probable locations for attachment by using its suckers. Through evolution the shape and
mechanistic functions of the suckers and hooks have made it so that Taenia Soliumis able to attach
to several villi simultaneously in the [Gl| tract [39]. Once such a location is deemed suitable for the
tapeworm it evaginates its hooks and penetrates the mucosal wall. It has been observed that the
latter mode of attachment is irreversible, meaning that this attachment serves as an anchoring
mechanism [40] - the tapeworm would spend the rest of its life cycle firmly attached to the [Gl| tract
of its host. This fact serves a good blueprint for a medical device where the attachment is divide
into two steps: temporary attachment (suckers) and permanent attachment (anchoring through
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hooks).

1.4 Bi-stable mechanics
1.4.1 Euler and Timoshenko beam theories

Before explaining bi-stable mechanics, one first has to explain classical mechanics based on beam
theory from Euler-Bernoulli and Timoshenko principles. From the Euler-Bernoulli theory, we are
given that for a static beam

2
B = q() (16)
Where z denotes a point along the beam, E the Young’s modulus, I the second moment of inertia,
and w is the deflection along the beam in the y-direction, and ¢ is the distributed load along the
beam. If the beam is made from a homogenous material and the thickness is constant along the
beam, the equation can be simplified to
4

EIZ% =q(x) (17)
In the case of a clamped cantilever beam, with one fixed end and one free end where the load
F is applied, the neutral axis of the beam is perpendicular to the cross-sectional beam as can
be seen in Figure In other words one could say that the rate of deflection % is equal to the

cross-sectional angle ¢ with respect to the coordinate system

dw
s (18)

This fact is not the case for the Timoshenko beam theory. The theory is formulated by two coupled
ordinary differential eqautions

_ 4 (9
q(x) = 722 (Eldx> (19)
dw 1 d [ do
i ¢_mtAde<EId:c> (20)

Where A is the cross-sectional area, G is the shear modulus, and « is the Timoshenko shear
coefficient dependant on the shape of the beam. For a rectangular cross-section of the beam
Timoshenko set k; = % [41], but later he used values dependant on Poisson’s ratio v: x; =
(5+5v)/(6+5v) [42]. And again if the material of the beam is homogenous and the cross-section
is constant then Eq. [19|can be rewritten as

Efd%l2 <§f = q(a:)> (21)

10



DIGITAL TOOLS AND BIOINSPIRATION FOR THE IMPLEMENTATION IN SCIENCE AND MEDICINE

Johan Backemo

(A)

Neutral axis

LLLLLLLLLLL L0

(B)

Neutral axis

LI

Figure 8: The deformation response according to (A) Euler-Bernoulli beam theory and (B)

Timoshenko-Ehrenfest beam theory. For Euler-Bernoulli beam theory the mid-line of the beam

is always perpendicular to the free-end plane of the beam, and for Timoshenko beam theory there

may be an angle ¢ between the free-end plane and the midline

By derivating Eq. [T9 with respect to = and substituting Eq. [21]

dw?  dg
dz? — dr
dw?  do
e  dr

And then by derivating again twice with respect to = and re-arranging and substituting Eq. [21]

dw*
da*
dw?
da*
dw?

El——-
dxt

1 &2 dé
i AG da? (EI dx> (22)
1
. 2
AC q(z) (23)
de? 1 d%
a5 mAG i (24)
az) 1 d%q
EI  kAG  dx? (29)
EI d%g
q(z) — i AG ) (26)

Which gives us the ordinary differential equation for the deflection of the beam w along the beam
x for a given distributed load ¢q. When considering Eq. when neglecting the second term the
two equations reduces to the Euler-Bernoulli theorem equation Eq.

11
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dw 1 d
i M (27)
dw
== (28)
d dde
d4
BI— = q() (30)

There is not a definite consensus when the Euler-Bernoulli theorem could be used instead of
the Timoshenko theorem, as the Euler-Bernoulli theorem is easier to compute, but generally
when dealing with beams with a lower aspect ratio, L/t < 10 where L and ¢ are the length and
thickness of the beam respectively, shear forces become more dominant and the Timoshenko
theory produces more reliable results [43].

1.4.2 Bi-stability models

There are however more complex mechanics that are difficult, or even impossible to determine
analytically and other models or numerical methods need to be implemented. One such example
is bi-stable mechanics which is defined as having two stable positions during deformation, usually
in its rested state and at some deformation distance d (Figure [9). To accurately predict such
deformations the Euler-Bernoulli theorem is insufficient as it neglects transverse strain and the
Poisson effect [43] because these effects become prominent with large deformations. The
Timoshenko beam theory accommodates these effects, but for complex geometry as for curved
beams there is a coupling between tangential and transverse deformations as well as an induced
rotation due to curvature [44]. Therefore, analytical solutions are often not found in closed-form.
Other models divide the beams into separate segments and use Timoshenko beam theory to solve
them, similar to an [FEA| approach. Some proposed models use elliptical integrals and numerical
approximation such as the|Pseudo Rigid Body Model (PRBM)|from Howell [45,46]. Other solutions
such as as the [Beam Constraint Model (BCM)| from Awtar [47] and the extension [CBCM] from
Chen [48] are two models that provide more accurate results for curved beams. The
is a numerical approximation of the non-linear bending of complex shapes and reduces beams

into torsional springs with characteristic radii wich results in non-linear algebraic expressions
which can be more easily solved [49, 50]. This model provides a tool which to easily design
complex behaviour with relatively little computation power, however with the allowance for errors.
Furthermore, the parameters based on elliptical integrals must be recalculated for each load case
[51]. The[BCMis a model based a generalized beam fixed at one end with set boundaty conditions
which results in hyperbolic functions for parameters relating back to the stiffness directions of a

12
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beam. These parameters are then approximated by a Taylor's expansion and truncated for higher
order terms, to create a closed-form system of equations of six equations and six unknowns [47].
This model was later extended by Chen et al. as the [CBCM| which divides up the beam into N
segments, implementing a quasi{FEA] approach [48]. The [BCM assumes linear curvature along
the beam since the contribution of non-linear curvature within a deformation of 10 % beam length
results in <1 % error [51], and thus for beams with varying curvature and larger than 10 % beam
length deformation the [CBCM] should provide more accurate results depending on the number N
of segments.

(A) (B)
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Figure 9: The bi-stable behaviour of a shuttle with two fixed supports. In its undeformed state
(A) the shuttle is stabilized by two arms at an angle to the horizontal. Due to this angle, when
deformed in the negative y-direction the beams will start to buckle and at a certain buckling point
for both beams, a static equilibrium is reached (B) and is stable until further acted upon.

13
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2 Motivation, Aims and Strategy

2.1 Motivation

For[EDM modelling, many of the models proposed are either labour intensive or based on thermal
[FEAmodels. With the focus on the actual geometrical shapes with which a workpiece is deformed
with, and use a more phenomenological approach may provide a more predictive approach of the
actual surface structure for a large region of interest. Furthermore, when analysing [EDM}reated
surfaces, they are usually characterized through roughness parameters defined by 1ISO norm
25178-2:2012 [52]. However for certain milled parts, it has been found that curvature analysis can
be used to predict fatigue limits [53]. Therefore, to use curvature analysis to see how the [EDM|
process changes the surface may provide useful insights.

With the readily available methods of [Additive Manufacturing (AM), realization of complex

multi-material parts has become facile and an important cornerstone in research and development.
In addition, more intricate models for non-linear bending to create compliant mechanisms has
opened up great potential to create designs with pre-defined deformation modes. Compliant

principles have been implemented in many areas such as in [Micro-Electromechanical Systems|
and solar sails for the ISS, and with the development of more sophisticated models
and manufacturing methods, compliant mechanisms have been implemented to create flexure

hinges, robotics, and organic designs. An area, in which compliant mechanisms have yet to be
applied is in minimally invasive medicine, and due to the need for more control with laparoscopic
procedures bi-stable may be a useful tool in medical device design. By combining the above
mentioned principles together with a biological design approach, this thesis explores how novel
medical devices could be conceptualized.

2.2 Aims and Hypotheses

The aims for this thesis are to use a combined approach of (i) modelling, (ii) biological design, and
(iii) bi-stable mechanics solve challenges for science and medical device design. An important
part is to use [AM]and mechanical testing to realize and validate predicted designs respectively.

Hypothesis (i): Modelling of the process can be realized by using an iterative impact
model

Using an iterative model which implements an impact model to model the material removal and
debris remains from a single EDM] spark event which is repeated N number of times with varying
sizes of crater impacts and debris heights should be able to represent the EDM|process.

14
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Hypothesis (ii): Curvature analysis can be implemented as a topographical analysis tool

By using a curvature analysis method with respect to scale and direction, a surface can be
characterized analogous to that of surface roughness parameters.

Hypothesis (iii): Using bioinspired designs will improve design functionality

Observing nature and how species mechanistically work will create designs that are intricate and
has improved functionality

Hypothesis (iv): Using the CBCM will predict bi-stable behaviour in 3D

Conceptualizing new medical devices will be made possible by using the [CBCM| predict bi-stable
behaviour in 3D.

2.3 Strategies and concept

In order to realize the modelling part of the thesis, the algorithms were written in Python 3
with standard libraries being implemented, such as NumPy, SciPy, MatplotLib, and proprietary
packages such as Numpy-Stl to create STL-files, for more details see Appendix For
designing prototypes and bespoke testing rigs two [AM] methods were used: Multi-Jet printing for
multi-material parts, and stereolithographical printing for heat-resistant parts. Mechanical testing
and validation of results were done using tensile testing machines and bespoke 3D-printed parts.

Strategy (i): Modelling of the EDM| process and subsequent curvature analysis accelerated
by [Compute Unified Device Architecture (CUDA) implementation

The modelling of the [EDM] process is based on that a substrate starts initially as a smooth
surface and iteratively becomes deformed using an impact model that is applied randomly on
the substrate for N number of times. In addition, the substrates through defined impact number
points are analysed through curvature analysis to follow the change in topographical information.
The curvature analysis can be adapted by applying a scale length and to look in certain directions.

The programmatic implementation is accelerated by using [Compute Unified Device Architecture]

cores, for more details see Appendix

Strategy (ii): Analysis and review of species for bi-stable behaviour and attachment
principles

In order to choose an appropriate biological system for the application, a two-step biological
anaylsis is used. Initially, a general review is first made to identify families or order of species

15
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that may serve as a good blueprint. Once a species or family of species is identified, a more
detailed literature review is done to understand the underlying physical principles and feasability
for realization.

Strategy (iii): Prediction and realization of designs using digital methods

To predict the bending and bi-stable behaviour of complex geometry the will be used,
and various design variations will be tested to find the optimum design. To realize the predicted
designs, CAD-models will be created and manufactured using[AM|methods. To validate the results
and find the optimum design, bespoke mechanical tests were conducted using a mechanical
tensile tester.

16
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3 Organization of thesis

This cumulative dissertation aims use the strategies of modelling and additive manufacturing
as digital tools, together with bio-inspiration to solve scientific challenges regarding surface
topography parameters and engineering new medical devices. A short description of the contents
of each section is outlined below.

Section (1| contains the introduction to the subject matters of each included manuscript

Section [2|contains the overall motivation, aims, and strategy for each included manuscript

Section [3| contains the organization of the thesis

Section |4 contains the manuscript titled:’|Predictive topography impact model for [Electricall

[Discharge Machining[ (EDM) of metal surfaces)

Section contains the manuscript titled:’Bio-inspired and computer-supported design of|

[modulated shape changes in polymer materialsf’

Section [6] contains the manuscript titled:JA Biomimetic Alternative bi-modular bi-stable fixation|

Device (BAFD)!

Section 7| contains the discussion of the three included manuscripts

Section contains the summary, drawn conclusions, and future prospects of the thesis
work

Section 9 contains the reference list

17
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4 |Predictive topography impact model for [Electrical Discharge|

Machining (EDM) of metal surfaces|

4.1 Summary

This paper investigates how an iterative model for the process can be made using an
impact model and some simple boolean operations over a pre-defined smooth substrate. The
motivation is to conduct this iterative model over several thousand so-called impacts. Through a
new curvature analysis method suggested in the paper, we observe how this substrate changes as
impact number increases and eventually reaches an equilibrium. This change is presented through
the comparison of standard normed roughness paramters and visualized through Abbott-Firestone
curves based on the novel curvature analysis method.

4.2 Contribution to the publication

* Literature Study

— Review of current and existing [EDM models
— Review of curvature analysis methods

— Research on how to make Python code runtime faster

+ Study design in active discussion with co-authors

— Choice of impact model to be implemented
— How to iteratively conduct the simulation
— Choice of curvature analysis method and numerical implementation

— At what impact number points to conduct curvature analysis

+ Experimental work

— Code writing and troubleshooting for EDM| simulation
— Code writing and troubleshooting for the curvature analysis method

— Abbott-Firestone analysis of simulated surfaces
* Manuscript

— Manuscript structure in coordination with the co-authors
— Figure creation, text writing of all sections, and discussion points of experimental work

— Revision and finalization together with comments from co-authors and peer reviewers

18



DIGITAL TOOLS AND BIOINSPIRATION FOR THE IMPLEMENTATION IN SCIENCE AND MEDICINE Johan Béckemo

4.3 Publication - Appendix

Backemo, J., Heuchel, M., Reinthaler, M., Kratz, K. and Lendlein, A., 2020. Predictive topography
impact model for Electrical Discharge Machining (EDM) of metal surfaces. MRS Advances,
5(12-13), pp.621-632.
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5 [Bio-inspired and computer-supported design of modulated shape|

iIchanges in polymer materials|

5.1 Summary

Here a bioinspired approach is used to come up with a design that is based on the Venus Flytrap.
The Venus Flytrap is working through a finely tuned mechanical system which is driven by two main
processes: water displacement and pre-stress. The snapping function is aided through the curved
lobes which creates a bi-stable structure that is able to quickly snap shut. In the paper the bi-stable
behaviour of a bio-inspired design is predicted by the [Chained Beam Constraint Model (CBCM)
which is tested for two different design variations of a truncated tetrahedron. In addition, this

bi-stable behaviour can be turned off by using a shape-memory polymer and by a programming
step using heat-resistant molds. The bi-stable and mono-stable behaviour is validated through
functional and mechanical tests.

5.2 Contribution to the publication

* Literature Study

Review of natural species with bi-stable mechanical behaviour

Review of non-linear mechanics for predicting bi-stable behaviour

Review of previously implemented compliant mechanisms

Researching of algorithms for implementing compliant mechanism theories

+ Study design in active discussion with co-authors

— Choice of 3D-design to be used
— Design of experimental setup for the mechaical evaluation

— Choice of bi-stable mechanical model

+ Experimental work

— CAD-Design of prototypes and mechanical test jigs

— Manufacturing of prototype molds and mechanical test jigs using|Additive Manufacturing|

(AM)
— Code writing and implementation of the CBCM|

— Mechanical testing of manufactured prototypes

* Manuscript
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— Manuscript structure in coordination with the co-authors
— Figure creation, text writing of all sections, and discussion points of experimental work

— Revision and finalization together with comments from co-authors and peer reviewers

5.3 Publication - Appendix |l

Backemo, J., Liu, Y. and Lendlein, A., 2021. Bio-inspired and computer-supported design of
modulated shape changes in polymer materials. MRS Communications, 11(4), pp.462-469.
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6.1 Summary

In this work, a combined approach of bioinspired design and digital methods is used to devise a
new design srategy for minimally invasive medical devices. A comprehensive review of different
medical devices were done to observe what the current challenges in the clinic are. Subsequently,
an investigation of different attachment systems with widely different physical principles were
conducted to identify a species with a novel attachment system. The tapeworm poses an
interesting and applicable attachment strategy as it is divided into two steps: temporary and
permanent attachment. Suckers on its sides stabilizes the species in the gut of its host, and hooks
penetrate tissue to permanently attach the parasite to host tissue. This design was converted into
a design concept which is actuated by one stimulus which is vacuum, and the two different modes
of attachment is aided by bi-stable mechanics and strength of the vacuum. With this approach,
one stimulus can control the mode of attachment. A bi-stable column design was created with 18
different design variations which were mechanically evaluated to find an optimum design. These
results were then verified by a suction test. Finally, a full prototype was created and tested on
porcine tissue to illustrate the proof-of-concept.

6.2 Contribution to the publication

* Literature Study

Review of different minimally invasive devices for cardiovascular medicine

Review of various attachment systems in nature

Systematic study of physical principles of attachment systems for selected species

Review of non-linear mechanics for predicting bi-stable behaviour

 Study design in active discussion with co-authors

— Choice of species based on systematic study to be implemented in a design concept
— Choice of design steps of mechanical and functional testing

— Choice of bi-stable mechanical model

+ Experimental work

— CAD-Design of multi-material prototypes and mechanical test jigs

— Manufacturing of prototypes and mechanical test jigs using[Additive Manufacturing| (AM)
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— Code writing and implementation of the CBCM|
— Mechanical testing of manufactured prototypes

— Suction tests with printed bi-stable columns and prototypes
» Manuscript

— Manuscript structure in coordination with the co-authors
— Figure creation, text writing of all sections, and discussion points of experimental work

— Revision and finalization together with comments from co-authors and peer reviewers

6.3 Publication - Appendix Il

A Biomimetic Alternative bi-modular bi-stable fixation Device (BAFD), J. Backemo, M. Reinthaler,
A. Lendlein. [Unpublished work]
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7 Discussion

The discussion will consist of the work and findings of the publications shown in Sections
The work comprises the modelling of the process with a novel curvature analysis method,
and a bioinspirational approach combined with digital methods such as modelling, [AM, and
non-linear mechanics. In the first part of the introduction the [EDM| modelling will be briefly
discussed, following the comparison of different curvature analysis methods and its position as
a predictive tool. In the following section, bioinspiration as a design philosophy will be discussed
in relation to literature and what developments have been made in the last decade in terms of [AM|
and how this has changed design possibilities in comparison to traditional manufacturing. Also,
non-linear mechanics and in particular the prediction of bi-stable behaviour will be discussed and
the differences between the different models and how they may be used in different applications.
Finally, as all three publications included in this thesis have a central focus on the application of
programming to analyse and to solve non-linear equations, this also will be discussed.

7.1 [EDM models

As mentioned in the Introduction there are various approaches to model the[EDM]|process, whether
a theoretical model in relation to roughness parameters, a thermal [FEAbased model, or with an
impact-model. In the work presented in this thesis an impact model was used which consisted of a
crater part that removed material and a surrounding ridge part that added material on the perimeter
of the crater, which represented debris of molten material not flushed away by the dielectric fluid.

Here the craters formed show clearly that a crater forms with a surrounding bulging rim, and from
simulation results is due to debris which is either molten or shortly suspended in the dielectric
fluid before settling around the crater. This is also shown by other researchers [54, 55| 56]. Other

models focuses on the [Material Removal Rate (MRR)| of the metallic workpiece, dependent on
changing the electrical input parameters like current, voltage, duty cycle, and pulse duration

[57, 58]. This may be useful in applications were the deformation over the whole workpiece
of important, however an impact model or an FEA-approach gives more information about the
deformation on the micro-scale. Another aspect would be to consider the anode wear rate, which
if too high requires frequent replacement of the anode material which is undesirable [58]. For
theoretical modelling cathode erosion [10], anode erosion [59] and plasma channel formation
[60, 61, |62] are of main interest. The impact model in our work is based on simple inequalities
and boolean operations. A trivial statement but albeit important, is that every subsequent impact
has precedence over any previous impact. If a ridge is created from an previous impact, and a
subsequent impact occurs in that ridge, it is removed. For forming the ridge a factor ' was set to
represent how much material is removed and how much debris would remain to form the ridge. In
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addition, a volume correction factor was calculated to adjust for actual material removed compared
to the theoretical maximum removed (Figure [10). In our work, the shape of the cross-section of
the ridge to be semi-circular, other researchers have used thermal models that results in a more
parabolic shape [56]. The benefit of a phenomenological model is that it can be quickly computed
and easily changed to see how small variations in the impact model changes the overall surface
deformation. Concerning limitations, the model is not based on more common thermal flux models
and does not simulate material ejection.

(A) (B)

\ C

Figure 10: A-C) Series of images illustrating the difference between volume of the spherical cap
Vs and the actual removed volume V.. In order to accommodate for the discrepancy the ridge is
shifted downwards by a length of L.

7.2 Curvature analysis

Connected with EDM}modelling, is the evaluation of substrate topography through curvature
analysis. As explained in the introduction, curvature and roughness are two similar surface
characterisations. Both roughness and curvature depend on scale, i.e. different orders of
substrate changes. Curvature is important not only for machined surface analysis but also for
segmentation [63], denoising [64], partial shape matching [65], and many more areas. Based on
the differential geometry calculations from Weingarten [17], curvature can be directly calculated
from mathematical principles. However, this is requires the substrate to be exactly differentiable at
each point of a substrate. The substrate model created exists in a 3D-format, an .stl format, which
contains discrete points which are connected that make up the substrate. For actual EDM-treated
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surfaces these .stl. models are acquired by x-CT machines which has an intrinsic resolution.
Furthermore, there is no scale factor per say in the curvature calculations, one could achieve a
sense of scale by down-sizing the substrate 3D-model in question. More recent work has been to
extend the principles by Weingarten to make them continuous on triangulated surfaces (such as
common 3D .stl files). Here a tensor is devised to make curvature measurements within one single
triangle (or face) based on vertex normals, and by averaging the values for every adjacent traingles
(faces) a continuous calculation over the whole surface could be made [66]. A similar approach
calculated the normals for a triangle, and used the least squares fitting method to for the curvature
between adjacent vertices of the face (1-ring neighbours) [67]. One of the main problems in
calculating on discrete surfaces is the lack of information in between vertices, and the discontinuity
between faces. Therefore, the curvature inside a triangle (face) needs to be interpolated and
the curvature between triangles need to be made continuous, either through averaging or fitting.
Another group, instead of averaging on adjacent triangles defined appropriate neighbourhoods
from the point of interest and fitted their curvature tensor, with which it is more reliable against
noise and outliers [68]. Another approach may be to use a pre-defined geodesic distance, i.e.
the distance along a curved surface, from a vertex being analysed to define the region of interest
being used to calculate curvature [69]. In the work we presented, a three-point curvature method
based on Heron’s formula was devised. The three points used for the curvature calculation were
set apart at a distance L which could be changed. In addition no averaging was performed for the
calculation. Using curvature analysis for EDMHreated surfaces has been performed by Bartkowiak
et al. [70]. Their research showed that curvature analysis, and distributions, over the whole
surface of treatement had a strong correlation with discharge energy. Furthermore, in other fields
of research such as biology, curvature may have an important role. It can be seen that curvature
is important for blastocyst formation for stem cells |71}, 72].

7.3 Bioinspired design
7.3.1 Design methodology

To apply designs, inspired by the complex and specific designs from nature have in the last 10-20
years seen a great interest. As such, ’bioinspired design’ comes in many other formulations
such as, ’biomimicry’, ’biomimetics’, ’bionics’, and ’bioinspiration’. However, in the last years
an I1SO-standard defines subtle, yet specific, differences between these terms [73]. The most
widely known example, must be that of George de Mestral being inspired of the hooks from Burr's
getting stuck in his dogs fur which ultimately led to the invention of the closing system known as
Velcro. The general challenge, however, is that to convert a biological system to an engineering
or scientific solution often is difficult and without significant simplifications may not be realizable
but at the same time will remove the inspired design from the biological system. There is no clear
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method to transfer biological information to solve challenges, and there is significant friction in
interdisciplinary work [74]. There are methodological approaches developed. BioTRIZ (Theory of
Inventive Problem Solving) is an analytical approach [75] which established 39 design parameters
and 40 inventive principles to analyse a biological system. From these parameters a so-called
conflict matrix can be devised to establish how one can systematically analyse a natural system
and draw parallels to a desired engineering system, i.e the design needs to be mechanically strong
but has to be light in mass. Other approaches may deal with big databases of gathered information.
AskNature.org from the Biomimicry institute is a huge curated database, with organized biological
data according to function [76]. A biomimetic taxonomic system where focus was put on function
was developed by the researchers, and included descriptive examples of how other groups have
implemented bioinpsired design. This is one of more than 40 different design tools with focus
on biomimicry [77]. Here, the authors sort the different methodological or algorithmic processes
to facilitate biomimetic design and saw that over three out of four tools have been analysed in
theoretical and practical case studies, to illustrate their value in the design process. The TRIZ
methodology has been extended for biomimetic designs realizable with to create new gear
designs [78].

7.3.2 Applications of design

For all design tools, the first question is whether to start top-down or bottom-up: does the
technology pull from nature, or does nature govern what technical applications could be made
[79]. A problem-driven approach takes the scientific problem and tries to fit a biological design
to it; a top-down approach. For the work inspired by the tapeworm Taenia Solium is an example
of a problem-driven approach: an issue or challenge is detected in minimally invasive medicine
regarding control in situ, and an appropriate biological solution in nature is found by dividing up
attachment in two modes. The implication here is that the biological inspiration is fitted to the
problem. One could argue that this is not bioinspired, but that it is biomimetic in that it is following
the mechanism of the tapeworm closely. Another paradigm is a solution-based approach, a
bottom-up approach. The work based on the Venus flytrap is an example of such an approach. The
mechanism of the lobes of the flytrap snapping shut; an example of a bi-stable mechanism, and its
stimulus through sensing and water displacement is seen as a design rationale. Here, in contrary,
a problem or challenge is sought after that could be solved by such a design. Another example
of this approach is from Valdivia et al., in which the group looked at underwater bio-locomotion
[80]. The extracted design uses distributed mass, and anisotropic materials in order to achieve a
kinematic locomotion much similar to that of the stingray. In addition, comparing two prototypes
where one uses one polymer and another that used two polymers (one for the front half, another for
the body and the back half) showed that the prototype with better distributed mass density, more
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similar to the stingray itself, showed better performance. As a counter example, a solution-based
approach is that of Tardigrades. These creatures are able to dry out themselves, while still
preserving their biological material and suffer no damage until they are re-hydrated. This research
area is referred to as anhydrobiosis, essentially life without water. A research group found that
the ability of Tardigrades to undergo such extreme dryness under a prolonged period of time,
may aid in developing medicines, e.g. for dry vaccines where sufficient cool conditions cannot be
maintained [81]. Furthermore, the technology could be further developed to have ’slow release’
which would make the need for boosters of vaccines obsolete.

7.3.3 Challenges of manufacturing

When looking at biomimetic parts to be used for a mechanical purpose; to actuate in some way
- organic design does not lend itself to classic manufacturing. Here in order to follow organic
design with curved shapes and struts, and thin free-flowing strucutres [AM| has been a definite
accelerator [82]. In the work for a minimally invasive design, bioinspired from the Tapeworm, the
bi-stable column is printed as one part but with two different materials to achieve two parts with
varying stiffness and flexibility. Creating such a part from classical milling, CNC-machines, or
injection moulding may be difficult, time-consuming and costly. However, [AM| suffers from other
issues and challenges. Small angled parts may suffer from the staggered “stair-step” artifact,
downward-facing surfaces usually display rougher surface quality, parts with a low angle with
respect to the printing bed requires support [83]. Furthermore, the post-processing step may
also be a cumbersome affair but sometimes more important than the actual part creation. For the
Stratasys Connex 3 Objet 260 the support material which is Polyethylene Glycol- and Propylene
Glycol-based encases the printed part and must be either removed physically through tools or a
water jet, or by dissolving the whole part in a caustic soda bath. This of course, makes hidden parts
in a design encased with support that may not be removable. For an STL-based approach, the
post-processing may consist of several steps such as material curing steps and material removal
through isopropanol baths. Here, the curing steps have a crucial impact on part strength, however
due to elevated temperature may cause thin parts to distort. As a general remark, there is a
degree of anisotropy to all printed parts as they are a layer-by-layer manufacturing principle - the
orientation with the highest strength will be perpendicular to the layer surface [84]. Parts created
through [AM| are generally weaker due to the layer-by-layer process than one-shot manufacturing
processes such as injection molding, however [AM| parts enable more outlandish designs and
allow the integration of elements not possible by injection molding, e.g. hollow spaces. Another
challenge, is that of meso-manufacturing. The meso-scale sits in between the macro-scale in the
mm-range and the micro-scale in the micrometer range. The problem is that manufacturing in the
meso-scale which ranges from a few micrometers to many hundred micrometers [85] is difficult
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to manufacture with common manufacturing methods, and on to large of a scale for micro-meter
scale manufacturing. One example which works in this scale is[EDM|which deforms hard metals,
however this is limited to basic shapes and requires the negative shape for die-sink [EDM| The
main challenges at this scale is that grain size becomes an important factor, and the tolerances of
machined parts need to be extremeley small [86]. In order to further minimally invasive medicine,
[AM| progress in the meso-scale is necessary as more medical devices are down-sized. A recent
example of medical devices moving toward minimally invasive surgery at the time of writing of this
thesis is the Aveir VR lead-less pacer from Abbott which has transformed the pacemaker from
consisting of a battery housing, leads, and electrodes to one single device which can be inserted
through a catheter [87].

7.4 Compliant mechanisms
7.4.1 Non-linear mechanical models

To forecast the behaviour of non-linear mechanics in a mechanical structure, one would first
have to define what kind of non-linearity is referred to. Non-linear behaviour can refer to the
material behaviour, that the material has a changing response depending on the strength of the
deformation or a transient response depending on the speed of deformation. This can be thought
of as a material science aspect - however when geometry applied, there is non-linear behaviour
appearing because of phenomena such as buckling, kinematic and elastokinematic effects, and
large deflections. There are many various models to forecast such behaviour such as the [FEA|
the circular arc method [88], Adomian decomposition method [89], the chain algorithm [90], the
global coordinate model with an incremental linearization approach [91], eliptical integral solutions
[92] 93], and Gauss-Chebyshev quadrature formulation [94], or the [CBCM] [48]. For designing
compliant mechanisms there is an interesting approach called the [PRBM]|[45].

The [PRBM is a model which gives the user a graphical and mathematical prediction of
how their structure will deform. In the example of a cantilever beam, the beam will be divided
up into two segments: one rigid and one flexible element. The elements are connected by a pin
joint and a torsional spring. The location of the pin joint estimates the deflection arc of the beam,
and the torsional spring is analogous to the stored elastic energy in the beam. This model is an
estimation to the analytical solutions involving elliptic integrals [95], and for each structure the
exact location of the pint joints as well as the torsional spring constant need to be calculated. With
L being the length of the beam, the location of the pin joint is 0.17L for angles § < 15° and 0.15L
for angles 6§ > 45° [45]. The estimated constants 0.15 and 0.17 are calculated from trial and error
to find the smallest error, and for an applied angle of 180° the relative error reaches a relatively low
value of 7% [96]. As a result, it does not provide an exact solution but rather the emphasis is on
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actually coming up with new designs in an easily accessible way. Using the PRBM] provides a way
to compute kinematic equations for a mechanical design which is easily solved from trigonometric
equations. This can also be applied to beams which are initially curved before deformation, with
a constant radius of curvature. In effect the location of the pin joint increases in value as the
curvature of the beam increases. Furthermore, the model and its calculated constants are based
on isotropic materials and constant cross-section beams, any deviation from these assumptions
and the constants need to be recalculated.

In comparison the [CBCM] is computationally more cumbersome as open-form equations
are involved. A similar point is that the formulation of the model is based on isotropic materials
and constant cross-section beams. The main difference between the and is
the latter can handle beams with changing curvature, and pieceweise equations for the beam

profile. For the bi-stable columns created for the [Biomimetic Alternative Fixation Device (BAFD),

the profile are based on three piece-wise equations and the focus lay on the accuracy of the
results, hence the [CBCM was chosen. The benefits of the model is in addition that the amount of
elements can be equally or unequally discreticized, meaning that customization can be made and
more elements can be inserted at critical points along the beam.

7.5 Application of compliant mechanisms

As previously discussed with bio-inspired design, compliant mechanisms are characterized by
slender members or the combination between thick and thin elements. Therefore lends itself
well to produce compliant mechanisms. In this work, compliant mechanisms have been used as
switch that can also be turned off with the aid of shape-memory polymers, and as an actuating
switch for a minimally invasive device. Compliant mechanisms have been used in countless fields
such as airplane wing designs [97], a bio-inspired wrist [98], prosthetic fingers [99], MEMS [100,
101], or even bicycle brakes [102]. The further compliant mechanisms, and bi-stable mechanics,
can be developed and computed with better analytical tools and models the more applications in
medicine will be developed in the coming decade.

7.6 Programming challenges

For all three projects, programming was one shared components across all works. For the
[EDM}modelling and curvature analysis the challlenge was to overcome speed of computation. For
a generated substrate measuring 1000 x 1000 points, there are 10° points to be considered, and
as the substrate was deformed a new substrate was generate - however not saved as this would
have caused massive amounts of data saved on the harddrives. Here in order to speed up the
coding, and seeing that most of the calculations required were matrix-based, as in the curvature
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deformation was intrinsically a matrix filter applied around a central point of impact - however
the size of the matrix changed depending on the chosen radius of the impact. The curvature
analysis suffered from the same challenge as in order to fully calculate the curvature for a point 18
unique directions, i.e. 18 calculations per point were needed. In theory there were 36 directions
considered, but due to symmetry this could be reduced to 18. Here the cores were aiding
in the computation, the Python code functions needed to be wrapped into a C-based environment
which then only allowed matrix-like and boolean operations, which can be implemented quicker
on GPUs due to its high parallelization and high-volume data throughput [103]. As a rough
comparison, when applying 10° impacts on a 1000 x 1000 substrate, the simulation would take
about 3 days of computation, and with the cores it took 6 hours. This is due to Pyhton
having to interpret variables dynamically and not using parallelization. In contrast C variable types
as well as matrix shape input and outputs for functions need to be declared. In addition work load
can be parallelized over several CUDA cores. In comparison, for the bi-stable mechanics model
[CBCM]the issue was not speed but stability. The model takes 6N parameters, three geometrical
and three mechanical per i-th element [48]. For each elements it introduces another DOF and
thus the possibilites for bending modes increases exponentially. In early implementation of the
model the prediction for one Ad; state could have a widely different shape to another prediction
of a Ad, state. As such tere needed to be a continuity between Ad; and Ads. This was solved
by taking the initialy guess for solving the system of equations of the prevously calculated matrix
of parameters as the guess for the next prediction - in this way continuity could be achieved as
the weight of finding a solution is dependant on the initial guess - the algorithm searches for an
appropriate solution within the dimensional space of the initial guess and then procees further
away as the algorithm increases its iterations. These parameters were also fine-tuned to not allow
to outlandish guesses. In summary, for these three projects it was illustrated how modelling and
digital tools can aid in solving complex challenges, either when it is modelling mechanical systems
and processes or implenting topographical analyses.
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8 Summary and conclusion

Using modelling, biomimicry and non-linear mechanics are strategies that are well-suited
strategies to solve scientific and engineering challenges. Through better computational models
and analytical tools, processing and surface parameters could be better understood and
elucidated. As can be seen curvature analysis may be another avenue to extract important
surface features, which normed surface parameters may not be able to detect adequately. In
addition, curvature analysis also captures direction and scale for any given surface point which
gives more dimensions to be considered for analysis. As thoroughly described in this work,
biomimicry has been useful in guiding design but also to create elaborate but distinct features. By
observing species in the animal kingdom and performing systematic analysis of their mechanical
features and processes this thesis shows that one could extract design rationales for minimally
invasive devices and new mechanical storage systems.

For the [EDM| modelling project, a phenomenological model was created to imitate the impacts
made on a substrate from the [EDM] process. By using an impact model with a spherical cap
and a shifting half-torus depending on actual volume removed created substrates that were
comparable to actual substrates treated with EDM| The combination of using curvature analysis
with Abbott-Firestone to characterize treated surfaces illustrates a new analysis method. It shows
that the reduced concavity curvature K, followed an exponential trend until reaching a plateau
with increasing impact number. This illustrates that the impact model is deforming the substrate
up until a certain point; an equilibrium, where from a perspective of curvature the substrate does
not change a lot beyond this point.

In terms of bioinspired design, the Venus flytrap and the tapeworm Taenia Solium have proven
as two species that have enabled novel designs. For the Venus flytrap it was understood that
from rigorous literature research that the snapping behaviour is activated by water displacement
and pre-stress, and actuated by bi-stable mechanics. By modelling the bi-stable mechanics for a
particular design it was found that a beam profile with an slope angle of 30° showed mono-stable
behaviour and an angle of 45° showed bi-stable behaviour. By exploiting the shape-memory
properties of [PEVA| the bi-stable behaviour could also be de-activated mimicking the dehydrated
state of a Venus flytrap. For the tapeworm it was essential how suction and penetration work
in concert with each other to enable secure attachment in the small intestine and gut of their
host animals. By understanding the well-tuned structure of the rostellum and its scolex, and how
the hooks are evaginated was key to convert the idea to a CAD-design. Understanding how
this behaviour could be translated to a polymeric structure aided by [AM] was one of the major
challenges, and through several manufacturing steps was made possible. By using a combination
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of VeroWhitePlus and TangoBlack as digital materials, it was found that the combination giving a
Young’s modulus of E = 10 MPa (Shore A70) gave the best results in terms of required force to
trigger the second bi-stable point for the BAFD]

The modelling of bi-stable behaviour by utilizing non-linear mechanical models like the[CBCM|was
key in order to identify the critical stable and unstable static equilibra. In addition, the programming
of solving such a system and interpreting the mathematical model was an engineering challenge
in itself. As a result, once the model had been set, any type of piecewise equation could be
evaluated as a beam profile. Compared to the mechanical tests, the forces for a 3D-model of a
bi-stable column were either over- or under-estimated but the displacement points at which the
equilibria were located were correctly identified. This was in part due to the viscoelastic nature
of the used materials for the prototypes. To incorporate a function in the [CBCM] to allow for
non-constant beam cross-sections and anisotropic material properties would be the next step to
further develop the model.

With more intricate mathematical models to more accurately predict bending behaviour in
complex organic designs, the opportunities to use compliant mechanisms to replace joints,
screws and functions actuated by motors become more apparent and applicable. To sum up the
work conducted in this thesis show of digital engineering tools like modelling, CAD-design, and
and bioinspiration can work symbiotically to devise new smart functions to be applied to solve
scientific challenges, and to design new prototypes for minimally invasive medical devices.
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ABSTRACT

Electrical discharge machining (EDM) is a method capable of modifying the
microstructure of metal surfaces. Here, we present a predictive computer supported
model of the roughness generated on the surface by this process. EDM is a stochastic
process, in which charge generated between a metallic substrate and an electrode
creates impacts, and thus is suitable for modeling through iterative simulations. The
resulting virtual, modified surface structures were evaluated for roughness.
Curvatures were analyzed using Abbott-Firestone curves. Three radii of impacts (10,
20, 30 um) and two values for the depth to radius ratio (0.1, 0.3) were used as input
parameters to compute a total of six simulations. It was found that the roughness
parameters followed an inverse exponential trend as a function of impact number, and
that the strongly concave curvatures reached equilibrium at an earlier impact number
for lower depth to radius ratios.
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INTRODUCTION

Electrical Discharge Machining (EDM) is a process in which a metallic
substrate is brought into close vicinity with an electrode and subjected to repeated
sparks, which iteratively removes material - ultimately creating a rough surface [1].
This process is commonly used for difficult-to-machine materials, tooling of
complex parts and especially highly accurate micro parts [2]. The roughness of the
surface is dependent on many variables such as electrical parameters (voltage,
pulse duration, and dielectric influence [3]) and duration of treatment. EDM is a
random process, and a probable statistical distribution governs the geometrical
parameters and must be taken into account - but as a first approximation the
parameters were fixed for each impact for a given simulation. The size of each
individual impact is dependent on the charge built up before each spark [3] which is
a function of the said electrical parameters, and the number of sparks is dependent
on the duration of treatment. Thus, the size of impact and duration of treatment
were considered for simulation in this paper. It is of interest to researchers who
wish to create surfaces with not only a specific roughness profile, but also a
curvature profile. It has previously been discussed that to determine fatigue limits
for milled surfaces roughness parameters are not sufficient but that curvature
parameters show good correlation for this application [4]. For this purpose, it
would be important to see how these parameters differ with each iteration, i.e.
impact from spark. Our aim is to get a better understanding for how this iterative
process changes the surface topographically with respect to processing time, and
that we can relate the output parameters of roughness and curvature to the input
parameters. Thus, our hypothesis is that this kind of process could be modeled by
an iterative approach, where each iteration subjects the surface to an additional
impact from a spark. The motivation and purpose for this study is to be able to
manufacture surfaces with defined topographical parameters that are later
intended for technical (e.g. aerospace materials [5]) or medical applications, such as
orthopedic and dental implant surfaces [6] - and to be able to anticipate these
parameters by means of simulation

Considering there is no preference for the location of each impact it can be
assumed that this process is stochastic. To model this process by using randomly
chosen points on a surface would therefore be suitable. In order predict how
surfaces topographically change with each impact, it may be of interest to look at
how roughness and curvature changes throughout the process. More importantly, a
salient point would be to determine if, at a certain number of iterations, these
output parameters reach an equilibrium and do not significantly change with
subsequent impacts.

METHODS

Model

The generation of a crater with a surrounding rim by a combined spherical cap
and half-torus is modeled, as shown in Fig. 1 (A-B). The model used for calculating the
deformation was assumed to be ellipsoidal in a previous report [7], however such craters
of a concave bowl with bulging rim have been found in simulation studies of simple
spark impacts considering both heating and material ejection [8,9]. The spherical cap
creates a crater and the torus creates a ridge. The grey line shows the surface datum line,
which is initially a flat plane. A point is chosen on that line, which is the point of impact.
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The points that fall within the region of the inner and outer circles are deformed
accordingly. Overlapping behavior was also considered. It was assumed that a ridge
would be formed for each impact due to the physical removal of material for an EDM
process, i.e. a ridge could be formed inside of the crater from a previous impact. For each
iteration, the volume (V) was calculated and removed and a fraction thereof, F, was used
to build the ridge (see equations 1-4). F was set to 0.5 as preliminary results from visual
inspection of an actual EDM-treated surface indicated that this may be a good first
approximation (see Figure ). It has previously been shown that electrical discharge
energy has a direct influence on average diameter and maximum depth, and that the
relationship appears to follow a logarithmic trend [7]. Bartkowiak and Brown also
showed that surface discharge energy influences curvature calculation strongly at smaller
scales, but showed little variance at larger scales [10]. Others have also reported that
crater size increases with increasing current supplied to the EDM [11].

The model was applied to an initially flat surface measuring 1000 x 1000 points
with a distance of 1 um in between each point. The simulation ran iteratively up to
10,000 impacts. Two input parameters were used to determine the extent of changing
surface parameters on the surface: radius of impact a, and the ratio between h and a. The
values chosen for a were fixed to 10, 20, and 30 um, and for the h/a ratio, 0.1 and 0.3,
and were kept constant for each simulation. The radius of the ridge formed were
calculated as 2, 4, 6 um for each value of a. Equations (1)-(4) give the relation between
the model parameters (a, h, F) and the crater radius and respective volume calculations.

rsphere

<= H"‘\
Ve b
/ /"‘"“\‘ \
NEA
/ \
\
\ ————1 /
v
[

Figure 1 Schematic of combined spherical cap and torus model used for iterative deformation of a metallic surface.
A) Top: Side view of deformation model, showing areas that are deformed below datum line (larger circle) and
above datum line (smaller outer circles). Bottom: Top view of deformation model show areas that are deformed
below datum line (inner circle) and above datum line (outer circle). B) 3D-rendering of a single impact. C) 3D-

rendering highlighting overlapping behavior.
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a? + h?
Tsphere = T#(l)

1
Vspherical cap = gnh(Baz + hz)#(z)

Vhalftorus = T[ZRrrzlinor = n.Z(a + Tminor)rrglinor#(:‘})
Viorus = F - Vspherical cap#(4')

Roughness of the initially flat surface was calculated after a certain number of random
impacts. Curvatures were also analyzed for the modified virtual surface.

Roughness evaluation

Roughness parameters were calculated based on the Abbott-Firestone
curve for a 2D-surface, as defined by the standard ISO 25178 [12]. Initially the
probability density function (PDF) of the material proportion was calculated, and by
drawing a tangential line at 40% cumulative material proportion [13], the
roughness parameters Sk, Spk, Svk, Smr1 and Smr2 were calculated (Table 1).

Table 1 - Surface roughness parameters obtained from an Abbott-Firestone curve, defined by ISO 25178

Parameter Description
Sk Surface roughness core profile
Spk Reduced peak roughness
Svk Reduced valley roughness
Smrl Upper material portion
Smr2 Lower material portion

For each iteration, i.e. each impact, an Abbott-Firestone curve was computed
and surface roughness parameters were evaluated each decade with intermediate steps 2
and 5, e.g. 1, 2, 5, 10, 20...5 000, 10 000. The changes in these parameters at these
intervals were then analyzed.

Curvature evaluation

Previous reports have calculated the curvatures of a surface in terms of
principal curvatures at different scales, such e.g. in [10]. Here, curvature is
described as a second order tensor, which is based on the work by Weingarten [14].
The principal, Gaussian and average curvature values can be determined for each
point from this tensor. However for this study, not only the principal curvatures are
of interest but also the curvatures at a particular point in all directions. For any
given point, N number of directions were chosen to analyze curvature. For each
direction three points were chosen: the given point, a point L units away in the
given direction, and a point L units away in the opposite direction. With these three
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points, one can define a circle on a 2D-plane (See Fig. 2). This method is similar to
the procedure reported in [15], where calculations are based on Heron'’s formula.

B Direction
EEE——

Figure 2 - Schematic of calculating curvature using 3 points on a 2D-plane and inscribing a circle on to it. For any
three points € R? there is only one unique solution to fit a circle. A) Looking at the selected points from the
surface. B) Look at the selected points at the cut plane.

Once the coordinates of this set of three points are given, one can inscribe a circle

using the steps below.
The three points are defined as:
p1 = (X', 2P, = (x5, 2,), 03 = (x'3,23)
The equation of a circle is described by the equation:
Ax'?*+ Az +Bx'+Cz+D =0

Substituting the three points, which lie on the circle, a system of equations is
obtained which can be described by the determinant.

x?+z> x z

xt+zE X, z

x2+z2 X, z
12 2

Xs3+z35 X3 Zj

Where,
xy oz 1 x?+z2 z; 1
A=|x', z, 1|,B=—|x5+2z 2z, 1,
!

x3 zz 1 xi+2z2 z3 1
xt+zE X, 1 xXt+zE X oz
C=|x%3+2z x', 1, D=—|x5+27 ', z
X242z x; 1 xXi+2z2 x5 zg
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By taking the inverse of the radius of that circle one determines the
curvature in this particular direction. For this analysis L was set to 30 um. This was
repeated for each direction. The number of directions was determined by rotating
around the z-axis at the point - 10 degrees for each direction - thus a total of 36
directions. Due to symmetry of the three-point circle calculation, this was reduced
to a total of 18 directions. Each point on the surface was evaluated in this manner.
Similar to evaluating the roughness of the surface by computing an
analogue to an “Abbott-Firestone” curve, the same principle could be extrapolated
to evaluating curvature. Thus curvature parameters for the whole surface were
defined, based on the roughness analysis (Table 2). Concavity and convexity refers
to positive and negative curvature respectively.

Table 2 — Proposed curvature parameters

Parameter Description
Kk Surface curvature core profile
Kpk Reduced concavity curvature
Kvk Reduced convexity curvature
Kmrl Upper material portion
Kmr2 Lower material portion

RESULTS AND DISCUSSION

EDM-treated surface and simulated surface comparison

Initial tests of the suitability of the model consisted of comparing a modelled
surface with a stainless steel EDM-treated surface (Fig. 3). From the EDM-treated
surface, one can clearly see the formation of craters with neighboring ridges. What can
also be noted, is that the impact craters appear similar in size and shape. Compared to the
simulated surface one can see a clear similarity, and the overlapping behavior from
subsequent impacts also are present in the EDM-treated surface. Thus the proposed
model was deemed suitable to describe the topographical shape of an EDM-surface.
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Figure 3 - A) A Scanning Electron Microscopy (SEM) image of a stainless steel EDM treated surface. Scale bar =

1000 um. B) A surface generated from simulation. Scale bar = 30 pm

Roughness and Curvature analysis

Roughness and curvature analysis were performed after n =1, 2, 5, 10, 20, 50, 100,
200, 500, 1000, 2000, 5000, 10000 impacts to allow logarithmic plot of the results.
The Abbott-Firestone curves for roughness and curvature differ somewhat in shape
(Fig. 4). For the roughness analysis, the Abbott-Firestone has a sigmoid shape, as
expected, in which the different areas of Sk, Spk, and Svk are also clearly defined. For
the proposed curvature analysis, the Abbott-Firestone has a much sharper
appearance, with a plateau in the middle, creating a horizontal tangential line. In
addition, the upper and lower material parts are greater for the curvature analysis
than for the roughness analysis. This is expected as there are mainly two radii on
the surface, that of the crater, a, and that of the ridge, rminor. For a value of a = 30 pm,
the expected curvature from the center going out radially would be 0.033 um-, and
for a value of rminor = 6 pm a curvature of 0.16 pm-!. However there are values out of
these regions which can be explained that there are directions that go in all
directions, thus if one looks at a point in the crater off-center then the expected
curvature values in all directions should differ.
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Figure 4. Abbott-Firestone roughness and curvature curves from a surface with the input a = 30 pm and h:a = 0.1
after 5000 random impacts. The point at 40% material distribution shows at what point the tangential line is
drawn, this in turn defined the parameter Sk and Kk. A) Abbott-Firestone roughness curve. B) Abbott-Firestone

curvature curve

In the interest of predictive modeling, one should try to answer the
question of how long a treatment should be conducted to reach a certain roughness
value. By looking how the parameters change over time it may give further insight
on how to fine tune the input parameters in order to reach the desired properties.
For the roughness parameters the core roughness profile, Sk, gives information of
how much the overall roughness changes with each impact, whereas the reduced
peak height shows how the number of peaks above the core profile changes with
each impact. These graphs are depicted in Fig. 3. From these graphs, it is apparent
that Sk initially changes rapidly and stabilizes with increasing number of impacts.
This would mean that after 10,000 impacts the surface does not change
significantly. Spk seems to follow the same trend. Comparing the top and bottom
graphs, one sees that the values for both Sk and Spk are greater for h/a = 0.3, which
is logical seeing that the depth is greater, and thus for each impact a greater height
difference is achieved.
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Figure 5 - Graphs of plotting Sk, core roughness profile (left), and Spk, reduced peak height (right), as a function
of number of impacts. Graphs with h/a = 0.1 (top), h/a = 0.3 (bottom). Lines are shown for impact radius, a, of 10
pum (line), 20 pm (dashed), and 30 um (dotted).

On the other hand, there is an apparent difference between the curvature results
(see Fig. 5). The core curvature profile appears to increase greatly during the initial phase
of impacts, and then switch sporadically from low to high. In contrast, the reduced
concavity profile, Kpk, steadily increases until it reaches a final value and plateaus. Also
of note, is that the value of Kpk is inversely proportional to a, since curvature is defined
as the reciprocal of the radius of a circle. For any value of a, Kpk reaches an equilibrium
plateau after a certain number of impacts, which could be due to the curvature values
present on the surface are related to a, and after a certain number of impacts all points on
the surface have been deformed at least once, and thus the curvature profile does not
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change significantly due to subsequent impacts. What can also be seen is that the greater
the value of a, the quicker the surface reaches its final Kpk value, which may be
explained by the fact that that the proportion of the surface deformed with respect to the
total surface increases. Comparing the lower and upper graphs, one can see that Kpk
appears to reach equilibrium at a later impact number for h/a = 0.3 compared to h/a =
0.1, this most notably seen for a = 10 um.
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Figure 6 - Graphs of plotting Kk, core curvature profile (left), and Kpk, reduced curvature concavity profile (right),
as a function of number of impacts. Graphs with h/a = 0.1 (top), h/a = 0.3 (bottom). Lines are shown for impact
radius, a, of 10 pm (line), 20 pm (dashed), and 30 pm (dotted).

The values for Sk as a function of impact number appears to follow an
inverse exponential trend, which could be explained by that given that the process
is stochastic. The probability of extreme height differences between the lowest and
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highest point is small - meaning that the roughness would tend to approach an
asymptote at a particular roughness value. For a given impact radius, a, the strongly
concave curvatures will reach its final value at an earlier impact number for a high
h/a ratio compared to a lower one. In addition, a flat surface has no curvature by
definition - but at a certain impact number all points are deformed, and each point
will have non-zero curvature in all directions. This may seem contrary to the
Abbott-Firestone curvature curve (Fig. 4B) as it appears to be a plateau at around 0
um-1, however these points are in fact weakly concave or convex. This weak
concavity and convexity may come from the points on the ridges where the some
directions are tangential to the ridges, which are weakly concave. The same is true
for the off-centre points in the craters.

In this work, a length of 30 um was selected to define three points in order
to define the curvature for a given point in a given direction. Changing the value of
this length will have a direct impact on the curvature calculation and on the
“Abbott-Firestone” curves. In our future work we will consider multi-scale
curvature analysis [4, 14] and further topographical analysis [16].

[t can be assumed from a comparing real and computed surfaces in Fig. 6
that the formation of globules in the real surface is not replicated in the simulated
surface. This was omitted, since the modelling of such a variant structure needs
more careful analysis of the sizes of such globules, similar to the method reported in
[11].

CONCLUSION

In this study the EDM process was modeled using a combined spherical cap
and torus model which was deemed suitable for the purposes of fabrication design by
comparing the results to an EDM-treated stainless steel surface. As the surface
underwent this treatment as function of impact number, its Sk value followed an inverse
exponential trend, which was as expected due to its stochastic nature. Furthermore, it was
shown that one can control the strongly concave and strongly convex regions by reaching
a certain impact number, however more simulations are needed in order to define the
core curvature profile through varying more input parameters.
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Abstract

The Venus flytrap is a fascinating plant with a finely tuned mechanical bi-stable system, which can switch between mono- and bi-stability. Here, we com-
bine geometrical design of compliant mechanics and the function of shape-memory polymers to enable switching between bi- and mono-stable states.
Digital design and modelling using the Chained Beam Constraint Model forecasted two geometries, which were experimentally realized as structured
films of cross-linked poly[ethylene-co-(vinyl acetate)] supported by digital manufacturing. Mechanical evaluation confirmed our predicted features. We
demonstrated that a shape-memory effect could switch between bi- and mono-stability for the same construct, effectively imitating the Venus flytrap.

Introduction

In nature, evolution has had millions of years to develop
some of the most ingenious solutions for survival. The car-
nivorous Venus flytrap (Dionaea muscipula) comprises of two
trap lobes, which upon stimulation of its inner spikes slams
shut to trap prey inside. It is with this snap-through behavior,
which is occurring within 300 ms,! that is of particular inter-
est for biomaterial applications. Previously, the mechanism
has inspired the invention of pressure-dependent multi-stable
origami cells!” and was implemented as a bi-stable reversible
hydrogel construct.’] Many researchers have speculated what
processes are behind the quick actuation of closing the trap
lobes. Water displacement from the inner surface of the lobes
to the external surface plays a critical role,*! but pre-stress is
important for the speed with which the lobes are closed.’! In
its open position, the lobes of the Venus flytrap are concave
[Fig. 1(a)] and when activated and stimulated the displacement
of water acts as an actuation of the lobes from a concave to
a convex configuration. The switching between an open and
closed lobe position, can be seen from a mechanical perspec-
tive as a bi-stable system—such a system has per definition
at least two stable states that remain unchanged until further
activation. These positions are points of local energy minima,
or in other words where the static forces are balanced. Bi- or
meta-stable systems are also present in the field of compliant
mechanisms. They are defined as flexible entities that trans-
mit motion through elastic body deformation.[’! In compari-
son to classical mechanisms, e.g. barrel hinges, which require
a minimum of three parts; two leaves and a pin connector, a
compliant mechanism should enable the same motion in one
single part. The benefit is minimized abrasion, since no parts
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are grinding against each other, and no need for assembly.[”!
With the advance of digital manufacturing such as Fused Depo-
sition Modelling (FDM), Multi-Jet Printing (MJP), and Ste-
reolithography (STL), the ability to design and manufacture
complex single-part objects have become easier and require
less processing time. Mechanisms with bi-stable behavior
can be used in a range of applications, including the design of
Microelectromechanical Systems (MEMS),®! animatronics,™
or grippers for soft robotics.!'”) The forecasting of the behav-
ior for such a design is non-trivial and requires analysis and
computation by non-linear models. The two major models are
the Pseudo Rigid Body Model (PRB)!'! by Larry L. Howell
and the Beam Constraint Model (BCM)['?! from Shorya Awtar,
both of which are developed with the intention of incorporating
the effects of load stiffening, kinematic and elastokinematic
effects while still accessible enough to be used as design tools.
This paper incorporates the Chained Beam Constraint Model
(CBCM) which is a further improved BCM model proposed
by Chen et al.['¥ To add another degree of functionality, we
investigate how one can modulate bi-stable behavior, turning
it on or off. The conception of switching between bi-stable and
mono-stable states was achieved by active materials, which are
well known in the fields of robotics, sensors and autonomous
processes.['4~1% Here, a thermally responsive shape-memory
polymer (SMP) was chosen, as they can shift between prepro-
grammed and original geometries under certain temperatures
governed by melting transition.['”> '8 It is the combination of
geometrical features, the shape of the lobes, and material prop-
erties, the displacement of water that have enabled the Venus
flytrap to develop its “snap-through” mechanism. Similarly, by
combining compliant mechanisms and the shape-memory effect
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Figure 1. (a) The closing “snap-through” mechanism of the Venus flytrap. (i) In its dehydrated state the Venus flytrap is unlikely to snap
when stimulated. (i) When hydrated it is in its activated state, “ready-to-snap”, and upon stimulating its inner spikes (iii) a rapid displace-
ment of water leads to a configuration change of the lobes from concave to convex and thus shuts close. (Photos with permission of
Izabella Bedd, Pexels GmbH.) (b) 3D-printed master molds for PDMS mold creation. (i) and (ii) are combined and casted with PDMS to
create the top PDMS mold in c(j). Subsequently a casting step is performed with c(j) to create the negative mold c(ii) by PDMS. By comb-
ing the PDMS molds c(i) and cf(ii) with a PEVA film through hot embossing the final structured cPEVA structure is manufactured (d). The
mechanical testing setup (e) shows how the cPEVA films are tested. Here, 3D-printed heat-resistant parts were printed which are able
to sustain temperatures up to 200°C shown in orange. The red-dashed line in e(i) shows the plane cut for the cross-section in e(ji). The
cPEVA film is clamped down by two opposing plates with a hole in the shape of the truncated tetrahedron. Two magnets on the top and

bottom of the cPEVA film respectively couples the mechanical probe and the sample, as can be seen in cross-section in e(ii) indicated by
the black arrows.

)
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(SME) we hypothesized that we could create the same effect
controlled by temperature instead of humidity.

We explore the design, realization, and characterization of
switching between bi-stable states on and off in 3D-structured
films prepared from cross-linked poly[ethylene-co-(vinyl
acetate)] (cPEVA).I'"T A truncated tetrahedron structure was
designed and simulated to predict bi-stable or mono-stable
states by varying geometrical parameters. The predicted struc-
tures were created through a two-step manufacturing method:
(i) master molds were 3D-printed to cast the PDMS molds and
(ii) the cPEVA films were created through hot embossing in
the PDMS molds. The programming of the cPEVA film was
achieved by first compressing the film between the PDMS
molds of the targeted shape at the melting temperature and then
fixing the temporary shape by cooling to a low temperature.

Experimental details

Modelling

Modelling was carried out using the equations for the Chained
Beam Constraint Model (CBCM) as outlined in the previously
reported publication by Chen et al.*”) The relevant equations
are outlined in the supporting info as a supporting method.
Each beam was subdivided into 15 elements. The solution of
the non-linear models were carried out through Python 3.8
using the packages NumPy, SciPy, Pandas, and MatPlotLib
as part of the Anaconda Distribution (Anaconda, Inc., Austin,
USA). The Young’s modulus, E, used for the modelling was
set to 40 MPa (Storage modulus £'=44 MPa, and loss modulus
E"=6.4 MPa at 25°C as reported by Liu et al.[>!),

Materials

Poly[ethylene-co-(vinyl acetate)] with a vinyl acetate content
of 18 wt% (PEVA18) was obtained from DuPont de Nemours
(Neu-Isenburg, Germany). Crosslinking agent dicumyl perox-
ide (DCP) was purchased from Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany) and Sylgard™ 184 silicone elastomer
kit from Dow Corning Corp. (Midland, USA). All chemicals
were used as received. The 3D printing materials used are
VeroWhite™ and HighTemp™ (Stratasys, Rehovot, Israel) and
printed with the Stratasys Connex 3 Objet 260 Polyjet printer
(Stratasys, Rehovot, Israel).

Preparation of 3D films

The master molds to create the PDMS molds were first designed
in Autodesk Inventor (Autodesk, San Rafael, USA) and printed
with VeroWhite™ [See Fig. 1(b)] using the Stratasys Con-
nex 3 Objet 260 Polyjet printer (Stratasys, Rehovot, Israel).
To ensure good demolding Ease Release™ 200 (Smooth-On,
Inc., Macungie, USA) was applied before PDMS casting. The
PDMS soft molds were then replicated from the 3D-printed
master molds [see Fig. 1(c)] and synthesized from a precursor
mixture of 90 wt% prepolymer sylgard 184 and 10 wt% curing
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agent by polymerizing at 40°C for 24 h. The PDMS molds were
further cured at 80°C for 2 h after removed from the 3D-printed
master molds. The cPEVA precursors were prepared by mixing
196 g PEVA18 and 4 g DCP in a twin-screw extruder (Euro-
PrismLab, Thermo Fisher Scientific) at 110°C and 50 rpm. The
blends were compression molded into films with a 0.5 mm
thickness and ready for further molding and crosslinking into
defined 3D structures. Finally, for synthesizing the cPEVA 3D
films, the PEVA blended films were sandwiched between the
pair of PDMS molds and clamped between two metal plates,
which was heated in the oven at 200°C for one hour. Then,
the resulted 3D film [Fig. 1(d)] was separated from the molds
after cooling.

Mechanical testing

To characterize the bi-stable behavior of the cPEVA 3D film, a
Zwick Z1.0 tensile test machine for mechanical testing (Zwick,
Ulm, Germany) equipped with a thermo-chamber and tem-
perature controller (Eurotherm Regler, Limburg, Germany)
was used. For testing the structure a custom-made test jig was
produced [Fig. 1(e)]. The components of the jig were printed
with high temperature resistant material (HighTemp™, Strata-
sys, Rehovot, Israel) using Stratasys Connex 3 Objet 260 Pol-
yjet printer (Stratasys, Rehovot, Israel). These parts are heat
resistant up to 230°C (Heat deflection of 0.45 MPa at 230°C),
which was sufficient for our testing. Here, two flat plates hav-
ing triangle holes with side length of 30 mm were designed
to clamp and fix the film, which only allows freedom at the
location of the truncated tetrahedron structures. Ample space
was made below the film to allow the truncated tetrahedron to
deform. To apply force on top of the truncated tetrahedron, a
cylindrical probe with a diameter of 5 mm was designed and
clamped to the top clamp. A pair of magnets, one fixed at the
end of probe and the other touching the underside of the trun-
cated tetrahedron, was used to keep the probe in contact with
the sample to track the force during on- and off-loading. The
force curves of compression on the truncated tetrahedrons of
original, programmed and recovered samples were measured
at room temperature. The recovery of the programmed sample
was achieved by heating to 100°C in the chamber and cooled
down to room temperature before measurements.

Optical microscopy

The optical microscopy of the cPEVA 3D film was measured by
DVM6 microscope (Leica Microsystems, Wetzlar, Germany)
with the objective PLANAPO FOV 43.75. Each sample was
measured by x50 magnification with 20 to 48 pictures. The Z
dimension was stacked with 14 to 20 steps. The 3D image was
integrated and the critical angles of the pyramid structures at
three sides were analyzed by software Leica Applications Suite
X (LASX, Version 3.0.14). Each side was measured at three
positions.
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Programming and fixing

The programming was achieved by compression between
PDMS molds with the targeted angle. The cPEVA 3D films
were aligned with the pyramid molds and sandwiched between
two metal plates and compressed with four clamps. The whole
device was put in the oven at 70°C for lhour during the pro-
gramming. Finally, the programmed sample was accomplished
by cooling in the fridge at 5°C for 1 hour before being removed
from the molds.

Results and discussion

For a typical bi-stable structure, the definition as hinted in
the name is that it has two stable positions, i.e., two stable
equilibrium points. At these stable points, the structure will
remain unchanged until further acted upon. Figure 2(a) shows
the typical behavior of a mono-stable and a bi-stable struc-
ture. The requirement for a bi-stable structure is that at some
point in the force—displacement curve the force reaches zero at
some displacement ¢>0. In a mono-stable structure this does
not occur. The critical forces acting on the structure switch-
ing between the two stable points in a bi-stable structure are

Force

a Displacement

Equilibrium curves
= Static
== Dynamic

30 degree

called the snap-through force (F,,) and snap-back force
(F,.,)- respectively.l*” As the force F acting upon the structure
reaches the critical value F,, the structure will “snap” to the
second stable position, as this is more energetically favora-
ble. Similarly, this occurs when switching back to the original
position with F_; . These structures are mainly fabricated as
2D-planar structures.[® 22241 Here, we create a 3D structure
with modulated bi-stability, i.e. a structure that could switch
from being mono- to bi-stable. We devised a stable structure in
CAD, which could later be evaluated with a mechanical tester.
The design was settled on a truncated tetrahedron, a “pyramid-
like” structure [Fig. 1(d)]. The truncation allows for an area
load, which is more stable than a point load. Here, we left it
open to see what slope angle 0 of the sides of the tetrahedron
would lead to a mono-stable and bi-stable structure. The side
of the tetrahedron has a “sigmoid” like shape and could be
modelled as a beam with a fixed and a free end. This allows
the structure to be modelled with non-linear beam models. The
previously reported Chained Beam Constraint Model (CBCM)
was implemented.['3! The computational model predicted that a
slope angle 6 of 30° and 45° would show a mono- and bi-stable
behavior, respectively [Fig. 2(b) and Supplementary videos S1
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o
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o
(=}
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I
o
()

b 0 5 10
Displacement (mm)

45 degree

Figure 2. (a) A typical mechanical bi-stability diagram showing the static equilibrium curve (black) and dynamic equilibrium curve (purple).
Here, three equilibria can be identified (black points) but only where the static and dynamic equilibrium passes through are stable; i.e.
only two. The areas in which the structure would return to an equilibrium point is indicated in the areas A (blue) and B (green). The third
equilibrium in the middle is unstable and will fall back into a stable equilibrium if only a slight disturbance occurs. (b) Modelled behavior
using the CBCM model for slope angles 6 of 30° (blue) and 45° (red). The structure for a truncated tetrahedron with a slope angle 6 of 45°
shows bi-stable behavior. (c—f) Photos of prepared cPEVA 3D films with pyramid slope angles of 30° (c, d) and 45° (e, f) from top view (c,

€) and side view (e, f). The scale bar in each picture is 10 mm.
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and S2]. In order to, in the same structure, switch between
a mono-stable and a bi-stable structure we needed an active
material. We show here how the use of an SMP can achieve
this. To fabricate these structures we decided to cast cPEVA
using PDMS molds instead of directly using 3D-printed molds
due to three considerations. First, the PDMS mold is stable
at this high curing temperature of cPEVA (200°C), compared
to the 3D-printed mold made from VeroWhite™, which has a
low heat deflection temperature (HDT) of 60°C. Second, the
PDMS has low surface potential and is chemically inert to the
crosslinking reaction of PEVA, while the 3D-printing material
is more reactive to the polymerization of PEVA. Third, the
PDMS mold is more elastic than the rigid 3D-printed mold and
the elasticity is helpful to peel the mold off from the structured
cPEVA films. Therefore, a pair of 3D-printed master molds
was created with the design of truncated tetrahedron struc-
tures, as shown in Figure Sla, b and a pair of PDMS molds

Axial force (N)

2 4 6
Displacement (mm)

(Fig. Slc,d) were replicated from the 3D-printed counterparts.
Then, the cPEVA films with truncated tetrahedron structures
[Fig. 2(c)—(f)] were successfully fabricated by soft lithography
approach using PDMS molds (Fig. Sle,f). The slope angle of
the truncated tetrahedrons were measured by an optical micro-
scope and calculated to be 29.2°+3.3° for the 30° tetrahedron
and 39.3°+1.3° for the 45° tetrahedron. The results prove a
success of the molding approach and reveal a slightly higher
difference for the 45° tetrahedron to the realized sample.

To mechanically test these films, a custom-made test jig
was created from high-temperature-resistant material for
insertion into a mechanical tester [Figs. 1(ei), 3(a)]. To meas-
ure the force throughout the displacement of the structure
two magnets were used to couple the mechanical probe to
the cPEVA film; one affixed onto the probe and one under-
neath the cPEVA film at the truncation of the tetrahedron
[Figs. 1(eii), 3(b)—(d)]. From the mechanical testing it was

|

I

[0} - vy

4 - . .
-y
T

Axial force (N)

0 5 10
Displacement (mm)

Figure 3. (a) Photos of 3D-printed parts used for mechanical test. (b) Photos of assembled self-build device for bi-stable test (c-d). Photos
of self-build device working in the tensile test machine. Force-displacement curve of (e) 30° and (f) 45° truncated tetrahedron samples.
CBCM model prediction (blue dashed line); mechanical test curve (orange). The black arrows indicate on- and off-loading directions.
Areas A (blue) and B (green) indicate stable domains for each construct.
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confirmed that the 30° truncated tetrahedron sample showed
a mono-stable behavior and that the 45° truncated tetrahedron
sample showed a bi-stable behavior, and was in good agree-
ment with the predicted models [Fig. 3(e), (f)]. Additionally,
there was some hysteresis present comparing the on- and
off-loading curves, due to the viscoelastic nature of cPEVA.
Therefore, the snap-through force was measured from the on-
loading curve, and the snap-back force was measured from
the off-loading curve. From the evaluation, it is also apparent
that the 45° sample required a greater snap-through force
(0.90£0.13 N, n=3) than the 30° sample (0.41+0.19 N,
n=3), and that the snap-back force for the 30° was posi-
tive (0.06+0.08 N, n=3) and negative for the 45° sample
(—0.29+£0.08 N, n=3). This granted us to move on to the

Compressionat 70 °C ———

,',, pressure

» Fixation at 5 °C

Lad
L=}
T
=0

Angle (deg)
&

b
o

| S B ]
[+ I = T V]
T T T

by

60 70 80 90 100

[ i 1

30 40 S50
Temperature (°C)

_.
8

next step to create a structure that could switch between
mono- and bi-stable modes.

Here, a structured cPEVA film with 30° truncated tetra-
hedron was programmed by compression between PDMS
mold with 45° truncated tetrahedron structure at 70°C and
fixation at 5°C, as shown in Fig. 4(a). At room temperature
the programmed sample showed a slope angle of 42.6+0.9°
and when the temperature was increased to 100°C the slope
angle recovered back to 27.4+0.8°, as confirmed by the
optical microscopy [Fig. 4(b)—(f)]. To confirm the switch-
ing between a mono- and bi-stable structure the programmed
sample was tested at room temperature, then heated up to
100°C and cooled down to room temperature to be tested
again [Fig. 4(g)]. From the results it is apparent that we were
able to switch between these two modes, and that the sample

» Release at 5 °C
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Figure 4. (a) Schematic showing of programming of the structured cPEVA film using PDMS molds. (b—e) 3D stacking optical images of
cPEVA 3D films in the programmed state (b, d) and recovered state (c, €). The scale bar in each picture is 10 mm. The blue, red and green
lines are the markers of positions where the cross-sections were measured; (f) The recovery curve and slope angles with increasing tem-
peratures from 30 to 100°C; (g) Axial force vs. Displacement curve of programmed and recovered truncated tetrahedron sample.
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in its programmed state showed a larger force than in its
recovered state, i.e. amplification. Finally, we further test the
reconfiguration behavior of the programmed sample start-
ing from the second stable state by first compressing on the
truncated tetrahedron structure to the other side. Then, when
the temperature increased to 80°C, the programmed sample
recovered from bi-stable to mono-stable. The losing of bi-
stability introduced a snap movement on the structure, as
shown in supplementary video S3. By combining the SME
and bi-stable property, a shape recovery with higher magni-
fication was achieved.

This mechanism could be thought of as being implemented
as a safety switch, which turns off the moment a critical tem-
perature has been reached—and will remain off until reset.
It could also be thought of as a dynamic energy storage in
which a structure is activated by a mechanical force and
the stored energy is released by an increase in temperature.
cPEVA is a relatively soft polymer with a Young’s modu-
lus of E ~ 40 MPa at room temperature, which shows some
viscoelastic behavior.?!"! This explains the hysteresis in the
on- and off-loading curves during mechanical testing. As an
outlook, it may be an interesting development to make use of
the viscoelastic behavior, which would add another dimen-
sion of functionality of the structures in terms of time. Here,
one could devise a structure with a highly viscoelastic behav-
ior that is bi-stable only if held at a certain force for a given
amount of time, and for transient forces it is mono-stable.

Conclusion

In this paper, digital methods for design and manufacturing
played a key role in the technical realization. We report on
the implementation of modelling of beams using the CBCM
model as an important tool in the computational design pro-
cess for compliant mechanisms. It was shown that a truncated
tetrahedron structure with a slope angle of 30° showed no
mono-stable behavior, and such a structure with a slope angle
of 45° did show bi-stable behavior. Furthermore, it success-
fully realized to switch between these two structures using
cPEVA as an SMP. The modulation of compliant mechanisms
by the SME of a polymer is an example for a bio-inspired
function, which is derived from the switch-like mechanism
of the Venus flytrap.
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Supporting method

The equations used to calculate the deformation of the already curved beams were taken from Chen
et al. 1. Here a beam is divided into N subdivisions. Through the Curved Beam Constraint Model
(CBCM) equations below it describes the bending shape of the beam and resulting forces involved.
The equations used are for the beams where curvature is not constant along the whole beam, which
requires each subdivision of the length of the beam, L;, to be computed, i.e. unequal discretization.
Thus only equations 21-36 are quoted below, as this describes the whole system of non-linear
equations.

The y-coordinate defined by the x-coordinate defined by some function
22.y; = f(x)

The slope, f;
23. B; = arctan f'(x;)

Curvature, K;

24, K, = L1090

3
[1+r2 (0]
The length of each element, L;

25. Ly; = X441 — X4, Lyi =VYi+1 Vi
26. Li = in Cos ﬁl’ + Lyi sin Bi

Thickness and approximate curvature normalized to L;

T Ki+K;
27. ti=—,K = l—mLi
Li 2



Here P;, F;, M;, A;, A;, and a;are the radial force, tangential force, moment, tangential deflection,
radial deflection and the end slope. The lowercase variables p;, f;, m;, 4;, 6;, and a; correspond to
their non-dimensionalised forms.
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Geometric constraint equations (3 equations)

34, Ziv—l[(l + Ai)Li COoS 91' - (O.Ski + Si)l‘i sin 91)] =X
35. Ziv—l[(l + Ai)Li sin 9,- + (O.SKi + 5i)LL' cos 91)] = YO
36. By+1 + Xiea @ = 6

Through these 6N + 3 equations and given three of the six parameters py, fo, My, Xg, Vo, and 8, one
could solve for the other three parameters. For the modelling in the manuscript, x4, yo and 8, were
used as inputs to solve for the other variables p,, fy, mg. The values for the axial force given in the
manuscript is F.

1. G. Chen, F. Ma, G. Hao and W. Zhu: Modeling Large Deflections of Initially Curved Beams in
Compliant Mechanisms Using Chained Beam Constraint Model. Journal of Mechanisms and
Robotics 11, 011002 (2019).



Supporting figures

Figure S1 - Photos of different molds and casting device. (a, b) 3D printed counter parts for casting
PDMS molds. (c, d) PDMS molds replicated from 3D printed counter parts. A Teflon spacer of 0.5 mm
thickness was attached to one of the PDMS molds (d), in order to create the desired thickness of the
cPEVA film. (e) PDMS molds sandwiched with PEVA blended film. (f) Casting device: sandwiched PDMS
molds compressed between two metal clamps and fixed with four clamps. The scale bar in each picture

is 20 mm.



Supporting videos

Supplementary video S1 — A Video of the digital model of the 30 degree truncated tetrahedron.
(Left) The undeformed beam (black) and deformed beam (blue). (Right) The force-displacement
curve with respect to the deformed beam. The parameters used for the digital modelling: Number of
elements, N = 15; Deformation step, AY = 0.05 mm; Young’s modulus = 40 MPa; Width = 7.215 mm;
Thickness = 0.5 mm

Supplementary video S2 — A Video of the digital model of the 45 degree truncated tetrahedron.
(Left) The undeformed beam (black) and deformed beam (blue). (Right) The force-displacement
curve with respect to the deformed beam. The parameters used for the digital modelling: Number of
elements, N = 15; Deformation step, AY = 0.05 mm; Young’s modulus = 40 MPa; Width = 7.215 mm;
Thickness = 0.5 mm

Supplementary video S3 — A video showing the temperature-activated snapping movement by
pushing a programmed sample from shape A to shape B and resetting the structure by heating up
the temperature to 80 °C
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1 Background

1.1 Biological Inspiration

With the ever-advancing pursuit of new technologies within energy, transport, and medicine it may
appear that utilizing the latest digital tools and features are the starting points for any type of technical
development. Humans have amassed a copious amount of knowledge within a relatively short time,
looking evolutionary. However, because of the advantage of time, mother nature has managed to
come up with some brilliant solutions to intricate problems. Some scientists and engineers have
observed nature and been inspired from it, in awe of what it is capable of. A historical example is that
of George de Mestral. He is said to have come up with the hook-and-loop fastener system while on a
stroll with his dog. He observed that burdock burrs managed to stick to the fur of his and to his own
clothing and were intertwined with the hairs [1]. Later, he came up with the well-known attachment

system devised by one layer containing the fabric “loops”, and the other layer containing the fabric



“hooks”. This novel idea has since its invention been used to fasten shoes, close bags, attach tools to
name a few, and is known world over by its tradename: Velcro®. More recent examples are the
invention of new adhesives inspired from the setae structure of gecko feet working through van der
Waal’s forces [4], or the development of super-hydrophobic substrates based on the pearling effect on
water from lotus leaves [5]-[7]. These examples illustrate that nature is a cornucopia of yet to be
discovered inventions. However, the strategy to disclose the mechanisms behind these ingenious
solutions is not trivial and requires a high level of curiosity, careful considerations of material and
geometrical choices and the right analytical tools. By utilizing methods, such as non-linear modelling
of beams, functional programming, Computer Aided Design (CAD), Finite Element Analysis (FEA),
and Additive Manufacturing (AF) one can forecast, analyse, and implement the mechanisms
identified from a specific species (Fig. 1). Using these approaches, we lay out a strategy in this
manuscript to design a new mechanism inspired by the tapeworm attachment system to attach
minimally invasive devices to biological tissues, and how to optimize these mechanisms using non-

linear methods.

Fig. 1 Bioinspiration and Digital Engineering combinatorial approach



1.2 Clinical aspect

In medicine the safety of the patient is of the utmost importance, and therefore should the risk-benefit
ratio of any intervention should outweigh the natural course of any given disease or complication. The
last few decades have seen a remarkable development for interventional procedures, and particularly
for laparoscopic surgeries, or its more descriptive term “key-hole surgery”. For such procedures the
clinician, rather than opening up a particular part of the body locally, one or several small incisions
are made to insert long thin instruments, often guided by a camera. This approach is widely applied
for procedures ranging from appendectomy, cholecystectomy (removal of gall bladder), oesophageal
surgery, and many more [9], [10]. One of the latest and most complex developments in this field is
minimally invasive cardiac surgery [10]. Traditionally, open heart surgery is performed by opening
the chest via a procedure called sternotomy, where the sternum (breastbone) is cracked open after a
longitudinal incision. Furthermore, during the procedure the heart of the patient is arrested and the
circulation is sustained by connecting the patient to an artificial pump - the heart lung machine. These
operations such as valve replacement or bypass surgery therefore constitute a significant risk
especially for the typically multimorbid cardiovascular patient. [11]. More recently a new field in
cardiovascular medicine, using trans-catheter approaches has emerged. These interventions are
characterized by a transluminal (transvenous or transarterial) access without the need of a heart lung
machine (“beating heart” procedures). Many of the former surgical domains like heart valve
replacement or bypass surgery are slowly getting replaced by these new procedures which can be
performed at a lower risk for the patient [12]. An overview of common interventional procedures is

given in Fig. 2.

Usually a so-called sheath is used, through which a catheter is placed at a certain area within the heart
to deliver a device, designed to fulfil a certain purpose. This means that the device itself needs to be
foldable, or crimped, so that they fit through such a catheter. This puts a significant design restriction
on the design of such implants. One of these limitations is to ensure safe and sufficient attachment of
these devices to certain cardiac structures which may result in device embolization. To address these

apparent issues, looking at nature for inspiration may provide interesting design rationales.
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Fig. 2 Overview of common interventional cardiac devices. a Sapein 3 Ultra Valve (Edwards Lifesciences,
Irvine, USA). b Millipede Transcatheter Mitral Annuloplasty System (Boston Scientific, Marlborough, USA). ¢
Portico™ aortic valve replacement (Abbott Laboratories, Chicago, USA). d Amplatzer Amulet LAA Occluder
(Abbott Laboratories, Chicago, USA). e Watchman Occluder (Boston Scientific, Marlborough, USA). f Amplatzer
PFO occluder (Abbott Laboratories, Chicago, USA).g Cardioband Tricuspid Valve Reconstruction System
(Edwards Lifesciences, Irvine, USA). h Carpentier-Edwards Physio Il Annuloplasty ring (Edwards Lifesciences,
Irvine, USA). i Carillon Mitral Contour System (Cardiac Dimensions Inc., Kirkland, USA). j Pascal System
(Edwards Lifesciences, Irvine, USA). k Mitraclip® (Abbott Laboratories, Chicago, USA). | Diagram adapted from
“Heart Diagram” by ZooFari licensed under CC BY-SA 3.0.

1.3 Decoding nature

When looking at biology to seek for potential organic solutions, one starting point is to see what
different attachment modalities there are and what constitutes their physical principles. In nature, to
attach or adhere to other substrates serves a natural purpose — whether it is for sustaining nutrition,
defending against intruders, for hunting pray, locomotion, or simply to stabilize their position. Geckos
have seen much interest in recent years due to their ability to climb vertical and inclined surfaces with
ease. The physical principle that underlies this attachment is van der Waal’s forces which are long-
range forces that act between two opposing surfaces which decrease in magnitude with increasing
distance between the two surfaces [24]. The feet of Gecko, and Hexapods, have architectural
structures known as setae which are microscopic hair-like protrusions which increases the interaction
between its feet and the opposing substrate [25]. Species that use suction cups, such as octopi or
tapeworms, rely on the use of a soft structure that is able to undergo volumetric contraction and
expansion. For octopi, there is a structure known as the acetabulum which is a cavity that contracts to
form a vacuum, and the loose epithelium at the edges of the sucker enables a proper seal [26]. For the

tapeworm, the sucker surface is instead covered in scopulate spinitriches, a hair-like structure only a



few micrometres long, which presumably enables a seal through van der Waal’s forces [27]. Then
there are attachment systems with the intent of staying attached permanently, like for barnacles and
ivies. Barnacles often attach themselves to cliffs and rockfaces by the ocean and needs to be stable in
a turbulent environment. They achieve this by depositing a cement-like substance rich in proteins
which is also only a few micrometres thick [28]. For the plant group of ivies, which are commonly
found climbing up walls and rocks, they secrete nanoparticles compounds which contain oxygen,
nitrogen, and sulphur which aids in hydrogen bonding [29]. Another, more invasive form of
attachment is tissue penetration either through fangs like in spiders, or stingers for bees, or porcupine
quills. Although trivial, all penetration devices are usually high aspect ratio structures, meaning long
and thin, and either have a curved geometry like a scorpion stinger [30], or a straight geometry, like a
bee stinger [31].The use for these modes may be for feeding like for the spider, for fending off other

animals like the scorpion, or for permanent attachment like in the tapeworm [32]. A summary of the

mentioned modes of attachment and their underlying physical principles can be seen in Table 1.

Table 1. A summary of different attachment systems in nature

Species / Bioinspiration

Physical principle

Function

Properties

Gecko feet [33]

Hexapod feet[34]

Octopus sucker [35]-[37]

Tapeworm suckers [38]

Barnacle glue [39]-[41]

Ivy rootlets [42]

Sundew [43]

Frog toe pads[44]

Van der Waal’s forces

Van der Waal’s forces,
friction

Suction

Suction

Chemical bond to substrate

Chemical bond to substrate

Chemical bond to substrate

Capillary effect between pads

and substrates

Attachment and locomotion

on dry surfaces

Attachment and locomotion

Attachment to seafloor;
grabbing prey; locomotion
Temporary attachment;
locomotion

Long-term attachment on
wet surfaces

Long-term attachment
Capture of prey
Attachment to wet

substrates

Reversible; non-invasive;
must be in a dry
environment

Reversible; quick
detachment

Reversible; non-invasive

Reversible; non-invasive

Long-term; wet
environment

Long-term; non-reversible
Strong

Non-invasive



Scorpion stinger [30],

[32]

Wild boar tusks [32]

Tape worm hooks [32]

Spider fangs [45]

Wasp and bee

stingers[31]

Porcupine [46]

Penetration

Penetration

Penetration

Penetration

Penetration

Penetration

Defence; hunting prey

Defence;

Attachment in intestine

Hunting prey

Defence; hunting prey

Defence

Quick actuation; invasive;
curved geometry
Mechanically stable;
invasive; curved geometry
Long-term attachment;
invasive; curved geometry
Damage resilience;
invasive; curved geometry
Invasive; curved geometry
(wasps), straight geometry
(bees)

Invasive; straight geometry

When considering the different modes of attachment, their physical principles and their purpose on

species sticks out: the tapeworm. There are many different species considered tapeworms, and they

come in many forms that either only have suckers as their mode of attachment or a combination of

suckers and hooks. Cyclophyllidea is an order of tapeworms which all share the characteristics of

having four suckers located on their scolex (head), and their body are composed of proglottid

segments that give them a “ribbon”-like look (see Fig. 3). The Taeniidae family of tapeworms include

some common varieties that occur in cattle and farm animals, such as the Taenia Solium (pork

tapeworm), Taenia saginata (beef tapeworm). With the suckers the tapeworm can temporarily attach

itself to host tissue, presumably to probe a potential landing location. For certain species there are also

hooks located on the rostellum, which can either be invaginated or evaginated. The mechanism with

which the tapeworm attaches is a result of specifically designed hooks coordinated by a fine-tuned

muscular system. The rostellum can be described as a muscular pouch which comprises circular

muscle fibres which are located a small distance above the suckers. This forms a sphincter which is

believed to be contracted when the hooks are invaginated keeping them inert. This sphincter is located

above the hooks when they are invaginated and below the hooks inside the scolex when they are

evaginated. The rostellum is also separate from the rest of the scolex tissue by the rostellar capsule



[47]. Analysing the attachment steps of the tapeworm one can conclude that once roaming the host in
the gastro-intestinal (GI) tract, one can see that initially the tapeworm may probe probable locations
for attachment by using its suckers. Once such a location is deemed suitable for the tapeworm it
evaginates its hooks and penetrates the mucosal wall. It has been observed that the latter mode of
attachment is irreversible, meaning that this attachment serves as an anchoring mechanism [48] - the
tapeworm would spend the rest of its life cycle firmly attached to the GI tract of its host. Seeing that
these species are present in the small intestine, their inherent design is suited for attachment to soft
tissue. 7. Solium has gone through an evolutionary process in which the suckers and hooks are
designed to attach to one or more villi simultaneously [49], which are lamellar structures in the
duodenum that creates cavities in between them. There are many varied species in the Cyclophyllidae
order, and by searching the literature for morphological characteristics such as hook length and sucker
diameter, there is a great variation (see Table 2). By comparing the hook length to the sucker
diameter, one gets a ratio of 10:1 for the family of Raillietina which are commonly found in birds, a
ratio of 1:1 for Taenia Pisiformis which are regularly found in house cats, and a ratio of 3:1 for
Taenia Solium which are found in pigs. By extracting these pieces of information for attachment

mentioned above the order of Cyclophyllidea serves a blueprint for a new medical device.

T. omissa

T. rileyi

T. taeniaeformis

T. laticollis

T. macrocystis

T. pisiformis

Fig. 3 Attachment structures of tapeworms of the order Cyclophyllidea. a-d Scolex (head) of some common
tapeworms. a Paradilepis cf. minima, scale bar 200 ym, b T. Solium, no scale bar, ¢ Hymenolepis microstoma,
scale bar 50 ym, d T. Solium scale bar 500 um. e Hook morphology of a selection of the family Taenia, scale bar
200 um. (Images from a [27], b [50], ¢ [51], d [52], e [53]).



Table 2 Morphological features of some common tapeworms of the order Cyclophyllidea.

Species Hook length Blade Sucker Source
Large ‘ Small ‘ Large ‘ Small ’ ‘
T. solium 159 - 166 118 - 127 411 [54]
140 - 180 110 - 140 [55]
105-130 168 — 174 [56]
T. solium (Thailand strain) 17 11 144 [57]
Cysticercus cellolusae 179 — 186 127 - 129 526 [55]
T. saginata 24 10 203 - [58]
258
T. taeniaeformis 380 —400 250 — 260 180 — 190 140 - 150 [53]
360 - 440 250 - 270 [60]
T. laticollis 380 —400 210 170 140 [53]
T. macrocystis 320 -340 190 160 120 -130 [53]
T. pisiformis 240 - 290 130170 90 - 130 60 —100 [61]
250 -270 140 - 150 90 - 100 80—-90 [53]
235 140 300 [61]
T. serialis 145.3 86.4 268 [62]
T. omissa 240 -280 180210 110 90— 100 [53]
T. rileyi 220 —-240 160 —-170 11-110 70 [53]
Sobolevitaenia moldavica 45 —-47 40 —42 126 - [63]
145
S. japonensis 48 -50 43 -45 118 - [62]
120
Paradilepis cf. minima 157 - 186 111-128 105 - 124 74— 86 86.4 — [27]
97.9
Cotugnia polyacantha 9-11 90-100 [63]
Raillietina echninobothrida 8-14 50-100 [63]
R. tetragona 4-8 80 [63]
R. tunetensis 7 35 [63]

R. Skrjabinia cesticiullus 7-12 [63]



1.4 Design transferral

The tapeworm attachment can be separated into two modes of attachment: temporary, through
suction, and permanent, through the penetration of hooks. The cylindrical shape of the tapeworm is
due to its natural habitat in the crypts of Lieberkiihn between the villi in the small intestine of humans
and mammals. The tapeworm secures itself into the mucosal wall of the microvilli using their suckers,
and then anchors themselves using their hooks (Fig. 4). The rostellar pad, with which it ejects its
hooks, could be likened to a curved dome that turns inside out. The actualizing mechanism is
governed by a finely tuned system of oblique and radial muscle fibres [27]. One approach to convert
these mechanisms, may be to use suction to also initiate hook release into tissue. The switching
between temporary and permanent attachment, could then be achieved through a mechanically bi-
stable system. In such a system, there are two energy minima at which the structure will not deform
unless further acted upon — much like a ball in a valley. The ball remains at rest until acted further
upon, and reaching a critical energy barrier will make the ball move to another valley, i.e. another
energy minimum. Designing such a mechanism is non-trivial and is governed by non-linear
phenomena, such as stress relaxation, creep, and load stiffening [64]. To forecast such behaviour is
challenging, and common models used in Finite Element Analysis (FEA) usually produce erroneous
results. Models that have been developed to forecast such behaviours include the Pseudo-Rigid Body
Model (PRBM) [64], [65] and the Beam Constrain Model (BCM)[66]. In this work we chose to
implement the Chained Beam Constraint Model (CBCM)[67] which is discretization development of
the BCM model to forecast structure for bi-stability, which has also been used in our previous work

[68].



Fig. 4 Attachment mechanism of the tapeworm in the small intestine. a The tapeworm situates itself into the
crypts of Lieberkiihn in the small intestine. Its suckers stabilises the body by attaching itself to the epithelial wall.
b — d Rostellum evagination (zoomed in from yellow rectangle in a). b The anchoring mechanism of the rostellum
in its invaginated state. The hooks are not in contact with the intestinal wall. ¢ As the rostellum is being
evaginated the rostellar pad is turning inside out to create a moment to drive the hooks into the intestinal wall. d
Once completed the tapeworm is completely anchored to the wall.

2  Methods

2.1 Modelling

To forecast the bending behavior of the bi-stable column, and to identify the relevant equilibria, the
Chained Beam Constraint Model (CBCM) developed by Chen et al. was applied [21]. The relevant
equations were applied and executed through Python programming as described in our previous work
[20]. The modelling results were compared to Nastran In-CAD non-linear static simulation with a
linear material model (Autodesk, San Rafael, USA) using an applied downward displacement of 8
mm and a step increment of 0.1 mm between each subsequent step. The logarithmic equation
developed by Qi et al. to convert Shore A hardness to Young’s modulus was applied for the used

material [22].
E, =0.0235 S — 0.6403

Where E|, is the estimated Young’s modulus, and S is the Shore A durometer hardness. The estimated
moduli for the materials tested are outlined in the supplementary information. These moduli were

used in CBCM and NASTRAN™ modelling.

2.2 3D-Design



The design of all components were designed using Autodesk Inventor Pro 2019 (Autodesk, San

Rafael, USA). The devised design can be seen in Fig. 8.

2.3 Materials

The 3D-printing materials used are VeroWhite™ (Stratasys, Rehovot, Israel) and printed with the
Stratasys Connex® 3 Objet 260 Polyjet printer (Stratasys, Rehovot, Israel). The materials were mixed
as digital materials with the two last digits indicating the Shore A durometer material stiffness:
FLX9895, FLX9885, FLX9870, FLX9860, FLX9850, FLX9840. After printing the samples were
post-processed with a water jet cleaning station. The porcine tissue used for the pressure tests were

obtained from a local butcher.

2.4 Mechanical testing

To characterize the bi-stable behavior of the printed columns, a Zwick Z1.0 tensile test machine
(Zwick, Ulm, Germany) for mechanical testing was used. For testing the structure a custom-made test
jig was produced. The components of the jig were printed with VeroWhite™ (Stratasys, Rehovot,
Israel) using Stratasys Connex 3 Objet 260 Polyjet printer (Stratasys, Rehovot, Israel). The test jig
was designed in such a way to allow for deformation of the bi-stable column. The Young’s modulus
for VeroWhite is 2.5 GPa which significantly higher than for the materials used for the bi-stable
column (~4 — 40 MPa), thus preventing any significant deformation of the test jig during testing. The
bi-stable column was attached to the bottom part of the test jig using screws located on the rim, and
attached to the top part of the test jig through a central hole (see Fig. 6). By mechanically coupling the

bi-stable column the on- and off-loading of the bi-stable column could be measured.

2.5 Pressure tests

Pressure tests were performed with the CVC 3000 (Vacuubrand, Wertheim, Germany) control unit

and the PC 3004 Vario vacuum pumping unit (Vacuubrand, Wertheim, Germany) which enables



control of the applied vacuum in steps of 100 Pa from ambient pressure (~1000 Pa). The applied

pressure was pre-programmed to reach a certain value and was applied when stabilized.

3 Results

The tapeworm is a species that are commonly found in farm animals such as pigs, cows, and sheep.
They reside in the gastrointestinal tract and attach their head (rostellum) to the mucosal tissue of the
small intestine. It does so by using suckers located on the side of their heads. Some species, such as
Taenia Solium (Fig. 3b) that belongs to the family Cyclophyllidea, are also equipped with hooks
attached to a structure known as the rostellum, which is a movable part of the tapeworm which can in-
or evaginate the hooks [50]. In other words, the tapeworm has two modes of attachment: suction and
penetration of hooks. The mode with which the tapeworm evaginates its hooks, is through a muscular
structure known as the rostellum which is actuated with the aid from oblique and radial muscle fibres
[27]. In this paper it was interesting to see whether we could create a proof-of-concept device that is
able to switch between these two modes. As suction is one of the attachment modes, our hypothesis
was to use only pressure (vacuum) to activate both modes of attachment, and to do this sequentially
depending on the strength of the vacuum (Fig. 5). The question arose how to switch between the two

modes only using pressure — and one approach were to make use of bi-stable mechanics.



Suction: OFF Suction: ON Suction: ON
Hooks: OFF b Hooks: OFF Hooks: ON

Cc
Fig. 5 Attachment principle for BAFD. a in the inactivated state neither suction nor hook penetration is
activated. b Upon suction activation below a certain critical pressure, only suction is activated and the hooks are

yet to be evaginated. ¢ After the critical pressure has been reached, the rostellar pad is inverted and the hooks
are evaginated.

Bi-stable mechanics are defined by their two stable points during deformation upon which all static
forces are balanced. In our previous work we investigated a design for a beam profile that may exhibit
bi-stable behaviour and found that a beam with a 45° slope angle would show such behaviour when
deformed in-plane to the beam [68]. For this paper we wanted to investigate further how the material
stiffness, Young’s modulus, and the thickness of the beam would impact the behaviour and if there
would be any non-linear effects to take into consideration. The design we came up with was cone-like
shape (Fig. 6a-b) which consists of the soft material, a digital mixture of VeroWhite+™ and
TangoBlackPlus™, and a hard material, VeroWhite+™. The beam profile follows the design which
was previously modelled with the CBCM. The Young’s moduli used for each material is listed in
Supplementary Table S1. We decided to test three thicknesses (0.5, 1.0, and 1.5 mm) and the six
different material mixes for the digital material (FLX9840, FLX9850, FLX9860, FLX9870,
FLX9885, FLX9895). This gave us a total of 18 different combinations to tune the bi-stability
behaviour. In addition to material and geometric effects, we decided to investigate the non-linear
effects by evaluating the bi-stable switches at four different strain rates 0.01 s, 0.1 s, 1s™, and 10 s™'.

The strain rate, € ,was defined as the crosshead speed, v, divided by the thickness of the bi-stable



switches, t: € = % A test jig was designed for accurate testing of the bi-stable columns to ensure that

the applied axial force was cantered (Fig. 6c¢)
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Fig. 6 Bi-stable column and test jig design. a Bi-stable column with stiff (gray) and soft (red) material parts. b
Cross-section of the bi-stable column and a table of the design parameters. ¢ Bi-stable attached to the test
contraption (blue) attached to the upper and lower cross-heads of the mechanical tester (gray).

Each bi-stable column was printed successfully without any structural damages and was post-
processed without any visible scarcities. After post-processing the bi-stable columns were inserted
into the mechanical tester together with the bespoke test jig and evaluated (Fig. 7a). The mechanical
testing results were compared to the estimated modelled behaviour by the CBCM model and the
NASTRAN simulation. An example for the FLX9840 material can be seen in Fig. 7b. What can be
seen is that the non-linear static NASTRAN simulation fails to correctly simulate the second bi-stable
point, and failed after an applied displacement of 7.33 mm. The CBCM model accurately predicts the
general shape of the bi-stable test curve, however the resulting Fii, and Frnax values are overestimated.
In Fig. 7c-d Finax and Fuis are plotted respectively for each material against the applied strain rate &.

All mechanical testing results can be seen in Supporting Figures S1-S3. Considering thickness, it was



found that for the material configurations with a thickness of 1.5 mm showed inconsistencies during
testing, especially for lower strain rates (0.01 s') and higher strain rates (10 s™") (Fig. S4b,d). In
contrast the material configurations with a thickness of 0.5 mm all tested well, but the measured
magnitudes for the forces Fmax and Fimin were deemed low for strain rates at 1 s™ (< 1 N) and not
suitable for applying vacuums (Fig. S4a,c). In addition, a thickness of 0.5 mm was rendered the

samples fragile and prone to tears. Thus for subsequent pressure tests the material configurations with

a thickness of 1.0 mm were used.
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Fig. 7 Mechanical testing of bi-stable columns. a Photo showing the bi-stable column being deformed in the
mechanical tester. b A comparison between the CBCM (red) the non-linear NASTRAN analysis (dashed red) and
obtained data for FLX9840 (black; thickness = 1 mm). ¢ The snap-through force (Fmax) for the bi-stable columns
with varying material stiffness (thickness = 1.0 mm). d The snap-back force (Fmin) for the bi-stable columns with
varying material stiffness (thickness = 1.0 mm).



In order to test the proof of principle a scaled-up model was created For designing the BAFD the
limiting factor was to manufacture the hooks which is the smallest component, and seeing that the 3D-
printer was able to create components down to 0.5 mm this became the critical parameter for the hook
tip. Following the natural shape of the tapeworm hooks resulted in a hook size length of 2.5 mm. The
hook size to sucker diameter was 3:1 for 7. Solium which is commonly found in pigs, which have a
similar physiology to humans - thus a hole diameter of 7.5 mm was chosen. These critical design
parameters chosen for the prototype manufactured resulted in a scale-up model with a scale of 1:20
compared to the parameters from 7. Solium. In addition it was decided to create a hook construct
consisting of 6 hooks arranged centro-symmetrically in one row Fig. 8ai,aiv, as more hooks would
have resulted in hooks crashing into each other during actuation. The bi-stable column was modified
for this design change and the inner diameter was increased to 17.5 mm Fig. 8aiii. The printed BAFD
prototype can be seen in Fig. 8b. The suction inlet is located on the bottom, as shown in the cross-
sectional view in Fig. 8aiii. To ensure that the printed prototype was hermetically sealed, an O-ring
was designed into the bottom plate (Fig. 8biii-biv). In order to validate the mechanical tests
conducted previously the pressure tests were conducted with the different material configurations
inserted into a BAFD prototype with covered suction holes, in order to remove the effect of an
insufficient seal on the top. As expected, the applied vacuum AP increased with material stiffness
(Fig. 8c) for all materials except FLX9895, with which the top layer ruptured before collapsing the
column. For the demonstrative tests it was noticed that at an applied pressure of 15 — 20 kPa a good
seal was detected. For the materials FLX9840 and FLX9850 due to a pressure <15 kPa to collapse the
column were deemed unfit to be implemented in the prototype. To prevent that Fri, should increase
while applying the pressure which may be equivalent to deforming the structure at a strain rate € =
10s!, as seen for FLX9840 and FLX9860 (Fig. 7d), FLX9870 was ultimately chosen to be the bi-
stable switch to be incorporated into the BAFD prototype. Attachment tests were performed with
porcine tissue using the BAFD prototype with the FLX9870 bi-stable column [See Supplementary
video S1]. At an applied vacuum of AP = 20 kPa suction was applied without collapsing the column.
The difference between the collapsing column tests and the porcine tissue test may be due to

insufficient seal and that the vacuum pump needs to reach a consistent value of 20 kPa, which may



have led to the bi-stable column requiring a greater applied vacuum for collapse. Increasing the
applied vacuum of AP = 50 kPa touching the BAFD prototype with the top of the porcine tissue
initiated suction and subsequently the ejection of the hooks (Fig. 8di). To ensure that the hooks were
in fact penetrating the tissue, the sample was slowly peeled of (Fig. 8dii-diii) to expose the hooks, and

after complete removal showed an imprint into the porcine tissue (Fig. 8div).

4 Discussion

Bioinspiration is a powerful tool to design new interventions that may be used in interventional
medicine. This work demonstrates how a concept taken from nature can be decoded and implemented
into a design for use in cardiovascular medicine, with a new step-controllable attachment principle. In
brief our strategy shows the combination of suction and penetration of hooks, and the switch between
the two aided by a bi-stable mechanism, is a technical feasibility to be implemented in the design and
realization of minimally invasive cardiovascular devices. This concept is important in cardiovascular
medicine, as during operation re-positioning of the device may be necessary and a two-step approach
would enable this level of control. The approach presented in this work could be implemented for the

fixation of transcatheter valves, pacemaker leads, or left atrial appendage occluders (LAAOs).

From mechanical testing of the bi-stable columns the on-loading and off-loading curve are different
due to the viscoelastic nature of the FLX digital material mixes and thusly shows hysteresis. As a
further remark, the digital material mixes are highly non-linear which can be shown on their
dependency on applied strain rate, which other groups have confirmed [69]. Looking at Fig. 7¢,d what
can be deduced is that the faster the switches need to actuate, the more force is required. Fmax and Fiin
are thus not only dependent on their design, and applied material, but the speed with which it needs to
deform — this is an important factor when considering at what time scale the column should deform.
The speed with which a device needs to deform will have consequences for what type of material and

geometrical design should be applied. For the production of the BAFD, the hooks are created from a



printed material using the Stratasys Objet 260 in digital material mode. With a resolution of 30
micrometres and an accuracy of 200 micrometres [70] which limits the smallest dimension in the
device, the width of the hook tip was set to be 0.5 mm to have at least 15 layers of material. Creating a
device with hooks made from a stiffer material and sharper points, i.e., smaller tip widths, would ease
the penetration of hooks into the tissue. For the BAFD prototype another consideration to be made is
to create a design in which the holes are self-sealing if not touching or congruent with a tissue. This
would prevent loss of pressure for the suckers in contact with tissue. Previous attempt to implement a
tape-worm inspired design was tried by Yang et al. [5] and Spina et al. [6], but only tested the design
of the rostellar hooks on porcine tissue. In our work we show that suction and penetration of hooks
can work in succession and the switching between the two can be done through one stimulus. A
limitation of the design, is the issue of miniaturization and biocompatibility. The scaled-up model
which has a scale of 20:1 and multi-material components requires a very complex manufacturing
process, and to simplify the design further may aid in preparing for large scale production. The
materials used are acrylate-based and are not biocompatible, here the TangoBlack™ component could
be replaced by a thermoplastic polyurethane (TPU) with polylactic acid (PLA) to make the material
stronger [71] — and as for VeroWhitePlus™ could be replaced by medical grade poly(methyl
methacrylate) or polycarbonate. Furthermore in the case of LAA occluders, there may be a benefit of
lower thrombi formation due to the low surface are compared for example the Amplatzer PFO closure
device [72]. Being a minimally invasive device, the patients would also be subject to more rapid

convalescence, fewer hospital day stays, and a quicker return to normal activities [9].
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Fig. 8 Results from prototype manufacturing and testing. a The designed BAFD prototype showing (i) the
whole device, (ii) the modified bi-stable column, (iii) cross-section of the BAFD prototype (scale bar = 1 cm), and
(iv) the hook construct showing six rostellar hooks. b The printed BAFD prototype showing (i-ii) whole device, and
(iii-iv) prototype with the top disc removed showing the modified bi-stable column. Scale bar = 2 cm. ¢ Bi-stable
column collapse test for material configurations FLX9840 — FLX9885* (Results displayed are average + std.
deviation, n= 3). d BAFD attachment test on porcine tissue (i) Atan applied pressure of 50 kPa the device

attached and (iv) leave an imprint on the tlssue (* = The bi-stable column W|th FLX9895 was too stiff and the top
layer of the BAFD ripped in all three tests).

5 Conclusion

The research in this paper illustrated how bioinspiration and digital tools can serve to produce
innovative and effective new concepts for medical devices, that may not be possible or prove
cumbersome to manufacture with traditional subtractive manufacturing methods. Here we show that
one can create a device with two modes of attachment: suction, and hook penetration, and that the
switch between the two is controlled by the deformation of a mechanically bi-stable switch which can
in addition be tuned to switch at a particular applied vacuum. Here a prototype was manufactured

which only attached via suction at an applied vacuum of AP = 20 kPa, and when increasing the



vacuum further to AP = 50 kPa subsequently evaginated the hooks to penetrate into porcine tissue.
The hooks were found to have penetrated the tissue, validating our hypothesis that a bi-modular bi-
stable alternative fixation device can be modelled, designed, and manufactured using digital methods
such as modelling and additive manufacturing. For further development, the device needs to be
minimized and medical grade polymers need to be incorporated. Projects like these will further

improve treatment options and outcome of patients in the near future.
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Supporting Figure 1. (a-c) Mechanical testing results with varying strain rate for FLX9840 bi-stable
columns with thickness (a) 0.5 mm, (b) 1.0 mm, and (c) 1.5 mm. (d-f) Mechanical testing results with
varying strain rate for FLX9850 bi-stable columns with thickness (d) 0.5 mm, (e) 1.0 mm, and (f) 1.5
mm.
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Supporting Figure 2. (a-c) Mechanical testing results with varying strain rate for FLX9860 bi-stable
columns with thickness (a) 0.5 mm, (b) 1.0 mm, and (c) 1.5 mm. (d-f) Mechanical testing results with
varying strain rate for FLX9870 bi-stable columns with thickness (d) 0.5 mm, (e) 1.0 mm, and (f) 1.5

mm.



FLX9885_t0.5 FLX9895_t0.5

—— BJ_FLX9885_10.5_50.01_01 —— B)_FLX9895_10.5_s0.01_01
L2 g FiLx9885 10.5 50.1 01 S5t — B)_FLX9895_t0.5_50.1 01
—— BJ_FLX9885_10.5_510_01 —— B)_FLX9895_t0.5_51.0_01
—— BJ_FLX9885_t0.5_s1 01 —— B)_FLX9835_t0.5_s10_01
10
a
08
3
= 06 .
2 =
o v
g g2
& &
0.4
1
02
00
02 -1
[} F] 4 6 8 [} F] ] 6 8
a Displacement {mm) d Displacement (mm)
FLX9885_t1.0 FLX9895_t1.0
5
— BJ_FLX9885_11.0_50.1 01 — B|_FLX9895_t1.0_50.01 02
—— B|_FLX9885_t1.0_510_01 12.5 —— B|_FLX9895_t1.0_50.1 02
—— B)_FLX9885_t1.0_s1 01 . —— BJ_FLX9895_t1,0_s10_02
—— BJ_FLX8835 t1.0_s1 02
a
10.0
3l
7.5
- 2r -
z Zz so
@ o
g 5
w w
1
A )
u \/ )
1 M 25
° H T 3 B ) z 0 3 8
b Displacement (mm) e Displacement (mm)
FLx9885 t1.5 FLX9895_t1.5
—— BJ_FLX9895_11.5 50.1 02
—— B]_FLX9885_t1.5_50.1 01
—— BJ_FLX98B5_t1.5 51 01 —— B) FLx9895 t1.5 s1 02
12.5
8
10.0
6F
75
ab
Z =
@ g so
g &
s o2
25
0 V
0.0
-2
-2.5
-4
° z [} 3 8 f 0 B bi " . © 8
c Displacement (mm) isplacement (mm}

Supporting Figure 3. (a-c) Mechanical testing results with varying strain rate for FLX9885 bi-stable
columns with thickness (a) 0.5 mm, (b) 1.0 mm, and (c) 1.5 mm. (d-f) Mechanical testing results with
varying strain rate for FLX9895 bi-stable columns with thickness (d) 0.5 mm, (e) 1.0 mm, and (f) 1.5
mm.
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Supporting Figure S4. Frn.x measurements with varying strain rate for thickness (a) 0.5 mm and (b) 1.5
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Supplementary Table S1. Shore A durometer conversion to Young’s modulus using the equation

Ey = 0.0235 xS — 0.6403 from Qi et al. [1]

Material | Youngs modulus, E (Mpa)
FLX9895 39.10
FLX9885 22.76
FLX9870 10.11
FLX9860 5.88
FLX9850 3.43
FLX9840 1.99




Supplementary Movie S1: Movie showing the BAFD with the FLX9870 bi-stable column with a
thickness of 1 mm being attached to tissue by suction only at an applied vacuum of 20 kPa, and

attached through suction and hooks at an applied vacuum of 50 kPa.

1. Boyce, M.C,, K. Joyce, and H.J. Qi, Durometer Hardness and the Stress-Strain Behavior of
Elastomeric Materials. Rubber Chemistry and Technology, 2003. 76(2): p. 419-435.
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Appendix IV Programmatic implementation

For many of scientific challenges, there is in this day and age a big necessity and focus on
computation. Concepts such as machine learning [104], big data [105], and artificial intelligence
[106] has seen tremendous leaps in the last two decades which has put a lot emphasis and need
on the ability to understand programming. As of 2018, Python was the most popular programming
language to program in [107]. It is generally accepted in the scientific community as an "all-round”
programming language which is capable of both functional and object-oriented programming. With

the advancement of [Graphical Processing Unif (GPU)s and computing power, for both technical

and scientific applications Python is the preferred language [108]. When it comes especially for
large computing tasks, compiled languages such as C, C++ and FORTRAN have much faster
processing times [109]. However, many of the most widely used libraries of Python such as
NumPy which uses C-like arrays for numerical calculations and matrix operations for numerical
computation and matrix operations [110]. Another SciPy is used for scientific computation and
is based on NumPy functions. These packages are in turn dependent on internal libraries that
are written in C, but when some functionality is not found in these internal libraries the Python
interpreter is used and thus more processing time is needed [110]. Another limitation of Python

is the inability to natively use |Graphical Processing Unit (GPU)s, but there are packages that

can interpret the code to be used on[GPUs and implement parallelization, such as Numba [111].

It allows Python to convert marked functions to so-called [Compute Unified Device Architecture|
(CUDA) cores for the Nvidia [GPU], which are normally designed for C, C++, and FORTRAN. This
thesis uses Python and the application of CUDA cores in order to solve the mathematical equations

and matrix operations needed for all three projects.
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