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Abstract

As technical systems become more complex, traditional actuator designs may fall short

in addressing the �exibility and recon�gurability needed for diverse applications. Besides

multifunctionality, the miniaturization of components is an ongoing trend. The new re-

search area of “re-programmable matter” addresses both challenges. It refers to materials

or small-scale systems, i.e. continuous on the human length scale, that can alter their

physical properties or geometry in response to external stimuli. Their adaptability is

particularly valuable for applications in robotics, aerospace and biomedical devices. The

inspiration for many emerging designs is based on art of Origami, which demonstrates

how complex 3D structures can be created from simple two-dimensional (2D) sheets, ex-

clusively through folding. Origami-based structures allow for compact storage of foldable

3D shapes. Planar fabrication techniques can be used to reduce manufacturing complex-

ity and cost. The �nal 3D shapes are folded on demand according to their function.

Folding mechanisms can be achieved through the use of smart materials that respond to

non-mechanical stimuli, such as thermal or electrical �elds. These materials o�er signi�-

cant advantages in terms of design simplicity and miniaturization. Shape memory alloys

(SMAs), e.g. TiNi, can generate high bending moments, are robust and biocompatible.

They have the ability to "remember" their original shape and return to it after deforma-

tion, when heated. This property, known as the shape memory e�ect, is the result of

a thermally induced phase transformation between the martensitic (cold) and austenitic

(heated) phases of the alloy.

This thesis explores the integration of SMA foils as a key component for a miniaturized

folding actuator. The focus here is on the development and characterization of a basic

unit that can be expanded into a more complex origami system. It consists of a pair of

rigid tiles that are interconnected by a TiNi double bridge for uni-directional folding, or

two antagonistic TiNi double bridges for bi-directional folding. Precise folding and un-

folding to discrete angles is enabled through localized Joule heating, ensuring reversible

and programmable folding motions. The work covers three parts: First, the maximum

bending angle and bending moment of the basic unit are characterized for macroscopic

and micro scale folding actuators, respectively. Second, the enhancement of the folding
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Abstract

angle is investigated by extending the double bridge layout via cascading. Finally, a re-

versible latching mechanism based on magnetic interaction is explored.

The macroscopic unidirectional folding actuator features a 20 µm thick laser-structured

TiNi double bridge, heat-treated in a vacuum furnace to achieve a +180° angle. After man-

ually unfolding it to 0°, it can reset to +150°. The bending moment produced by the phase

transformation upon heating is measured at 0.11 Nmm. When paired with an antagonist

(heat-treated for -180°), the equilibrium between the bending moment of the protagonist

(in austenite state) and the opposing bending moment of the antagonist (in martensite

state) de�nes the maximum bi-directional folding angle. Using a rotational test setup, a

bending moment of 0.03 Nmm is required for unfolding to 0°. The balance of bending

moments theoretically allows for a bi-directional folding angle of ±100°. However, due to

thermo-mechanical coupling between the two folding actuators, the experimental range

achieved is limited between -40° and +42°.

With the aim of miniaturization, a microstructuring process using photolithography and

wet chemical etching is being developed. The heat treatment required to set a folding

angle of +180° is achieved through Joule heating. Actuators, reduced by a factor of 10 by

controlled etching of 20 µm cold-rolled TiNi foil, reach a unidirectional folding angle of

+145°. They exhibit a maximum bending moment of 0.13 × 10
-3

Nmm. Using 5 µm thin

sputtered TiNiCu �lms, actuators with bridge dimensions of 400 µm × 90 µm × 5 µm can

achieve unidirectional folding angles of up to +150° and bidirectional angles of ±50°.

By developing a cascaded design, which involves the series connection and interlacing of

two bending elements, the folding range is extended to +180° (unidirectional) and ±105°

(bidirectional).

The reversible magnetic latching mechanism consists of a NiMnGaCu soft magnet and

NdFeB permanent magnet. The 5 µm NiMnGaCu thin �lm is applied to the freely mov-

able tile and changes from ferromagnetic to paramagnetic state by local heating above

the Curie temperature. Its magnetic interaction with the cylindrical NdFeB magnet (di-

ameter of 1 mm) can be controlled for (un)latching of folding actuators. The cascaded

folding actuator can achieve an extended bi-directional folding angle of +125° due to the

additional bending moment generated by the magnetic attraction force of up to 2.5 mN.

The folding actuator remains latched even after cooling. Two mechanisms for releasing

the magnetic latching system are being investigated: Actuation of the antagonist requires

a heating power of approximately 55 mW, while the reduction of magnetic force by resis-

tance heating of the NdFeB magnet becomes e�ective at a heating power of 210 mW.
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Kurzfassung

Da technische Systeme immer komplexer werden, können herkömmliche Aktorkonzepte

die für verschiedene Anwendungen erforderliche Flexibilität und Rekon�gurierbarkeit

nicht mehr gewährleisten. Neben der Multifunktionalität ist auch die Miniaturisierung

von Komponenten ein anhaltender Trend. Das neue Forschungsgebiet der „(re-)program-

mierbaren Materie“ befasst sich mit diesen beiden Herausforderungen. Hierbei handelt

es sich um Materialien oder Systeme in kleinem Maßstab, d.h. kontinuierlich auf der

menschlichen Längenskala, die ihre physikalischen Eigenschaften oder ihre Geometrie

als Reaktion auf äußere Reize verändern können. Ihre Anpassungsfähigkeit ist besonders

wertvoll für Anwendungen in der Robotik, der Luft- und Raumfahrt und für biomedizinis-

che Geräte. Die Inspiration für viele neue Designs basiert auf dem Konzept von Origami,

das zeigt, wie komplexe 3D-Strukturen aus einfachen zweidimensionalen (2D) Blättern

ausschließlich durch Falten entstehen können. Origami-basierte Strukturen ermöglichen

eine kompakte Lagerung von faltbaren 3D-Formen. Planare Fertigungstechniken kön-

nen eingesetzt werden, um die Komplexität und Herstellungskosten zu reduzieren. Die

endgültigen 3D-Formen werden dann bei Bedarf entsprechend ihrer Funktion gefaltet.

Faltmechanismen können durch den Einsatz sogenannter intelligenter Materialien er-

reicht werden, die auf nicht-mechanische Reize, wie thermische und elektrische Felder,

reagieren. Diese Materialien bieten erhebliche Vorteile in Bezug auf einfache Designs und

Miniaturisierung. Formgedächtnislegierungen (FGL), wie z. B. TiNi, können hohe Biege-

momente erzeugen, sind robust und biokompatibel. FGLs haben die Fähigkeit, sich an ihre

ursprüngliche Form zu „erinnern“ und diese nach einer Verformung wieder anzunehmen,

wenn sie erhitzt werden. Diese Eigenschaft, der so genannte Formgedächtnise�ekt, ist das

Ergebnis einer thermisch induzierten Phasenumwandlung zwischen der martensitischen

(kalten) und austenitischen (erwärmten) Phase der Legierung.

In dieser Arbeit wird die Integration von FGL-Folien als Schlüsselkomponente für einen

miniaturisierten Faltaktor untersucht. Der Schwerpunkt liegt dabei auf der Entwicklung

und Charakterisierung einer Grundeinheit, die zu einem komplexeren Origami-System

erweitert werden kann. Es besteht aus zwei Kacheln, die durch eine TiNi-Doppelbrücke
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für unidirektionales Falten oder zwei antagonistische TiNi-Doppelbrücken für bidirek-

tionales Falten miteinander verbunden sind. Durch lokale Joulesche Erwärmung kann

präzises Falten und Entfalten ermöglicht werden, sodass reversible und programmier-

bare Faltmuster entstehen können. Die Arbeit umfasst drei Teile: Erstens werden der

maximale Biegewinkel und das Biegemoment der Grundeinheit für makroskopische bzw.

mikroskopische Faltaktoren charakterisiert. Zweitens wird die Erweiterung des Faltwinkels

durch Kaskadierung der Doppelbrückenstruktur untersucht. Schließlich wird ein reversibler

Rastmechanismus auf der Grundlage magnetischer Wechselwirkung erforscht.

Der makroskopische unidirektionale Faltaktor besteht aus einer 20 µm dicken, laserstruk-

turierten TiNi-Doppelbrücke, die in einem Vakuumofen wärmebehandelt wird, um einen

Winkel von +180° zu erreichen. Nach dem manuellen Ausklappen auf 0° kann er auf

+150° zurückgestellt werden. Das Biegemoment, das durch die Phasenumwandlung beim

Erhitzen entsteht, wird mit 0,11 Nmm gemessen. Bei der Paarung mit einem Antagonis-

ten (auf -180° wärmebehandelt) bestimmt das Gleichgewicht zwischen dem Biegemoment

des Protagonisten (im Austenit-Zustand) und dem entgegengesetzten Biegemoment des

Antagonisten (im Martensit-Zustand) den maximalen bidirektionalen Biegewinkel. Bei

Verwendung eines rotativen Versuchsaufbaus ist ein Biegemoment von 0,03 Nmm für die

Entfaltung auf 0° erforderlich. Das Gleichgewicht der Biegemomente erlaubt theoretisch

einen bidirektionalen Biegewinkel von ±100°. Aufgrund der thermomechanischen Kop-

plung zwischen den beiden Faltaktoren ist der experimentelle Bereich jedoch auf -40° bis

+42° begrenzt.

Mit dem Ziel der Miniaturisierung wird ein Mikrostrukturierungsverfahren unter Ver-

wendung von Photolithographie und nasschemischem Ätzen entwickelt. Die zur Ein-

stellung eines Faltwinkels von +180° erforderliche Wärmebehandlung wird durch Joule-

Erwärmung erreicht. Aktoren, die durch kontrolliertes Ätzen der 20 µm kaltgewalzten

TiNi-Folie um den Faktor 10 verkleinert werden, erreichen einen unidirektionalen Falt-

winkel von +145°. Das maximale Biegemoment beträgt 0.13 × 10
-3

Nmm. Unter Verwen-

dung von 5 µm dünnen gesputterten TiNiCu-Folien können Aktoren mit Brückenabmes-

sungen von 400 µm × 90 µm × 5 µm unidirektionale Faltwinkel von bis zu +150° und

bidirektionale Winkel von ±50° erreichen.

Die Entwicklung eines kaskadierten Layouts, das aus der Reihenschaltung zweier Biegeele-

mente besteht, erweitert den Faltbereich auf +180° (uni-direktional) und ±105° (bidirek-

tional) bei Heizleistungen im Bereich von 80 mW.

Der reversible magnetische Rastmechanismus besteht aus einem NiMnGaCu-Weichmagneten

und einem NdFeB-Hartmagneten. Der 5 µm NiMnGaCu-Film wird auf eine Kachel platziert

und wechselt beim Erwärmung überhalb der Curie-Temperatur vom ferromagnetischen
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in den paramagnetischen Zustand. Seine magnetische Wechselwirkung mit dem zylin-

drischen NdFeB-Magneten (Durchmesser 1 mm) kann für das Einrasten und Lösen von

Faltaktoren gesteuert werden. Der kaskadierte Faltaktor kann aufgrund des zusätzlichen

Biegemoments, das durch die magnetische Anziehungskraft von bis zu 2,5 mN erzeugt

wird, einen erweiterten bidirektionalen Faltwinkel von +125° erreichen. Der Faltantrieb

bleibt auch nach dem Abkühlen eingerastet. Es werden zwei Mechanismen zum Lösen

untersucht: Die Aktuierung des Antagonisten erfordert eine Heizleistung von ca. 55 mW,

während die Verringerung der Magnetkraft durch Widerstandserwärmung des NdFeB-

Magneten bei einer Heizleistung von 210 mW wirksam wird.
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1. Introduction

1.1. Motivation

In today’s increasingly interconnected world, driven by miniaturization and digital tech-

nology advancements, the demands placed on technical systems are growing rapidly.

In a broad range of applications, from industrial automation and robotics to biomedical

devices, systems become more complex and highly integrated, incorporating a growing

number of sensor and actuator components. In recent years, signi�cant progress has been

made in sensor technology, data acquisition, and analysis, leading to the development of

innovative and automated systems. However, actuator technologies have not advanced

at the same pace as other system components, particularly in the context of miniaturized

systems, which limits the overall performance and capabilities of these integrated solu-

tions.

Microactuators, in particular, face critical challenges in meeting the high demands of com-

pact system applications, such as generating su�cient force, achieving large displace-

ments, and high-frequency operation, with limited space, power, or thermal constraints.

Such advancements are critical for addressing future challenges in emerging �elds such

as robotics, microelectromechanical systems (MEMS), biomedical implants, and wearable

technologies. To meet these demands, there is an urgent need for innovative microactua-

tor designs that can deliver enhanced performance while maintaining small form factors,

enabling precise control and manipulation in diverse and complex environments. These

performance criteria are particularly challenging for applications where actuators are re-

quired to interface with sensors in real-time, driving the need for fast response times and

accurate motion control.

One promising approach to solving these challenges lies in the concept of "programmable

matter", a new paradigm in which materials or small-scale systems can be programmed to

change their physical propertiess or their geometry. This concept envisions the ability to

dynamically alter the behavior of programmable matter, enabling it to perform di�erent

tasks depending on the application. This capability is particularly attractive for scenarios
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where remote or autonomous operation is required, such as in space exploration, where

tools or structures could be created on-site, or in minimally invasive medical procedures,

where precise operations need to be performed in constrained environments. To put it

simply, a structure can be a fork one moment and deformed into a spoon the next.

From the perspective of materials produced through additive manufacturing, programmable

matter can also be categorized as 4D printing, where 3D-printed structures are designed

to transform over time in response to external stimuli [1]. These structures exhibit unique

properties such as self-assembly, multifunctionality, and even self-repair. The realization

of 4D printing has been made possible by the rapid advancements in smart materials –

materials engineered to respond to environmental changes such as temperature, humid-

ity, or light - and 3D printing technologies.

A novel approach for realizing such programmable, complex actuator systems is inspired

by the principles of origami folding. In this concept, an initially planar structure com-

posed of rigid, interconnected tiles can be folded into various three-dimensional shapes,

through controlled bending movements at the joints. The ability to achieve di�erent 3D

con�gurations starting from the same planar structure allows for multifunctionality and

adaptability in a wide range of applications. The role of miniaturization is crucial in this

context: the smaller the individual tiles, the �ner and more complex the resulting 3D

structures can be, providing enhanced functionality and precision.

The concept of programmable matter has already been demonstrated at the macroscopic

scale. Hawkes et al. [2] present a structure of 32 tiles and uni-directional folding actua-

tors realized from structured shape memory alloy foils. The structure can fold into two

distinct origami patterns; however, the reversion to the original planar state must be done

manually.

1.2. Objectives

The objective of the present work is to scale this concept down to the micrometer range.

To achieve this, thin, functional materials must be utilized, and advanced manufactur-

ing and assembly techniques must be developed that are compatible with microsystem

integration. For the adoption of a self-folding mechanism, thin-�lm shape memory al-

loys (SMAs) are microstructured accordingly and the folded con�guration is set as the

new “memory” shape. A folding motion is achieved by local activation through heating.

Given the challenge of manual intervention at the microscale, a bi-directional folding

mechanism is necessary to enable automatic resetting to the initial planar state. One po-

tential solution is the antagonistic pairing of two uni-directional folding actuators, which
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can facilitate reversion to the planar state. For shape memory materials, this would in-

volve selective actuation to control the folding sequence. The outstanding capacity of

the actuator system to reach di�erent programmable folding states is referred to as “re-

programmable matter”. In addition, an approach to maintain the folded con�guration is

required, particularly for applications where stability in the folded state is critical. This

can be achieved through the integration of magnetic actuators, capable of latching the

structure in place. A combination of a hard magnet and a switchable soft magnet is pro-

posed as a potential solution, enabling not only secure latching but also controlled release.

This work was conducted in the framework of the priority program KOMMMA (Cooper-

ative Multistage Multistable Microactuator Systems [3]. The materials necessary for the

development of microactuators are provided by external partners, including collabora-

tors from IFW Dresden and CAU Kiel. Additionally, the simulation of the overall system

is conducted in cooperation with the Institute of Materials Simulation at FAU Erlangen.

The materials provided will be extensively characterized in order to design a folding actu-

ator consisting of SMA double bridges, polyimide tiles and soft magnetic NiMnGa �lms.

The engineering of re-programmable micro matter comprises three steps. First, the feasi-

bility of unidirectional repetitive folding with thin �lm materials is to be demonstrated on

a macro scale. In addition, the upscaling to a bidirectional actuator must be investigated,

which includes the coupling and the resulting interaction e�ects of two individual folding

actuators. A key challenge in this research is the integration of diverse materials through

suitable manufacturing processes while ensuring that the micro-scale folding actuators

meet the performance criteria of large uni- and bi-directional folding angles, high bend-

ing moments and low heating power. Due to the small dimensions of these actuators, it is

imperative to design and implement specialized devices and test setups capable of high-

precision measurements at the microscale. In a second step, the angular folding range can

be improved by modifying the simple double-bridge layout towards a multi-stage folding

concept. The e�ect of downscaling and design optimizations on the folding performance,

in terms of uni- and bi-directional folding angle, bending moment, and required heating

power, is to be investigated. In the third part, the integration of magnetic latching and

controlled unlatching is studied. The magnetic interaction between soft and hard magnet

has to be investigated and di�erent unlatching concepts are to be tested. The main fo-

cus of this work is the development and characterization of a single bi-directional folding

actuator unit, with the potential for future upscaling to a network of multiple coopera-

tive folding actuators. This approach aims to lay the foundation for more complex and

integrated systems capable of dynamic shape adaptation by re-programming.
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1.3. Outline

Chapter 2 begins with a brief introduction to the principles of origami and its wide range

of applications. It then covers the basic aspects of shape memory alloys and ferromagnetic

materials. A review of prior research on self-folding actuators based on shape memory

alloys is provided, followed by an introduction to the concept and operational principles

of the micro-folding actuator designed in this work. Chapter 3 details the fabrication and

characterization methods utilized in this thesis. Due to the variety of materials, the corre-

sponding material characterization results are described in the relevant sections. In Chap-

ter 4, the development and characterization of macroscale double-bridge folding actuators

are described, with a focus on the transition to bi-directional folding and miniaturization.

Chapter 5 explores methods for achieving larger folding angles through cascading, along

with the characterization of these structures. Chapter 6 extends the cascaded folding ac-

tuators by incorporating magnetic latching mechanisms. Finally, Chapter 7 presents a

summary of the key �ndings and o�ers perspectives for future research.
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2. Fundamentals and State of the Art

The following chapter will introduce the characteristics of origami, the basics of fold-

ing, and the properties of shape memory alloys and ferromagnetic Heusler alloys. An

overview of relevant work in this �eld is provided and the operation principle of a novel

micro folding actuator including magnetic latching is presented.

2.1. Origami and Folding Mechanics

Figure 2.1.: Famous origami patterns: (a) crane, (b) frog, (c) boat, (d) lotus �ower,

(e) Hypar structure, (f) Resch triangular tessellation (RTT). (e)-(f): created

using the online tool Origami Simulator [4].

The term origami originates from the Japanese roots ori (folded) and kami (paper), known

as the art of paper folding. Its underlying principle is straightforward: starting from a pla-

nar sheet, it is transformed into various 3D shapes, exclusively by creasing it along lines.

This ancient art has a rich history and has produced a number of popular patterns, some

of which are shown in Figure 2.1. Most people are familiar with origami animals, such

as the crane (a) or the frog (b), but it also includes paper toys like boats (c) and the lotus

�ower (d). Origami tessellations, which are based on grids of geometric shapes, are an-

other category of origami. Examples are the Hypar (hyperbolic paraboloid) structure (e)

5



2. Fundamentals and State of the Art

and the triangular tessellation (f) designed by R.Resch [5] which can generate surfaces

with various curvatures and has potential for practical applications. The Hypar structure

like some other 3D structures exhibit interesting properties: They are bistable and show

snapping behavior at the corners of the outer boundaries.

One of the best-known origami tessellations is Miura Ori shown in Figure 2.2. This pe-

riodic parallelogram pattern (a) was designed by K. Miura in the 1970s [6]. As shown in

the folding sequence (b) it can be folded from a planar con�guration into a more compact

�at shape. The pattern has unique mechanical properties, including tunable (positive or

negative) Poisson ratio and sti�ness. Additionally, the Miura origami shows bistability

for certain side length ratios of the parallelograms. Two neighboring Miura tubes can be

set in a zig-zag arrangement, resulting in a sti� structure with a single degree of freedom,

resisting other bending and twisting modes [7]. The Miura ori is highly versatile and

tunable, making it a popular choice in various engineering applications.

Figure 2.2.: Miura Ora origami structure (a) Crease pattern, (b) 3D folding sequence in

percentage of the �nal con�guration.

Based on Meloni [8], the terminology of origami is explained using a unit cell of the

Miura structure (refer to Figure 2.3 (a)). Each origami pattern can be uniquely de�ned

by its crease pattern. The �at con�guration is termed as reference con�guration and is a

bounded planar surface without overlaps. A crease is a line along which a fold takes place,

a vertex is a point where several creases meet, and a face is a region bounded by creases

and the sheet boundary [9]. Crease patterns indicate where and what type of folds occur.

A fold is a crease with a certain fold angle α and it is de�ned by the relative angle between

the two neighboring faces. It can either be of mountain type if convex (−π < α < 0°) or

of valley type when concave (0°< α < π ). An origami is considered to be �at-foldable,

e.g. the Miura ori, when the fold angles of mountain and valley folds can reach −π and

+π .

In the 1970s it was mathematically proven that theoretically an endless number of shapes

can be achieved by traditional origami [9]. This discovery has raised the attention of

mathematicians and scientists, leading to a study of the origami theory and the establish-
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2.1. Origami and Folding Mechanics

Figure 2.3.: (a) Crease pattern of Miura ori unit cell, (b) folded con�guration of Miura

ori unit cell.

ment of fundamental laws. Scholars such as Lang [10], Demaine [11], and Fuchi [12] have

proposed various origami design methods and kinematic models. A transformation from

a reference to a �nal con�guration of a sheet must ful�ll three properties [13]:

1. The faces undergo exclusively rigid deformations (no stretching nor bending)

2. The overall sheet is not torn (all joint faces remain joined)

3. The sheet does not self-intersect.

These limitations are important in the consecutive design of new patterns and enable the

simulation models of complex folding patterns. The Rigid Origami Simulator [14] and

Freeform Origami [15], developed by Tachi T., are among the most famous simulation and

visualization models imposing constraints on the fold angles to derive valid con�gura-

tions. Similarly, the online tool Origami Simulator [4] is based on structural truss repre-

sentations [16], as proposed by Schenk and Guest [17]. It has been used to generate the

3D images in Figures 2.1 - 2.3. Zhu et al. [18] o�er a comprehensive overview of existing

simulation techniques and models.

The understanding and modeling tools open up new possibilities for manufacturing, as-

sembly, and design of morphing structures based on origami layouts. In recent years sci-

entists and engineers came up with interesting applications and tools. Origami-inspired

structures are particularly useful for applications that require compact storage and on-

demand folding (e.g. wings [19]) as they occupy a minimum of space when not in use.

For instance, airbags are inserted into small cylindrical housings and can be stored more

e�ciently by folding them in an origami pattern [20]. In the event of a collision, the

structure can be in�ated into an air cushion. With more elaborate folding patterns, the

deployment mechanisms can be more e�cient than conventional airbag folding schemes,
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reaching the in�ated state within milliseconds. Also, the aerospace and medical �elds (e.g.

for minimally invasive surgery) rely on minimizing weight and volume. Origami-inspired

structures can be particularly useful in these scenarios as they can be compactly stored

and deployed at the actual site of operation, whether it be in orbit or inside the human

body. Despite being lightweight, these structures can be strong and �exible depending

on their con�guration. Another advantage is the reduction in manufacturing complexity.

Ultimately, three-dimensional structures can be fabricated in 2D with fewer components

and reduced material usage. The additional use of self-folding structures helps to mini-

mize the number of required assembly steps. This advantage is particularly interesting

for smaller structure sizes when mounting by conventional techniques becomes more dif-

�cult. Microfabrication technologies allow to produce large foldable origami structures

while conserving resources. For this reason, origami-inspired patterns have become par-

ticularly popular in micro and nanometer technology. A very important feature of origami

structures is their recon�gurability [21] (e.g. used for antennas [22] or acoustic waveg-

uides [23]). After being designed, a crease pattern can be transformed into multiple 3D

con�gurations and thereby adapt their shape to speci�c constraints. Such structures can

be assigned to the �eld of 4D fabrication. Adaptable structures are particularly important

in robotics, where components should accommodate to the shape and surface [24]. The

geometrical properties of origami-based designs allow for scaling across all length scales.

Certain patterns retain important features independent of scale, which has led to a broad

range of applications in recent years.

2.1.1. Origami Applications

Engineering applications for origami also combine with kirigami. This alternative fold-

ing art additionally involves cuts. Figure 2.4 provides an overview across all scales and

the associated research areas. The smallest origami-inspired structures are made of DNA

and are designed from long single-stranded threads of DNA called "sca�olds". Short syn-

thetic oligonucleotide molecules are used to hold a folded sca�old in place by adhering

onto �xed cross-over points [31]–[33] and thereby constructing 3D nanostructures. DNA

origami can be used for creating nanoscale biosensors and constructing nanomaterials

with speci�c geometries, e.g. to transport molecules by forming nanometer-sized con-

tainers (Figure 2.4 (a)). Similar applications exist on the micrometer scale for targeted

drug delivery in volume-enclosing 3D structures. The pentahedral voxel made of polysil-

icon and permalloy (Figure 2.4 (c)) is controlled by magnetic and surface tension forces in

water. Some examples of micrometer-scale structures include micro mirrors [34], acoustic
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Figure 2.4.: Brief overview of origami applications at di�erent length scales and vari-

ous engineering �elds: (a) DNA tetrahedron cage (adapted with permission

from [25]. Copyright 2009 American Chemical Society); (b) Walking micro-

scopic robot [26] (reproduced with permission from Springer Nature); (c).
Pentahedral voxel (adapted from [27]); (e) Stretchable and compressible re-

sistor (adapted from [28]); (f) Untethered self-reversing crawling robot [29]

(CC BY 4.0); (g) Pneumatic origami muscles for rehabilitation therapy [30]

(©2020 IEEE); (h) The Rolling Bridge in London (by C.Bejarano CC BY 2.0);

(i) James Webb Space Telescope (CC BY 2.0, Flickr).

waveguides [23], and the large �eld of metamaterials. Metamaterials are synthetic struc-

tures that are micro or nanostructured periodically, resulting in new mechanical, chem-

ical, or electromagnetic properties. Certain origami patterns, such as miura-ori, induce

programmable mechanical properties into these materials. Origami-based metamaterials

in contrast to traditional ones enable to reprogram their stress-strain curves, exhibit neg-

ative Poisson’s ratio, and show excellent energy-absorption capabilities [35].

Origami layouts can be combined with traditional MEMS and NEMS (nanoelectrome-

chanical systems) manufacturing methods to create electronic components using planar

lithographic fabrication with subsequent pop-up folding into 3D structures [36]. An ex-

ample of this are S-RUMs (self-rolled microtubes), which consist of thin membranes made

of semiconductors, dielectrics, or polymers, combined with a pre-stressed planar precur-

sor. When detached from the substrate, cylindrical structures emerge [37]. This technique

can be applied to various materials and can produce compact capacitors, inductors, and

antennas. These components are commonly used for miniaturizing radio frequency inte-

grated circuits, creating vertical ring resonators for 3D photonic integration, and making
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batteries. Rogers et al. [38] provide a comprehensive overview of all relevant work in

the �eld of MEMS and NEMS. Additionally, Figure 2.4 (e) showcases an origami-inspired

foldable and adaptable resistor. These examples illustrate that the application of origami

principles could revolutionize electronic design and manufacturing.

For this reason, signi�cant advancements have been made in the �eld of robotics, particu-

larly through the utilization of foldable origami-inspired structures [24], [39]. This has led

to the emergence of a new research �eld known as Robogami, which focuses on creating

self-folding robotic origami that can be recon�gured by multiple degrees of freedom [40],

[41]. These robots consist of sti� parts and foldable joints. As illustrated in Figure 2.4, the

applications of this technology are diverse, ranging from microrobots (b) to large-scale

self-folding and self-sensing robots (f), and even exoskeletons made of origami muscles

for the purpose of rehabilitation after injuries (g). In general, the primary applications

for these small-scale origami-inspired structures or robots are in biomedicine. Further

examples in this �eld are self-deploying stents [42] and endoscopes [43].

At the end of the size scale are applications in architecture and aerospace. For both areas,

the advantage of compact storage and on-demand deployability is of interest. In archi-

tecture, in addition to the aesthetic e�ect, the structural stability has also proven to be

an advantage. Examples in architecture are foldable temporary connecting tunnels [44],

the deployable curtain wall of the Al Bahr Towers in Abu Dhabi for on demand tunable

shading of sunlight or the Rolling Bridge in London (see Figure 2.4 (h)). For space appli-

cations, one well-known example in particular has attracted the attention of the general

public in recent years. The space telescope developed by NASA, named after its former

director James Webb, consists of a mirror structure with 18 beryllium hexagonal segments

to collect light from distant objects (i). The entire structure was e�ciently stored in the

launch vehicle and deployed once in orbit over a period of several days.

The capability of self-folding is crucial for certain engineering applications where man-

ual mechanical forces are not feasible, especially at very small or large scales or in remote

inaccessible applications such as invasive biomedical devices and space structures. A self-

folding structure folds autonomously and/or unfolds into a pre-determined shape with-

out external mechanical intervention. The process of self-folding can be accomplished

through various mechanisms, and one of the most important approaches is by using ac-
tive materials. Active materials, also known as smart materials, are substances that can

convert di�erent forms of energy (thermal, chemical, electromagnetic) into mechanical

work. The material’s mechanical response (e.g. strain, stress) is typically one or more

orders of magnitude larger than that resulting from conventional material behavior such

as thermal expansion [45]. In addition, they are typically energy-dense, making them
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excellent candidates for sensing and actuation applications. Examples of such materi-

als include shape memory polymers (SMPs) and alloys (SMAs), hydrogels, liquid crystal

elastomers, and magneto-active elastomers.

2.1.2. Folding Mechanisms

While mathematical models often exclude the impact of realistic properties (e.g. material

thickness or sti�ness), for the implementation of origami layouts in engineering appli-

cations one has to consider these e�ects. In practice, the sheet material and faces will

bend, and folding does not exclusively occur by creasing. Figure 2.5 shows �ve di�erent

concepts that use active materials to achieve folding [46]. The shape of the folds can be

categorized into hinge-type ((a)-(c)) or bending-type ((d)-(e)). Hinge-type origami struc-

tures are simpli�ed as line segments on sheets that work as rotational hinges when folded.

Three di�erent hinge-type mechanisms allow for active folding: The extensional concept

(a) involves an active rod or spring connecting the two faces. When activated, the rod

changes its length, resulting in a folding motion. In the torsional concept (b) a torsional

spring causes a twist in the hinge region, and the angle of the twist corresponds to the

rotational motion of the faces. In the �exural concept, the active material connecting the

two faces is pre-trained to a folded con�guration and then deformed to an initial �at con-

�guration. By applying the activation �eld, the active material takes its pre-set shape and

guides the faces into the folded state.

Figure 2.5.: Overview of di�erent folding mechanisms adapted from [46]. Hinge type:

(a) extensional, (b) torsional and (c) �exural. Bending type: (d) bilayer and

(e) single layer subjected to graded driving �eld.

Other applications may not employ discrete hinge mechanisms and may be made of ma-

terials with larger thicknesses, or materials for which creased folds are not desirable and

lead to delamination or damage. For these materials, folding is achieved by bending lo-
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calized regions. These bending-type hinges can be classi�ed as bilayer (d) or single-layer

graded (e), both made of active materials. The bilayer type is a laminate of active and

passive layers. When the active layer deforms under the stimulus of the activation �eld,

the di�erence in expansion or contraction compared to the passive layer generates a bent.

For the single-layer type, the driving �eld (e.g. temperature) has a gradient that induces

a distribution of actuation strain across the thickness of the sheet. This allows for folding

in both directions, depending on the applied �eld gradient.

As proposed by Peraza-Hernandez et al. [46], depending on the active material chosen

for the self-folding structure, there are three ways for control:

1. Direct coupling by applying �elds that induce actuation strain without modifying

the material and nano-structure (e.g. piezoelectric e�ect where the electric �eld E

increases the actuation strain or thermal expansion).

2. Direct coupling by applying �elds to modify the micro- and nano-structure of the

material (e.g. apply a temperature to induce a phase-transformation, such as in

shape memory materials).

3. Indirect coupling and applying �elds that modify certain material properties (e.g.

use temperature to change the material sti�ness [47]).

The relevant design criteria for the choice of active materials as folding actuators are: the

actuation strain, actuation stress and the capability of generating and/or maintaining the

desired activation �eld at the chosen scale [46]. To compare di�erent active materials

along those properties, fold-speci�c characteristics (bending moment, folding angle, and

radius of curvature) should be mapped. Figure 2.6 gives an overview of common active

materials and their mechanical performance.

For the case of bending, the minimum allowable bending radius of curvature R is related

to the material thickness t and its maximum actuation strain εmax :

R

t
=

1 − |εmax |

2|εmax |
(2.1)

This equation allows to relate the actuation strain to folding metrics. It is derived and

further discussed in section 4.2. The top axis in Figure 2.6 provides a quantitative evalu-

ation of the behavior of di�erent materials under bending load.

Ceramic-type active materials may not be suitable for self-folding applications, due to
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Figure 2.6.: Overview of di�erent active materials and their typical ranges of actuation

strain and actuation stress as adapted from [46].

their limited bending radii. While SMPs allow for large actuation strains, they show the

lowest actuation stress. On the other hand, SMAs have proven to be a good compromise

of high actuation stress and reasonable small bending radii.

2.2. Shape Memory Alloys

Shape memory alloys (SMAs) are a fascinating class of materials that are able to "remem-

ber" a pre-de�ned shape and, when deformed, return to that original shape when the

temperature is increased. Shape recovery by heating can occur even under high loading.

SMAs show highest actuation energy densities (product of actuation strain and actua-

tion stress) among all active materials, including piezoelectric or electroactive materi-

als [48]. Their excellent scaling behavior of their mechanical properties upon miniatur-

ization makes them particulary attractive for sensor and actuator applications in micro-

dimensions [49]. Other important features of SMAs are their biocompatibility, low corro-

sivity and sti�ness compared to other active materials. In recent years, many applications

arose in the �elds of robotics, aerospace and biomedical engineering. The most common

examples of SMA alloys are based on near-equiatomic TiNi (Ti-Ni-X), also known as Niti-

nol. Other typical compositions are Cu-based (Cu-X) or ferrous alloys (Fe-X).

In this section, the characteristics of the martensitic transformation, and the resulting
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thermomechanical mechanisms (shape memory e�ect and superelasticity) are described.

Here, the focus is on TiNi-based materials.

2.2.1. Martensitic Transformation in TiNi Alloys

The thermoelastic martensitic transformation involves a reversible change in crystal struc-

ture without di�usion of atoms [50]. The phase transformation takes place between a high

temperature parent phase, called austenite, and a low temperature phase, called marten-

site. As shown in Figure 2.7(a), austenite has typically a highly symmetric body-centered

cubic (BCC) lattice structure of B2-type. For TiNi alloys the martensite phase is usually

of monoclinic (B19’) type (see Figure 2.7(c)). It is three-dimensionally close packed and

of lower symmetry. Depending on material composition and heat treatment, TiNi alloys

do also show an additional intermediate phase which takes place before the martensitic

transformation. This presumed rhombohedral phase (denoted as R-phase) can be formed

by elongation of the <111> directions in the B2 structure (Figure 2.7(b)). The R-phase

transformation appears for TiNi alloys with high Ni content, when annealed at tempera-

tures below recrystallization after cold working and by addition of ternary elements [51,

pp. 74-75].

Figure 2.7.: Unit cells of the crystal structures of austenite (a), R-phase (b) and martensite

phase (c). Adapted from [51, pp. 75]

The martensitic transformation is a �rst-order transformation that proceeds through nu-

cleation and growth. Austenite transforms into the martensite phase by cooperative mo-

tion of atoms and creates a habit plane between the two lattices. The mismatch of the

lattice structures introduces large strains at the interface that can be released by either

slipping or twinning. These mechanisms are called lattice invariant shear, since the over-

all symmetry or orientation of the crystal lattice is not changed. The dominant lattice

invariant shear of TiNi is twinning which is reversible. In general, there are up to 24
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di�erent martensite variants that have the same crystalline structure but di�erent orien-

tations. If one variant forms from austenite upon cooling, the formation of other variants

is required, to minimize the total strain. By this so-called self-accommodation of marten-

site variants the macroscopic shape of the material is maintained [50, pp. 11-21].

In the nucleation of martensite from austenite the Gibbs free energy G is decisive in de-

termining which variant is formed. The material tends to transform in the direction that

minimizes the free energy. Written as a thermodynamic potential for both phases, GA/M

depends on the inner energyUA/M
, the strain tensor εA/M and the entropy SA/M . The two

state variables are the stress tensor σ (εA/M ) and the temperature T [48, pp. 127-129]:

GA/M = UA/M − σ (εA/M ) : εA/M − SA/MT (2.2)

The Gibbs free energy G for all phases is a function of temperature and is schematically

shown in the stress-free condition for austenite and martensite in Figure 2.8(a). T0 rep-

resents the thermodynamic equilibrium temperature between the two phases at which

both phases have the same free energy. At lower temperatures, martensite is more stable,

whereas in the higher temperature region the free energy of the austenite phase is lower.

For the nucleation of martensite, the driving force ∆GA→M = GM − GA
is required [50,

pp. 22-23]. This change in Gibbs energy upon the martensitic transformation decomposes

into a chemical energy term ∆Gc associated with the structural change from austenite to

martensite, a surface energy term ∆Gs and an elastic energy term ∆Ge :

∆G = ∆Gc + ∆Gs + ∆Ge (2.3)

The non-chemical energy term ∆Gnc = ∆Gs + ∆Ge is equally large as ∆Gc . Therefore,

supercooling is necessary for the martensitic transformation. Only by supplying addi-

tional driving force, e.g. by cooling, the growth of martensite continues because of the

elastic energy around martensite. For this reason, the phase transformation takes place

in a certain temperature window between martensite start (Ms) and martensite �nish

temperature (Mf). Similarly, for the reverse transformation, from austenite to martensite,

superheating is required and the phase transformation is completed between austenite

start and austenite �nish temperature, denoted as As and Af in the further course.

One method to derive the martensitic transformation temperatures are di�erential scan-

ning calorimetry (DSC) measurements. For each phase transformation in the cooling

or heating cycle, latent heat is released or absorbed, leading to a peak in the heat �ow

curve (see Figure 2.8(b)). The onset and endset of the peak mark the start and end of the

phase transformation. Upon cooling, the austenite phase transforms between Ms and Mf,
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Figure 2.8.: (a) Schematic of Gibbs free energy of martensite GM
and austenite GA

. (b)
Schematic of the corresponding DSC curve. Adapted from [50]

whereas the reverse transformation takes place between As and Af. The temperature hys-

teresis between the martensitic and reverse transformation ∆T = 1

2
(As +Ms) is usually in

the range of 20 to 50 K for TiNi alloys. Further details on DSC measurements are provided

in section 3.2.1. Other methods to characterize the phase transformation temperatures are

temperature dependent resistance measurements.

The two unique properties of SMAs, the shape memory e�ect (recovery of the memory

shape) and pseudoelasticity (large nonlinear recovery of strain upon unloading), are re-

lated to the temperature- and stress-induced martensitic transformation. They will be

discussed in the following sections.

2.2.2. Shape Memory E�ect

The one-way shape memory e�ect (SME) is the phenomenon of shape recovery in a tem-

perature cycle. This cycle is depicted in Figure 2.9. Above Af, the SMA is in its austenite

phase (1) and has its prede�ned shape. This so-called memory shape can be imprinted

by annealing at high temperature. When the material is cooled from austenite state, the

alloy undergoes the martensitic transformation and grows self-accomodated martensite

variants without macroscopic shape change. For sake of simplicity, only two of those vari-
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ants are represented in the twinned con�guration and stress-free state in Figure 2.9 (2).

The twin boundaries are mobile under stress and thus, the twinning works as deforma-

tion mechanism in the martensitic state. When applying an external force, the twinned

martensite M’ is initially deformed elastically and upon further loading, de-twins along

the twin boundaries. One single martensite variant forms that is oriented in the most

favorable orientation to the applied stress. This rearrangement of martensite variants is

associated with a plateau region in the stress-strain curve (see Figure 2.9(b)). The end

of the detwinning process is marked by a sudden increase in the slope. If the external

force is completely removed, the strain decreases by elastic unloading of detwinned M

(3). The large quasi-plastic deformation remains even after unloading and represents the

transformation strain εt . In order to reset the memory shape, the material is heated and

undergoes the reverse transformation between As and Af. Thereby, the starting point of

the cycle (1) is reached again. The material does not remember its previous deformation;

therefore, this heating-induced e�ect is also called one-way shape memory e�ect.

Loading beyond the elastic limit of M would introduce irreversible slip deformation and

defects in the crystal structure, as in conventional metals and alloys without shape mem-

ory characteristics and should be avoided in applications.

(a) (b)

Figure 2.9.: Mechanism of the shape memory e�ect. (a) Change of crystal lattices.

Schematic is adapted from [51, p. 82]. (b) Characteristic curves of the shape

memory e�ect in the temperature-stress-strain diagram. [48, p. 11]

The SME is mainly used for actuators coupled with a biasing load or most commonly for

biomedical stents. TiNi based materials undergoing the direct phase transformation from

A to M allows for large macroscopic strains of up to 10% depending on the orientation.

The εt of R-phase transformation is much lower due to the smaller changes in the de-

twinning of the rhombohedral lattice [52].
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2.2.3. Pseudoelasticity

The e�ect of pseudoelasticity (PE) takes place at temperatures above Af where the stress-

induced martensitic transformation is initiated by applying an external load above the

critical stress (Figure 2.10(a)). The de-twinned martensite state M is directly reached (2).

A sudden increase in slope indicates the completion of the martensitic transformation and

the elastic loading of fully detwinned martensite (3). Upon unloading, the alloy recovers

the original shape without heating. The martensitic and reverse transformation during

a complete pseudoelastic cycle results in a hysteresis that represents the dissipated energy.

(a) (b)

Figure 2.10.: Mechanism of pseudoelasticity. (a) Change of crystal lattices by stress-

induced martensitic transformation. Adapted from [50, p. 37] (b) Char-

acteristic curve of pseudoelastic behavior in the temperature-stress-strain

diagram. Adapted from [48, p. 10].

In literature, the described phenomenon is often refered to as superelastic e�ect but

superelasticity is a side phenomenon of pseudoleasticity. Both e�ects, the SME and PE

are associated with the same martensitic transformation resulting in the same amount

of shape recovery. For pseudoelastic material behavior, the transformation strain εt

corresponds to the width of the pseudoelastic plateau.

As stated in equation 2.2 besides temperature, also the stress state of the material is rel-

evant for the Gibbs energy. As a shear-like mechanism, the martensitic transformation

is assisted by any shear stress acting on the habit plane. The Clausius-Clapeyron rela-

tionship describes the e�ect of a uniaxial stress σ on the martensitic transformation as

follows:

dσ

dT
= −

∆S

εt
= −

∆H

εtT
∝ CA/M, (2.4)
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where εt denotes the transformation strain, ∆S the entropy of transformation per unit

volume, and ∆H the enthalpy of transformation per unit volume. Above Ms, the critical

stress to initiate the martensitic transformation increases approximately linearly with

the temperature.

As shown in Figure 2.11, the derivation of CA/M and the critical transformation stresses

allows to de�ne all phases in a stress-temperature diagram and the respective phase tran-

sitions that are marked by dashed lines.

Figure 2.11.: Schematic of a typical stress-temperature and phase diagram of SMAs.

Adapted from [48, p. 10].

Furthermore, a so-called two-way shape memory e�ect can be realized in shape memory

materials. It can be observed in specimens that received a thermomechanical treatment

producing microstresses in the austenite phase [53]. The microstresses a�ect the nucle-

ation and growth of martensite, favoring certain martensite variants to form preferen-

tially. Therefore, two "memory shapes" occur, one upon cooling and one according to the

one-way shape memory e�ect.

2.3. Magnetic Materials and E�ects

All magnetic materials have unique responses to magnetic �elds. The primary types of

magnetic materials include ferromagnets, ferrimagnets, paramagnets, diamagnets, and

antiferromagnets. Their properties di�er based on the ordering and interaction between

the dipole moments of the atoms and ions comprising the magnetic materials. Figure

2.12 (a) shows these di�erent types of magnetic materials schematically.
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Figure 2.12.: (a) Schematic of the behaviour of magnetic dipole moments in di�erent

types of magnetic materials with and without external magnetic �eld H,

adapted from [54] (b) Schematic of a typical magnetization curve generated

by an applied magnetic �eld and reorientation of magnetic domains.

2.3.1. Ferromagnetism

As depicted in Figure 2.12 (a) ferromagnetic materials consist of small regions where

atomic magnetic moments are aligned parallel to each other, so-called magnetic domains.

The magnetization process of ferromagnetic materials under the in�uence of an applied

�eld involves two related phenomena: the movement of domain walls and rotation of

magnetic moments. Domains that are favorably aligned with the external applied �eld

experience growth at the expense of unfavorably aligned domains [55]. The resulting

magnetization �eld M of a solid is de�ned as

M =
d ®m

dV
, (2.5)

where d ®m is the elementary magnetic moment, and dV the in�nitesimal volume element.

Figure 2.12 (b) depicts schematic magnetization curves of a ferromagnetic material and

illustrates the impact of its initial magnetization on the magnetic domains. Compared to

other types of magnetic materials a large magnetization is obtained on application of a

much smaller �eld. The magnetization saturates and removal of the �eld does not lead to

its unmagnetized state but results in a so-called remanent magnetic �eld Br and magne-
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tization hysteresis. The reversal �eld required to reduce the magnetic induction to zero

is called coercivity Hc [56, pp. 17-19].

Hard magnetic materials have wide hysteresis loops and high coercivity, requiring more

energy to magnetize and demagnetize (see green hysteresis curve). These materials, such

as neodymium magnets (typically NdFeB) or samarium-cobalt magnets, are used for per-

manent magnets or magnetic data recording. On the other hand, soft magnetic materials

can be easily magnetized and demagnetized due to their low coercivity (see red hysteresis

curve). They are used in transformer cores, inductors, and electromagnets. Some exam-

ples are silicon steel (electrical steel) and soft iron.

2.3.2. Curie Temperature

At room temperature, there are only three ferromagnetic metals: iron, nickel, and cobalt.

This is because substances require a high atomic magnetic moment in order to exhibit

ferromagnetism. Additionally, the energy needed for the atoms to align themselves in

the same direction must be signi�cantly greater than the energy of thermal agitation

kBT , which causes random movement and disrupts the ordering of magnetic domains [57,

p. 155]. This results in the paramagnetic state, where magnetic moments are asymmetrical

and non-aligned in the absence of a magnetic �eld. When a magnetic �eld is present, the

magnetic moments temporarily align parallel to the �eld (refer to Figure 2.12 (a)), creating

a magnetic �eld.

The transition from ferromagnetic to paramagnetic state occurs at the Curie temperature,

Tc. This transformation is of second-order and is not associated with any latent heat or

hysteresis. The Curie temperature of iron, for example, is Tc = 1043K ≈ 770
◦C .

2.3.3. NiMnGa Heusler Alloys

Manganese possesses a larger magnetic moment compared to iron, but its interaction en-

ergy does not lead to the alignment of moments required for ferromagnetism. However,

when manganese atoms are integrated into the crystal structure of an alloy containing

the two other paramagnetic elements, copper and aluminum, the conditions allow for

the magnetic interaction to align the moments of the manganese [57, p. 156]. This type

of alloy, known as the Heusler alloy Cu2MnAl, was �rst described by Carl Heusler in

1903 and exhibits ferromagnetic properties up to 710 K.

Generally, Heusler alloys are ternary intermetallic compounds with the composition

X2YZ, where X and Y are transition metals and Z belongs to the p-block (e.g. Al, In,

Sb, Ga). Another famous Heusler alloy is the Ni2MnGa system. The stoichiometric,
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fully-ordered Ni50Mn25Ga25 crystal structure is based on four cubic face-centered

sublattices, which are shifted by ¼ of the unit cell, a so-called L12 structure [58]. This

corresponds to the highly symmetrical austenite phase shown in Figure 2.13 (a).

Figure 2.13 (b) shows the magnetization curve depending on the temperature of

Ni48Mn31Ga21. Above the Curie temperature Tc (365 K), the material is paramagnetic.

During cooling, the austenitic phase forms �rst, which is ferromagnetic and leads to

an increase in magnetization. On further cooling below 300 K, the material undergoes

a �rst-order phase transition to martensite with twinning between di�erent variants.

The martensitic structure is also ferromagnetic, but the saturation magnetization

decreases during the phase transition starting from austenite. The martensitic transition

is completely reversible. Unlike the second-order Curie transition, additional thermal

energy is required here. Consequently, there is a hysteresis between the martensitic

transformation and its reverse transformation upon cooling.
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Figure 2.13.: (a) NiMnGa unit cell of cubic austenite structure (L12), adapted from [58].

(b)Magnetization of sputter-deposited Ni48Mn31Ga21 thin �lm as a function

of temperature for two di�erent �elds µ0H .

Using Ni2+xMn1-xGa, it was shown that Tc can be lowered by increasing the Ni content

[59]. The additional alloying with Cu and the resulting extension to a quaternary alloy

NiMnGaCu also enables a shift of the Curie transition towards room temperature and

improvement of the thermomagnetic properties [60]. Especially when used in thermo-

magnetic generators, a low Tc with a high ∆M/∆T ratio is important for low operation

temperatures, high operation frequencies and large power output.
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2.4. State of the Art of SMA-based Folding Actuators

The use of SMA components in folding actuators combines the outstanding mechanical

properties of this material, such as high energy density and high rigidity, with the possibil-

ity of thermal activation. For this reason, there are already a large number of publications

in this �eld.

Generally, these actuators use the one-way shape memory e�ect, and the reset can be

achieved by various mechanisms. The simplest but also most inconvenient option is man-

ual unfolding by hand or another external mechanical aid to return the actuator to its

initial state. Another solution is the coupling between the SMA component and a bias

spring. This mechanism is shown schematically in Figure 2.14 (a). By connecting a spring

in parallel, the SMA component is in a pre-strained state (1). If the SMA is activated by

heating (2), the actuator folds in the desired direction if the austenite phase has a higher

sti�ness than the bias spring. When the thermal supply is switched o� and the martensitic

phase transformation can take place, the spring force ensures the return to the starting

position (3).

A comparable result is obtained by using a minimum of two SMA components arranged

antagonistically (see Figure 2.14 (b)). In the initial state (1), at least one component must

be pre-stretched. By activating this deformed SMA, work can be performed on the sec-

ond component and a movement is generated due to shape recovery (2). By sequentially

heating (3), the actuator can be reset or folded bi-directionally.

Figure 2.14.: Two mechanisms of reversible and bi-directional SMA folding actuators:

(a) SMA and bias spring, (b) Two antagonistic SMAs. Adapted from [61].

In principle, it is also possible to use only one SMA component if it has the two-way

e�ect and alternates between the martensite and austenite memory shapes [62].

The use of an SMA actuator requires compatible heating and cooling methods. In the
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literature, there are usually only two di�erent heating options: With Joule heating, the

current is passed directly through the SMA component. This method is simple and

allows control over the folding angle. To achieve the transformation temperature (A f ), a

su�ciently high current is required, which scales with the diameter of the SMA element.

This method is only applicable for SMA wires with a diameter below 1 mm to keep the

current below 8 A [63]. The second heating option involves the use of an additional

heater comprising resistance lines. A current is passed through the resistance lines, and

the heat generated is then transferred to the SMA element. This particular method is

valuable in applications where direct electrical contact with the SMA element is not

feasible or when heating large volumes.

Most SMA actuators have no additional devices for cooling and rely on natural convec-

tion. Forced convection by means of a fan can be used to increase the actuation frequency.

In the literature, various geometric shapes of SMA elements used in folding actuators

have been explored, including wires, springs, and foils. Among these, SMA wires are

particularly noteworthy for their ease of manufacturing and ready availability in the

commercial market, contributing to their wide utilization across di�erent applications.

Straight wires can only be used in tension to achieve high forces due to their limited

ability to withstand compression. With recoverable strains below 8 %, the total length of

the SMA wires must be proportionally longer to obtain the desired stroke length for the

application. To circumvent the need for larger actuators, wires can be coiled to generate

a larger output stroke within the current dimensions. The resulting SMA spring can

attain higher rotations at the expense of torque output.

Some types of folding actuators are powered by SMA sheets, strips, or �lms. In these

actuators, the primary motion is bending, resulting in the local distribution of tensile

and compressive strains on both sides of the SMA element. The rotational motion occurs

around an axis de�ned by the structural deformation, rather than involving a rotation

between separate elements. SMA bending beams can provide similar rotational angles

and torques when compared to normal-strain-driven actuators, but they enable size

reduction of the overall actuator design.

In the following, a variety of concepts for creating SMA-based folding actuators is

presented. These concepts utilize and combine the principles mentioned above.

Hawkes et al. signi�cantly advanced SMA-based self-folding origami with a "pro-

grammable sheet" [2]. As shown in Figure 2.15 (b), a composite sheet is fabricated by

laser machining consisting of triangular glass-�ber segments and elastomeric folding
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creases. Laser-structured 100 µm thin TiNi foils serve as folding actuators. The shape

and heat treatment of the foils allow for four possible folds within the SMA element:

one central bending fold and three distal clamping folds. Thereby, folding between 0 and

+180° is achieved. The three "feet" of the SMA structures are inserted into through holes

within the triangular tile structures and soldered to copper traces. The traces of a power

circuit interconnect several SMA actuators forming an actuator group. When leading

across a folding crease, the copper traces are patterned to allow for stretching in the

bent state. Additionally, hard magnets are incorporated into each triangular segment.

Depending on the desired 3D shape, optimal actuator groups are designed and a folding

sequence is programmed. To obtain the �nal 3D shape, one or more groups are Joule

heated until the folds are complete and the magnets latch, and the next group of actuators

is activated. Figure 2.15 (b) depicts the di�erent stages of folding into a boat shape. With

the given pattern, the folding into a plane following a di�erent folding sequence, is also

possible. The size of the segments are 1 cm wide, resulting in a total size of 4 x 4 cm2.

Unfolding has to be performed manually before re-programming and folding into a new

shape.

Figure 2.15.: (a) Programmable sheet consisting of TiNi folding actuators, hard magnets

and �exible patterned traces crossing the elastomeric joints. (b) Folding se-

quence of a boat shape. Images adapted from [2]. Copyright (2010) National

Academy of Sciences.
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The concept of using SMA foils as hinge components has been further developed to

achieve bi-directional folding. Paik et al. introduced a two-axis SMA folding actuator

that produces two opposing motions [64]. As shown in Figure 2.16 (a), the actuator is

composed of a 100 µm thin NiTi actuator and an external heating element for localized

activation. The NiTi foil is laser-machined and heat-treated in an annealing jig to create

two folding regions (curved segments). The external heater is made of a composite of a

structured conductive Ni-based layer (40 µm thick) and a �exible polyimide layer (35 µm

thick). It is laser-machined into a layout with three electrodes and laser-welded on the

NiTi substrate (Figure 2.16 (b)). By individually heating the two folding regions, the

actuator achieves a bi-directional bending motion (Figure 2.16 (c)). At a maximum heater

temperature of 85 °C on one side of the actuator, it allows for folding between 0° and

+180° within 2 s. At a total power consumption of 92 mW, the folding actuator produces

a torque of 4 × 10
−3

Nm. The additional introduction of feedback control using �exible

carbon ink sensors has made it possible to develop the �rst Robogami system that can

crawl with four legs [40].

Figure 2.16.: Bi-directional SMA folding actuator: (a) Heater and SMA actuator dimen-

sions. (b) Patterned Iconel heater with three electrodes before and after

mounting to an actuator. (c) Bi-directional actuator modes: before actua-

tion, single axis activated and both axes activated. © IOP Publishing. Re-

produced with permission from [64]. All rights reserved.

Foil-based SMA actuators achieve folding using the �exural type, as introduced in

Figure 2.5. Alternatively, SMA wires in a prestretched state can be used as a connection

between two faces (extensional type). When a thermally induced shape recovery

occurs, it results in a folding motion. Peraza-Hernandez et al. present a concept
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for a self-folding sheet, consisting of a woven mesh of SMA wires separated by a

compliant elastomer layer [65]. Figure 2.17 (a) depicts the three layers. The bottom

mesh is shifted relative to the top mesh in both planar directions. The heated region

is representing a localized heater that induces the martensitic transformation and thus

folding actuation along the highlighted folding line. Unless restricted mechanically,

the sheet returns to its �at state upon cooling. Figure 2.17 (b) shows the initial and

fully deformed con�guration of an optimized sheet design and the distribution of

temperature and martensite volume fraction. After cooling and resetting, the sheets are

fully re-programmable and could fold into a variety of di�erent patterns. But due to

the bimorph e�ect the smooth folds are limited in radius of curvature and bending angles.

Figure 2.17.: Concept for an SMA-based reprogrammable self-folding sheet. (a)
Schematic of the mesh design. (b) Temperature and martensitic volume

fraction contour plots of initial and �nal con�guration obtained by �nite

element analysis © IOP Publishing. Reproduced with permission from [65].

All rights reserved.

Torsional actuators based on SMA wires can provide larger bending angles when a com-

pliant layer does not mechanically constrain its motion. Shin et al. present a modular

concept based on arc-shaped SMA wires with a thickness of 250 µm [66]. As shown in

Figure 2.18 (a), one module consists of an actuator unit (red) that is rigidly attached to

two supporting elements (blue). In the initial state (I), the SMA wires are in a deformed

martensite phase. Upon heating the SMA restores its original linear shape, contracts and

generates a torque (state II). Cooling extracts the actuating unit while keeping its previous

heated shape in state III. Parallelly connected into an array of 28 SMA wires, as shown in

Figure 2.18 (b), increases the force/torque capacities. The respective actuated and unac-
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tuated spring constants are ka = 0.14 Nm/rad and ku = 0.04 Nm/rad. Folding from the �at

position (0°) to 80° takes less than 1 s for input currents of 0.8-1.2 A. The single modular

torsional actuator is further extended in a serial connection, consisting of eight actuating

units (AUs) and nine supporting elements. Figure 2.18 (c) displays the resulting modular

torsional actuator, which can be used for a soft robot to transform its shape and perform

rolling locomotion.

Figure 2.18.: Modular torsional actuator using SMA wires: (a) Actuator states based on

thermo-mechanical properties, (b) Prototype comprising an SMA actuat-

ing unit (AU) and two supporting elements in deformed state I (left) and

cooled state III (right), L = 80 mm, w = 11 mm. (c) Serial connected modular

actuator transforming from a linear to a circular posture in time stamps.

Copyright © 2015 by Sage Journal [66]. Reprinted by Permission of Sage

Publications. (d) Bi-directional torsional actuator based on a rotating frame

and the combination of two antagonistic single torsional actuators. Angular

displacement is achieved in clockwise (CW) and counter-clockwise (CCW)

direction (reprinted from [67], with permission from Elsevier)

For bi-directional actuation two unidirectional AUs, e.g. SMA-I and SMA-II, are paired

in an antagonistic way [67]. As shown in Figure 2.18 (d), the supporting elements of

SMA-I and SMA-II are attached onto a rotating frame. The upper supporting units are

attached to a sliding guide to accomodate de�ections of both activated and deactivated
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AUs. Clockwise and counterclockwise rotational motion is demonstrated between -50°

and +50° (see images in Figure 2.18 (d)).

Zheng et al. developed a modularized paper actuator based on SMA wires that paves the

way toward fabrication of origami soft actuators (OSA) [68]. As schematically shown in

Figure 2.19 (a), the OSA consists of three main components: SMA wires that generate the

actuating force, printed heaters for SMA activation, and elastic paper origami structures

that provide recovery force. Prepunched craft paper is folded into a sti� origami structure

into which the SMA wires are threaded. The paper-based �exible heater is fabricated by

screen-printing and wrapped around the SMA wires. Figure 2.19 (b) shows the change

in bending angle for di�erent voltages applied to the heater. The bending angles of the

OSA are 237.1° and 223.7° for 4.5 V and 6.5 V, respectively. After turning of, the OSA

recovers to its initial angle of 245° within 96 s. For a voltage of 8.5 V, the OSA bends up to

173.4°, thus reaching a total angle di�erence of 71.4°. However, the OSA does not return

to its initial angle upon cooling because the origami structure does not provide enough

�exural rigidity for recoverability. It is shown that the recoverability of the folded OSA

is two times higher compared to a �at structure.

Figure 2.19.: Origami soft actuator (OSA): (a) Components of the modularized OSA. (b)
Changes of OSA bending angle for di�erent voltages (4.5, 6.5 and 8.5 V)

Reprinted from [68] CC BY 4.0
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To evaluate the performance of di�erent folding concepts, the achieved bending torque

and folding angle should be compared. The following Table 2.1 summarizes the presented

works with respect to their dimensions and output performances according to [69]:

Publication D [mm] L [mm] Angle [°] T [mNm] P [W]
Hawkes et al. [2], [70] 0.1 12 180 4.7 0.25

Firouzeh and Paik [40] 0.1 4.5 60 0.83 1.8

Kim et al. [67] 0.25 320 100 15 1.2

Zheng et al. [68] 0.5 297 21 - -

Table 2.1.: Comparison of the performance of various folding actuators (SMA diameter

D, SMA length L, total (bi-)directional folding angle, folding torque T and

heating power P).

The highest reported output torque is achieved by Kim et al. with the aforementioned

bi-directional rotational actuator [67]. It reaches a maximum output torque of 15 mNm

and a total angular folding motion of 100°. For smaller actuator dimensions, Hawkes and

Paik achieve remarkable folding angles. However, the origami-inspired folding actuators,

presented by Hawkes, can only fold unidirectionally in 180°.

These examples provide an overview on the challenges regarding the design and fabri-

cation of SMA-based folding actuators. In order to achieve large scale re-programmable

matter based on origami layouts, downscaling of actuator dimensions is an important fac-

tor. For this purpose, new structuring and assembly concepts must be explored. Addition-

ally, evaluating the actuator performance at smaller size scales requires new experimental

setups.

2.5. Operation Principle of the SMA-based Folding Actuator

with Magnetic Latching

The aim of the thesis is the development of a novel SMA-based micro folding actuator. Its

operation principle is summarized in Figure 2.20. It is composed of SMA folding hinges

that interconnect two rigid tiles and that are shape set to discrete angles up to 180° dur-

ing a heat treatment. The SMA hinges utilize the one-way shape memory e�ect, as this

allows reaching high bending moments. Manual unfolding and subsequent selective heat-

ing for shape recovery results in uni-directional actuation. The angular position can be

controlled by Joule heating and convective cooling. For bi-directional actuation two uni-

directional folding actuators are combined in an antagonistic con�guration. By selective
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Figure 2.20.: Overview of the concept of the SMA-based micro folding actuator with

magnetic latching: (a) Uni-directional actuation; (b) Bi-directional actua-

tion; (c) Magnetic Latching.

heating, the bending motion can be controlled in two directions. For latching, the mag-

netostatic interaction between hard magnetic dots and switchable soft magnetic �lms is

used. The attractive magnetic forces can contribute to larger folding angles. Buth they

mainly prevent the elastic resetting and �x the angular position of the folding actuator,

when the heating power is turned o�. By locally heating the soft magnetic �lm, it under-

goes the transition to paramagnetic state. The magnetic attraction force drops below the

elastic resetting force of the cooled actuator and the freestanding tile is released. From

here, a new folding sequence can be initiated.
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The following chapter gives an overview on special fabrication methods related to this

work and relevant characterization devices and measurement setups.

3.1. Fabrication Technologies

The main materials used in this work are shape memory alloy thin �lms, magnetic �lms,

and polyimide as tile material. In the following, the processing and characterization meth-

ods for the �lm materials are explained.

3.1.1. SMA Film Fabrication

Shape memory materials are nowadays available in various sizes and geometries, ranging

from rods, sheets, wires, sheets to thin �lms. No matter the geometry, any fabrication of

SMA parts starts with an ingot of the desired alloy composition. These ingots can be pro-

duced by vacuum induction melting. The pure elements in form of pellets and rods are

mixed and stirred in a graphite crucible, heated by electromagnetic induction and poured

into molds [71]. The mixture should be as homogeneous as possible avoiding the disso-

lution of carbon and oxygen into the melt. These impurities can have a huge e�ect on

the properties of the SMA material [72]. Generally, binary TiNi alloys are very sensitive

to variations in composition. For near-equiatomic compositions, a di�erence of 0.1 at.%

in Ni-content with increasing Ni/Ti ratio changes the phase transformation temperatures

by 9.6 K [73].

For the use in microactuators, �at homogeneous SMA parts are of most interest. In this

work, foils and �lms are mostly used. These terms are di�erentiated by their thickness.

Thin �lms generally can be de�ned as any homogeneous layer of atoms, thus, starting

from a few nanometers to several micrometers in thickness [74]. The transition to coat-

ings is �uid. Therefore, here, the term �lm is de�ned as a free-standing layer with a

thickness below 10 µm. Foils have higher thicknesses and with large lateral dimensions,

these extend to below the millimeter range. Here, materials with thicknesses between 10
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µm and 100 µm are referred to as foils.

For the fabrication of commercially available SMA foils and �lms, only three di�erent

manufacturing routes are used: Cold Rolling, Sputter Deposition, and Melt Spinning. The

two methods applied to the materials used in the work are presented below.

3.1.1.1. Cold Rolling

Cold rolling is a widely used fabrication method for sheets and foils based on step-wise

plastic deformation of the material. For TiNi-based materials in particular, the workability

in hot rolling is much better [75]. But to avoid surface oxidation and work the material

below the crystallization temperature, cold-rolling is often used. The cold-rolling pro-

cess involves rolling a stoichiometric ingot multiple times until the desired thickness is

achieved. Starting from a stochiometric ingot, several successive rolling steps are car-

ried out until the desired thickness is achieved. To reduce any defects in the microstruc-

ture, intermediate heat treatment steps are carried out. Since the process is directional,

the cold-rolled materials can have a structured microstructure and anisotropic properties

[76], [77].

3.1.1.2. Sputtering

The second common manufacturing technology of thin �lms is sputtering. The sputtering

is a physical vapour deposition technology (PVD). The shape memory material is ablated

from a solid bulk material (target) and transferred to the substrate. This process takes

place in a magnetic �eld-enhanced gas discharge vacuum that generates a plasma (mix

of electrons and positive gas ions). Argon is generally used as a process gas. As shown

schematically in Figure 3.1 the target is mounted onto a magnetron and the substrate is

�xed on the anode. The positively charged Argon ions are accelerated by the electric

�eld onto the surface of the target, which is connected as a cathode. Individual atoms

are knocked out of the target surface and condense on a substrate to build up a �lm.

The exposure time to the vapor �ow determines the resulting thickness of the layer. As

a bottom-up process sputtering allows for very thin coatings at atomic scale. At higher

thicknesses, delamination can be observed due to thermal stresses between the deposited

layer and the substrate.

In this work, TiNiCu �lms were fabricated by sputter deposition at Kiel University. The

basic process is described in [78]. Before deposition a Cu �lm is deposited as a sacri�cal

layer onto a Si wafer. A Von Ardenne CS730S sputter device is used to deposit a Ti-rich

TiNiCu �lm. By wet-etching the sacri�cal Cu layer the thin �lm can be released from
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Figure 3.1.: Schematic of magnetron sputtering setup.

the substrate. The amorphous TiNiCu �lm can then be crystallized by rapid thermal

annealing in a high vacuum chamber to prevent oxidation.

3.1.2. Structuring Technologies

Thin-�lm SMA �lms need to be structured for both material characterization and for use

as actuator components. Unlike additive processes, where active layers can be deposited,

the material used in this case is only available in �lm and foil form. Thus, only subtractive

processes are used for material structuring. It is important to ensure that the material is

exposed to minimal thermal, mechanical and chemical stress during the process.

The fastest option for structuring any foil material is by using a manual guillotine cutter.

As shown in Figure 3.2 (a), the �lm is aligned with a stop and cut using a sharp cutting

blade that is guided by a hand lever. For �lm thicknesses of less than 50 µm, the force

required is very low. Nevertheless, plastic deformation can occur at the cut point. Ad-

ditionally, only straight cuts can be made, meaning that more complex shapes cannot be

achieved.

3.1.2.1. Laser Machining

Laser machining is a fast and e�cient way of structuring materials. It involves using a

high-power laser beam that is precisely focused and guided along the targeted geometry

using optics and CNC (computer numerical control). For cutting, the laser beam heats

the material to a point where it melts or vaporizes directly, leaving a trench. Figure 3.2

(b) shows an illustration of this process known as ablation. The material in the irradiated

zone is removed by direct evaporation or ejection of particles. Furthermore, a melting

zone appears that can generate debris on the surface upon cooling. Due to the high tem-
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Figure 3.2.: (a) Schematic of a manual guillotine cutter. (b) Ablation process during laser

cutting.

peratures, the heat a�ected zone (HAF) spreads into the material and may create thermal

stresses. Optimization of laser cutting parameters such as power, speed, and repetition

depends on the material’s absorption properties and the wavelength of the laser. This

non-contact cutting process does not require any pre- or post-treatment of the material

(e.g. removal of melt drops) and can be used to cut any geometry.

An ACSYS Piranha II Nd:YAG laser system is used to structure SMA �lms. It operates

at Infrared (IR) wavelength (1.06 µm) in continuous wave mode. The laser system can

generate a power of 16 W at a pulse repetition frequency up to 50 kHz. The resulting

kerf widths range from 25 to 40 µm, and sharp edges are smoothed during the cutting

process. There is a problem associated with localized heating that occurs at the cutting

edges during the cutting process. This heat can lead to several issues such as melting, ma-

terial build-up, and thermal stress that can extend further into the material. In the SMA

material, recrystallization can occur within a few micrometers at the cutting edge, which

can result in local changes to the material properties. Furthermore, oxidation is visible at

the edges, which can a�ect the material behavior.

Polymer materials such as polymethylmethacrylate (PMMA) and polyimide (PI) are cut

with a Universal Laser System VLS 3.50. It is equipped with a CO2 laser source with a

wavelength of 10.6 µm and a power output of 40 W. For thicker sheets, the divergence of

the laser beam creates a conical cutting edge, but this laser system o�ers a quick way to

structure components for test setups.

3.1.2.2. Optical Lithography

Optical lithography is a process that is highly e�ective in patterning microstructures. It

meets the high requirements for the accuracy and integrity of the material to be struc-
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tured. In lithographic processes, polymer-based surface layers are irradiated with photons

(optical or UV lithography), electromagnetic radiation (X-ray lithography), electrons (e-

beam lithography), or ions (ion beam lithography). The exposed areas undergo a chemical

change. A distinction is made between positive and negative resists. When exposed to

radiation, negative resists become non-soluble due to polymerization, whereas positive

resists are decomposed making them soluble in a developer solution. The resulting pat-

terns can be transferred to the substrate by etching processes or deposition techniques.

In this work, only optical lithography was used for the patterning of microstructures. Fig-

ure 3.3 shows an overview of the sequence of process steps. All steps are carried out in

the yellow light area of the cleanroom to avoid any undesired exposure to ambient light.

First, the wafer or substrate is cleaned of grease and particles. In the case of minor con-

tamination, this can be done in an ultrasonic bath in isopropanol and acetone. To enhance

the adherence of the hydrophobic photoresist, the surface is dehydrated. This is achieved

by heating the substrate to a temperature of over 100 °C. Afterward, a primer, such as the

adhesion promoter HMDS (hexamethyl disilazane), can be applied.

Figure 3.3.: Schematic of a typical lithography process.

In the next step, a photosensitive coating is applied to the substrate by spin coating. The

substrate is attached to a rotating vacuum-chuck, and a liquid photoresist is dispensed

onto it via the use of a pipette. Here, the positive resist AZ1505 (MicroChemicals)

is used. The resist is uniformly distributed throughout the substrate surface through

centrifugal force, while the chuck rotates at a speed of 1000 rpm for a duration of 60 s,

resulting in a homogeneous and even layer thickness of 1 µm. For thicker layers or small

substrates, edge beads can form at the borders, which could stick to a photomask, for

example. The edges are treated with a solvent to avoid these problems later on during

exposure. Subsequently, the solvents present in the photoresist need to be evaporated

via a so-called soft bake, which involves placing the substrate on a hot plate at 95 °C for

3 minutes. This can also reduce �lm stresses that are caused by shearing during spin

coating.

During the subsequent exposure step, a pattern is “printed” in the photoresist, either by

using a photomask or directly writing on the resist by using a UV laser. If the substrate
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has been previously structured, the layout should contain alignment markers that enable

alignment with respect to existing structures. In mask-based lithography, a transparent

mask plate with an opaque pattern on one side is positioned on top of the substrate

[79, p. 321]. The mask is brought into direct contact with the photoresist by applying

additional pressure, to avoid any proximity e�ects. The exposure is by parallel UV light

and shadow projection through the mask.

Alternatively, 2D direct laser writing can generate microstructures in photoresists directly

from an electronic layout �le. In this work, the rapid prototyping of new microstructure

layouts is done using the direct laser writing system DWL66fs (Heidelberg Instruments).

A schematic of the system’s operating principle is shown in Figure 3.4. A Nd:YAG laser

produces a laser light with a wavelength of 355 nm. The laser beam intensity is modulated

by an acousto-optic modulator (AOM), while an acousto-optic de�ector (AOD) changes

the beam angle perpendicular to the moving substrate. A mirror directs the laser beam

towards the substrate surface where it is focused onto the resist layer by a lens. A pneu-

matic auto-focus system ensures that the exposure distance is constant. Due to the sub-

strate motion, stripes with the width of the scan are exposed on the substrate. A lateral

resolution of 2.5 µm at a writing speed of 36 mm2/min can be achieved [80].

Figure 3.4.: Schematic of a 2D direct laser writing system. Adapted from [81].

The exposure of a resist layer can create thermomechanical stresses which can be relaxed

by using a post-exposure bake (PEB). Next, a developing agent is used to remove either the
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exposed areas of a positive photoresist or the unexposed areas of a negative photoresist,

respectively. The wafer can be processed either by a developer spray or immersed in a

developer bath. For the aforementioned AZ1505 photoresist, a potassium-based bu�ered

developer (AZ400K) is diluted by a ratio of 1:4 with deionized (DI) water. Optionally,

a hard bake step can be taken to remove any residual solvents. The resulting so-called

photomask can then be used for pattern transfer either by deposition of additional layers

or by wet-etching. As soon as the resist layer is no longer required, it can be removed e.g.

with the undiluted developer solution (stripping).

3.1.2.3. Wet Etching

Wet etching is a common method for removing materials o� substrates utilizing liquid

etchants or chemicals. A photomask provides the protection layer for the areas that

should not be patterned. For longer etching times or chemical reactions where a lot of

bubbles are generated, a vapor-deposited hard mask with chromium and gold can serve

as a more robust mask for patterning. A 10 nm thin layer of chromium is deposited onto

the substrate to promote the adhesion of the 30 nm gold layer. In the case of SMA struc-

turing this Cr/Au hard mask is directly evaporated onto the SMA layer. A photoresist

is spin-coated on top and structured by optical lithography. Subsequently, it serves as

a patterning mask when wet-etching Au and Cr. After stripping o� the photoresist, the

Cr/Au hard mask for further wet etching of the SMA material in a HF:HNO3 solution re-

mains. When the wafer is immersed in the etching solution a redox (reduction-oxidation)

reaction takes place. In the case of TiNi, HF oxidizes the material and HNO3 dissolves

the oxidized material. Care has to be taken that the ratio of reactant to removed material

is high enough to avoid depletion of the etchant. Furthermore, underetching of the hard

mask has to be avoided by removing the substrate as soon as the SMA is fully etched.

3.1.3. Thermal Annealing of SMAs

The heat treatment of SMAs has a direct in�uence on the deformation behavior and ma-

terial properties. In particular, the phase transformation temperatures depend on this

important process step. In addition, both superelasticity and the one-way shape memory

e�ect can be adjusted via heat treatment. Heat-treated �lms that are brought into a new

memory shape by a second annealing step do not have the same deformation quality.

Each heat treatment step can contribute to precipitation (e.g. Ti3Ni4) and surface oxida-

tion.

The heat treatment for the initial imprinting of the shape memory e�ect depends on the
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factors of duration and temperature. The higher the temperature, the shorter the imprint-

ing step can be carried out. It can also be roughly stated that the phase transformation

temperatures and shape recovery strain increase with increasing aging temperature [82,

p. 118-120]. However, e�ects such as oxidation are also intensi�ed at higher tempera-

tures.

The foils and sputtered �lms, which have already been heat-treated after fabrication, must

be brought into a new memory shape for use as folding actuators. If the heat treatment is

carried out under vacuum conditions, the surface oxidation can be minimized. To achieve

this, the samples are �xed onto a temperature sensor and inserted into a quartz tube. The

tube is �ushed with nitrogen for removing any loose particles and evacuated by a vacuum

pump. If the vacuum level drops below 10-̂2 mbar, the tube is placed into the oven. The

temperature and vacuum conditions are monitored. When the required annealing time is

reached, the tube is again �ushed with nitrogen to quench the SMA material.

3.1.4. Electrical Contacting for Annealing and Actuation

Another method of heat treating SMA is direct Joule heating. Joule heating, also known

as resistive or Ohmic heating, is a phenomenon where the energy of an electric current

generates heat as it �ows through a conductor. The Joule’s law states that the heating

power P produced by an electrical conductor is proportional to its resistance R and the

square of the current I �owing through it:

P = I 2R (3.1)

In SMAs, the heat generated can be utilized not only for local heat treatment, but also to

actuate one-way shape memory actuators without requiring an external heat source to

heat the entire actuator. For this purpose, the actuators need to be designed in a way that

allows them to be electrically contacted, and the area to be heated must have the highest

local resistance. However, TiNi is not well-suited for soldering due to the presence of a

natural oxide layer.

The gap welding shown in Figure 3.5 is a resistance welding technique in which two

electrically conductive parts (e.g. SMA and conductor track) can be joined together. The

two bonding partners are stacked and pressed by two parallel electrodes. A voltage is

applied across the two electrodes that generates a current �ow across both welding parts.

The interface is heated due to resistive heating and melts. During solidi�cation, a weld-

like material bond is created. Here, a UNITEK Equipment Linear DC resistance welding

device is used that allows to monitor and control the current �ow and/or applied voltage.
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Figure 3.5.: Schematic of a gap welding setup.

An alternative for smaller contact areas is electrical bonding with conductive glue. A two-

component silver glue is applied onto the SMA parts and copper wires can be attached on

those regions. The positioning of both components must be secured during the curing on a

hot plate (at 100 °C). As its mechanical connection is rather weak, an additional layer of an

electrically insulating epoxy is applied which avoids detatching of the bonding partners.

3.2. Characterization Methods

3.2.1. Thermal Characterization

The thermal properties of SMAs include the phase transformation temperatures, heat

capacity, thermal expansion coe�cient, and thermal conductivity. The most common

method to determine the phase transformation temperatures in a stress-free state is the

di�erential scanning calorimetry (DSC), as mentioned in section 2.2.1. The sample ma-

terial is encapsulated in a sample pan of high thermal conductivity (e.g. aluminum) and

is placed together with a reference pan in the inert gas chamber. Both pans are heated

at a controlled rate. Heat �ux sensors measure the heat �ow in and out of the sample

compared to the reference material. Changes in the heat �ow indicate phase transitions,

melting, or crystallization. For SMAs the phase transformation from austenite to marten-

site is exothermic and results in a peak in the DSC curve. The area below the peak is

equivalent to the latent heat of the phase transition.

In this work, a Netzsch Phoenix DSC 204 is used for DSC measurements which is equipped

with a nitrogen gas connection for purging and as inert gas. Additionally, liquid nitrogen

is used for cooling. The temperature sweep rate is set to 10 K/min and a holding time

of 2 min is set in between the heating and cooling cycles. The specimen mass is mea-

sured with a precision scale and ranges typically between 7 and 15 mg. The peaks of the
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exothermic and endothermic phase transformations are bell-shaped. The start and �nish

temperatures are evaluated by drawing tangents at the steepest parts of the two sides of

the peak. The intersection of the tangents with the baseline de�ning the latent heat area,

gives the temperature values (compare [83]). The heat capacity, de�ned as the amount of

heat required to raise the temperature of the sample by 1 K, is derived according to ASTM

E1269 [84].

Further thermal characterizations, such as surface temperature pro�les of actual actuators

or the elastocaloric e�ect upon rapid loading/unloading are obtained by IR thermography.

The IR camera measures the heat radiated by a specimen. When the emission coe�cient

of the surface is known, the temperature can be derived. Here, the IR camera FLIR A655sc
is used with a macrolens that provides a pixel size of 15 µm. The frame rate can be set up to

200 fps. The absolute temperature can be measured with an accuracy of 2 K. Control, data

acquisition and post processing are performed with the provided software FLIR research
IR. In experiment, the specimens under investigation are covered with a thin layer of black

carbon spray. Its emissivity has been calibrated to 0.8.

3.2.2. Electrical Characterization

The electrical properties of materials, such as electrical conductivity, are strongly depen-

dent on the structure of the material at the atomic scale. Therefore, phase transformations

or crystallization processes can be revealed by changes in resistivity ρ. The most common

method to measure the resistance of a material is to use two surface probes and apply a

current across them. Simultaneously the voltage drop is measured between the two con-

tact points. The resistance Rtot can be calculated as Rtot = V /I . The accuracy of this value

is a�ected by parasitic resistances, such as contact resistance between the material and

the probes or the resistance of the cables.

Parasitic resistances can be eliminated by a 4-point probe measurement. A sample cur-

rent I is applied across the two outer samples and the voltage dropV across the two inner

samples is measured. The di�erential resistance is dR = ρ dx
A , where A represents the

area of the spherical protusion of the emanating current in the bulk material. If the spac-

ings s between the four probes are identical, the resistance R is calculated by integrating

between the inner probe tips [83]:

R =

∫ x2

x1

ρ
dx

2πx2
=

1

2s

ρ

2π
(3.2)
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Due to the superposition of current at the two outer probes, R = V /2I . Thus, the bulk

resistivity can be expressed as:

ρ = 2πs

(
V

I

)
(3.3)

For a very thin layer (thickness t << s), the current spreads in rings instead of spheres.

The area A expresses as A = 2πxt . The resistance R can be calculated by:

R =

∫ x2

x1

ρ
dx

2πxt
=

ρ

2πt
ln(2) (3.4)

The speci�c resistivity for a thin sheet then derives to:

ρ =
πt

ln2

(
V

I

)
(3.5)

Depending on the dimensions of the sheet and relative to the probe spacings s, additional

correction factors have to be considered [85]. Here, the thickness of the foils does not

exceed 20 µm. If the probe spacings are larger than 50 µm, and the lateral dimensions

exceed 8 mm, the correction factors can be neglected.

In this work, temperature dependent electrical resistance measurements are performed

in an in-house upgraded cryostat from CryoVac. As shown in Figure 3.6, it consists of a

vacuum chamber, where a thin �lm can be �xed onto a heating/cooling tube. The adapter

with four spring-loaded pins with equal spacing of 0.2 mm is positioned by centering pins

onto the thin �lm. The four pins are connected to a current source and two digital multi-

meters, for accurate current and voltage monitoring, according to the 4-probe resistivity

setup. The chamber is continuously evacuated by a vacuum pump to stay below 2x10−2

mbar. The temperature measured by a temperature sensor located underneath the sub-

strate. A thermostat is controlled by a PID control implemented in LabView to regulate

the electrical heating power and a magnetic valve for liquid nitrogen cooling. In contrast

to the DSC measurement, the temperature is not swept at a constant rate, but the temper-

ature value is stabilized in a range of ±0.5 °C for 30 s. The resistance value is then read

out after 30 samples if the relative resistance change is below Rn−1/RnxRn/∆t < 10
−5Ω/s

and the approach to the next temperature value starts. The resistance values versus tem-

perature and the duration until temperature stabilization are plotted in LabView graphs.

The raw data is evaluated in customized Origin import �les.
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Figure 3.6.: Schematic of resistance measurements

The temperature-dependent electrical resistance curves of SMAs show a drop during the

phase shift from martensite to austenite and an increase for the reverse transformation.

The phase transformation temperatures can be estimated by �tting tangents to the linear

sections of the curves and reading o� the temperatures at the intersections.

The Wiedemann-Franz law can be used to derive the thermal conductivity of metals by

stating that the ratio of the electronic contribution of the thermal conductivity kth to the

electrical conductivity κe is directly proportional to the temperature T . It is based on

the fact, that heat and electrical movement involve freely moving electrons in the metal.

The law can also be used to determine the thermal conductivity of SMAs [86] and can be

expressed by the following equation:

kth = κeLT , (3.6)

where L = 2.44 × 10
−8W .Ω.K−2 is the proportionality constant, known as the Lorenz

number.

3.2.3. Mechanical Characterization

The mechanical properties of SMAs are generally derived by uniaxial tensile tests. A

specimen sample is clamped in between a �xed and a movable holder. The traverse of the

tensile testing machine elongates the sample by moving upwards. The relative elongation

∆l is tracked by a position sensor and the force F is measured by a load cell. For a known

initial cross-section A0, and the initial length L0, the instantaneous engineering stress is

σ = F/A0 and the engineering strain is ε = ∆l/L0. As in classical stress-strain curves,

Young’s modulus of the di�erent phases can be derived from the slope of the linear

regions, as mentioned in section 2.2.2. Further mechanical characteristics of interest, are
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the critical transformation stress, maximum transformation strain and yield strength.

In this work, tensile tests are performed with the Zwick Roell tensile testing machine,

equipped with 5 N and 50 N load cells providing a resolution of 0.002 N and 0.25 N,

respectively. All experiments are conducted by displacement control with a resolution

of 0.25 µm. For samples with thicknesses below 10 µm a special holder is designed in

which dog-bone shape samples can be positioned, clamped and additionally glued to

avoid slipping during loading.

In order to determine the properties of austenitic SMAs and the Clausius Clapeyron

coe�cient, the sample holder is placed into an in-house built heating chamber. The tem-

perature inside the chamber is adjusted by a PID controller and additionally monitored

by attaching thermocouples onto the sample holder. This setup allows for tensile testing

at di�erent ambient temperatures up to 80 °C. In general, the strain rate during loading

and unloading should avoid elastocaloric e�ects to ensure isothermal conditions. This

is particularly important when the ambient temperature is between the austenite start

and �nish temperature and any additional heat could contribute to a structural change.

Therefore, a strain rate of at least 10
−4/s is applied during tensile tests in the temperature

chamber. For high temperatures, the chamber is heated for up to 1 h in order to achieve

a stationary and homogeneous temperature distribution.

The Young’s modulus of the initial specimen is determined via the linear �t to the

straight section of the load curve. The critical transformation stress σcr can be obtained

by the intersections of stress plateau and elastic curve sections. If the material is

fully transformed and displays a linear increase after the transformation plateau, the

Young’s modulus of the reoriented martensite can be determined by �tting a line to the

aforementioned linear portion. The maximum transformation strain εt is represented by

the remaining strain after unloading, which is the point where the stress-strain curve

intersects the x-axis. The residual strain εr corresponds to the non-recoverable strain

that remains even after heating above A f .

To accurately measure the output torque of folding actuators, it is essential to have an

experimental setup that allows the rotational motion of the freestanding element without

introducing any additional moments (such as through friction). This becomes even more

challenging at a micro-scale due to the reduced dimensions and small output torques.

One possible solution is to measure the force and consider the lever arm to the rotational

axis to calculate the corresponding torque. Force measurements are mainly conducted

by using the 5 N load cell of the tensile testing machine which provides a displacement-

controlled motion and highly resolved displacement steps. Another option is the usage
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of micromanipulators equipped with a micro force measurement tip (Kleindiek). In both

cases, the fabricated folding actuators are loaded, and the resulting angular motion is

tracked by a camera. In a postprocessing step, one can extract the rotational axis, the

resulting folding angles and the lever arms from recorded images and videos.
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Actuators

With the objective of achieving bi-directional folding through the utilization of the one-

way shape memory e�ect of SMAs, a double bridge actuator is designed and structured

starting from a TiNi foil.

This chapter discusses the material characterization of the TiNi foils and the design and

fabrication process of the folding actuators based on the material properties. The folding

actuator’s uni- and bi-directional folding behavior is examined, and further steps toward

miniaturization are explored
1
.

4.1. Material Characterization of TiNi Foils

The TiNi material used in this work is commercially available and has a nominal chemical

composition of Ni55.57Ti44.39. The datasheet reports a carbon content of 4 at%. The foils of

20 µm thickness are fabricated by cold rolling and subsequently heat-treated. The man-

ufacturer does not provide any precise information on heat treatment, so various heat

treatment temperatures and durations are tested. Heat treatment in the vacuum furnace

at 460 °C for 45 min results in very similar transformation temperatures, so that these are

used as the optimum parameters for the shape setting in the further course.

An additional DSC measurement is performed on the one-way shape memory foil mate-

rial after having received an additional in-house heat-treatment in a vacuum furnace. The

temperature is cycled between -100 °C and 150 °C. Figure 4.1 shows the resulting exo- and

endothermic heating and cooling curves. On cooling, a two-step A→R→M transforma-

tion is observed. On heating, a one-step transformation M→A takes place. The derived

transformation temperatures are summarized in Table 4.1 and compared to the manufac-

turer’s characterization data. At room temperature and in absence of any external loads,

the material is in R-phase condition.

1
The content of chapter 4.4 is based on the master thesis of V. Gottwald [87], which was co-supervised by

the author. The results of V. Gottwald’s master thesis are used with his permission.

47



4. Double-bridge SMA-based Folding Actuators

he
at

 fl
ow

 / 
m

W
/m

g

temperature / °C

 heating
 cooling

As Af

Rs

RfMsMf

exo

Figure 4.1.: DSC measurement of TiNi foil material. The phase transformation tempera-

tures are labeled by arrows and summarized in Table 4.1

Figure 4.2 (a) shows the heating and cooling cycle of the four-point probe resistance

measurement in the cryostat between -150 °C and +140 °C covering the complete phase

transformation. On cooling, the intermediate R-phase transition is characterized by an

increase in resistance followed by a decrease during the R - M transition. The derived

transformation temperatures are summarized in Table 4.1.
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Figure 4.2.: Resistivity measurement of annealed TiNi (460 °C, 45 min). (a) Thermal cy-

cling between -150 °C and +140 °C. (b) Thermal cycling between ambient

temperature (23 °C) and above Af without martensite phase transformation.

The black dashed lines indicate the tangent lines for the derivation of the

transformation temperatures.
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4.1. Material Characterization of TiNi Foils

The foldable microactuators are not actively cooled during operation. The temperature is

therefore only varied between room temperature and austenite �nish temperature. The

associated back and forth transformation from the R-phase to austenite without the for-

mation of twinned martensite shows a low thermal hysteresis and good fatigue behavior

(Figure 4.2 (b)). After the �rst cycle, the transformation is already highly reversible, and

the phase transition takes place between 33.7 °C (Rf/As) and 43.9 °C (Rs/Af) on cooling

and heating. These measurements are used to derive the electrical resistivity and ther-

mal conductivity according to equations 3.3 and 3.6 for the simulation of resistive heating.

The comparison of the transformation temperatures in Table 4.1 shows only small

variations and con�rms the applied annealing parameters for the supplied material (460

°C, 45 min). By varying the heat treatment temperature between 400 °C and 500 °C and

the duration between 30 mins and 5 h, it was not possible to shift the transformation

temperatures of martensite above room temperature. This would require a modi�cation

in the alloy composition.

Heat treatment Method Ms M f Rs R f As A f

manufacturer DSC 14.6 °C -9.3 °C 49.2 °C 39.7 °C 48 °C 64 °C

460 °C, 45 min DSC 19 °C 9 °C 49 °C 40 °C 52 °C 62 °C

460 °C, 45 min Cryostat 18.2 °C -8.3 °C 46.2 °C 33.7 °C 48.5 °C 62 °C

Table 4.1.: Comparison of derived transformation temperatures from various samples

and measurement devices.

Due to the cold rolling process, the 20 µm TiNi foil exhibits anisotropic material

properties. The orientation can be identi�ed by periodic dark lines in rolling direction

on the material surface. When used as a folding actuator, the material is not only

subjected to uniaxial loads, so that the deviations in the mechanical properties in the

di�erent directions are also investigated to gain a better understanding of the material

behavior. In Appendix A.1 specimens oriented in rolling direction (RD) and in transverse

direction (perpendicular to RD) are compared for the initial cycle and fourth loading

cycle. Regardless of the loading direction, the initial loading curve shows a higher

critical stress and a �atter transformation plateau. From the second cycle onwards, the

stress-strain curve is reproducible. The stress in TD is higher and the transformation

strain is reduced. For this reason, areas that experience the maximum strain in the

actuator design should be aligned along the RD.
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In a stress-free state, the material transforms from R-phase to austenite phase upon

heating. Quasi-stationary tensile tests are conducted in the heating chamber for di�erent

ambient temperatures at low strain rate (10
−4/s). The loading curves at a strain rate of

10
−3/s result in a less �at stress plateau (represented by dashed lines). The resulting

stress-strain curves for four temperatures are shown in Figure 4.3 (a). The plateau

shifts to higher stress with increasing temperature. At an ambient temperature of 65 °C

the material is not yet in fully austenitic state, and a quasi-plastic strain remains after

unloading. This strain can be restored when heated above 80 °C. A test at this ambient

temperature cannot be carried out to protect the load cell in the used experimental setup.

The critical transformation stress is plotted for di�erent ambient temperatures in Figure

4.3 (b). The Clausius-Clapeyron coe�cient CM is estimated by a linear �t to 7.75 MPa/K.
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Figure 4.3.: Tensile tests of 20 µm TiNi cold-rolled foil at various temperatures in a tem-

perature chamber: (a) Stress-strain characteristics. The strain-rate is indi-

cated. (b) Critical stress for phase transformation as function of temperature.

While the small temperature hysteresis of the R-A phase transition can be an advantage

for high frequency applications, the stress-induced R-phase can only generate strains up

to 0.8 % [88]. At higher strain stress-induced martensite is formed which mainly con-

tributes to the 6 % recoverable strain that is shown by the cold-rolled TiNi foil. The de-

twinning of the R-phase has not been recorded by the tensile tests and no crystallographic

investigations have been undertaken to further understand the phase transitions of the

TiNi foil.

Besides the shift of the stress plateau, the sti�ness of the material changes upon heating,

due to the co-existence of multiple phases. The formation of austenite and stress-induced

martensite results in a complex interplay of three phases. According to the rule of mix-
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ture, the e�ective modulus can be derived from the phase fractions of the "soft" low tem-

perature phases (R- and M-phase) and the “hard” austenite. The temperature-dependent

e�ective modulus and the sigmoidal �t can be found in Appendix A.2.

The material parameters for the cold-rolled NiTi foil are summarized in Table 4.2. These

parameters are used by project partners to develop a simulation model that can describe

the folding behavior of the actuators.

Parameter Symbol Value Unit
Young’s modulus (starting phase) ER 12.9 GPa

Young’s modulus (austenite) EA 32.5 GPa

Critical stress (at RT) σcr 95 MPa

Clausius-Clapeyron coe�cient C 7.75 MPa/K

Transformation strain (at RT) εt 0.035 -

strain limit (at RT) εmax 0.06 -

Speci�c heat capacity (at RT) cp 360 J/kg/K

Thermal conductivity (starting phase) kR
th

5.8 W/m/K

Thermal conductivity (austenite) kA
th

8 W/m/K

Table 4.2.: Summary of experimentally derived parameters for one-way TiNi foil heat-

treated at 460 °C for 45 mins.

One disadvantage of the cold-rolling foil is its non-uniform thickness distribution. Varia-

tions of up to 2 µm have been measured. Furthermore, as a top-down process, cold-rolling

for even thinner foils requires a lot of e�ort. For the miniaturization of the folding actua-

tors, thinner and more homogeneous �lms are required. One possibility to obtain thinner

foils, besides bottom-up deposition methods, is the controlled wet-chemical etching of

20 µm foils. This process of �lm thickness reduction is discussed in more detail in chap-

ter 4.4.

4.2. Design and Fabrication of Double-bridge Folding

Actuators

The basic engineering element for the dimensioning of the entire folding actuator is the

double bridge structure made of TiNi. This structure connects the two individual tiles

and is designed to enable folding to + and – 180°, acting as �exible element and folding

hinge. The initial state corresponds to the folded con�guration (Figure 4.4 (a)). After im-

printing this new memory shape by a heat-treatment, this con�guration is completely

stress- and strain-free. The folding radius r is de�ned by the inner radius. The folding
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4. Double-bridge SMA-based Folding Actuators

hinge can be unfolded to 0° by applying an external bending moment either manually or

by an antagonistic actuator. This will result in a deformation along the cross-section of

the unfolded segment (Figure 4.4 (b)). The previously located inner area of the segment

experiences tensile stress, while the outer area is compressed. The neutral �ber (marked

with a dashed line) is the undeformed region. Here, we assume a symmetry in compres-

sion and tension loading of SMAs. Therefore, the neutral �ber runs halfway through the

thickness, perpendicular to the applied bending moment.

Figure 4.4.: Relevant dimensions for the design of SMA folding bridges. (a) memory

shape of SMA hinge, (b) unfolded con�guration

Since the neutral axis remains undeformed it serves as reference to determine the strain

induced by unfolding. Its initial length l0 and the elongation ∆l at the outer surfaces

derive from the circumferences of the corresponding half circles:

l0 = π (r +
tSMA

2

) (4.1)

∆l = l0 − πr = π
tSMA

2

(4.2)

The highest strain is located on the outer surfaces of the unfolded segment. The strain ε

is derived by ε = ∆l/l0 and results in:

ε =
tSMA

2r + tSMA
(4.3)

The maximum allowable tensile and compressive strain εmax and the foil thickness of the

SMA material are relevant for obtaining the minimum admissible folding radius rmin:

rmin > tSMA
1 − |εmax |

2|εmax |
(4.4)
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The TiNi foil with a given thickness of 20 µm allows for a maximum strain of 6 %. Thus,

the minimum folding radius derives to r = 157 µm. The minimum separation between

the tiles or the minimum bridge length is lbr = π (r +tSMA) = 0.56 mm. From a mechanical

point of view the width of the bridges wbr can be neglected in the case of an uniaxial

bending moment Mz . But in terms of thermal and electrical behavior, wbr is a critical

design parameter. The electrical resistance of the bridge structuresRbr1,2 can be calculated

using the formula

Rbr1,2 = resSMAL/Ac, (4.5)

where resSMA is the temperature-dependant resistivity of the SMA, and A the constant

cross-sectional area Ac = tSMA × wbr . The main criterium is temperature homogeneity

of the active parts. Therefore, the bridges require the lowest resistance across the entire

actuator. If the thickness is �xed, the resistance can be increased by reducing the width

of the bridges wbr and increasing the length lbr . This will also reduce the amount of

heating power required to control the folding actuator.

The 20 µm TiNi foils are used to fabricate macroscopic mm-sized SMA folding actuators

which are to be heat-treated in the vacuum oven. The TiNi foils are laminated onto a

thermal release tape and structured using the Nd:YAG laser. Figure 4.5 (a) shows the

layout of the SMA double bridge structures and the respective dimensions of the folding

hinges and their separation. Two centering holes are designed to �x the sample in

the folded con�guration into the annealing setup by a pin. The two welding legs are

connected by a thin bridge. This provides more mechanical stability when removing

the laser-cut structure (Figure 4.5 (b)) from the substrate and when inserting it into the

annealing �xture. The detailed description of the annealing procedure to set the folded

con�guration as memory shape can be found in the appendix A.3. Figure 4.5 (c) depicts

the structure after annealing in the folded con�guration.

The further assembly steps are depicted in Figure 4.6 (a). Two Ni stripes are glued onto

a polyimide (PI) tile which is structured by a CO2 laser. The electrical connection is

realized by gap welding the welding legs of the shape memory double-bridge structures

onto the Ni stripes. Finally, the second PI tile is bonded. The completed folding actuator

is positioned and �xed onto a movable platform by circular holes in the tiles. Only the

tile which is electrically contacted is �xed, while the other one is freely movable. The

two Ni stripes can be easily clamped so that the folding actuator can be actuated by
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4. Double-bridge SMA-based Folding Actuators

Figure 4.5.: (a) Layout of macroscopic folding actuators. (b) Laser cut SMA foil (c) fab-

ricated structure in folded con�guration after annealing.

resistive heating. For a perfectly annealed folding actuator, the initial con�guration is

the +180° fold.

Bi-directional actuators comprise two single folding actuators, consisting each of a pair

of tiles that is interconnected by a folded double-bridge SMA actuator. As depicted in

Figure 4.6 (b) the two actuators are deformed to a �at state (0°). The two pairs of tiles

are bonded to each other in an antagonistic con�guration. Due to the counteracting of a

+180° folded single actuator and a -180° folded single actuator, the resulting equilibrium

position is at 0°.

Figure 4.6.: Schematic of the folding actuator assembly: (a) uni-directional folding actu-

ator gap-welded onto Ni stripes for electrical connection, (b) bi-directional

folding actuator consisting of two counteracting uni-directional folding ac-

tuators bonded on the tiles.
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4.3. Characterization of Folding Performance

The actuation behaviour of the folding actuators is studied in terms of mechanical and

thermal performance. This includes the characterization of folding angles, heating power,

actuation torque, temperature distribution, in�uence of loading and the folding dynam-

ics (actuation hysteresis, folding speed, . . . ). The folding angles and the temperatures are

tracked by IR thermography. The heating current is supplied by a current source and the

voltage drop across the actuator is monitored by a digital multimeter (DMM). The result-

ing heating power is derived by the product of supplied current and measured voltage.

The force measurements required to determine bending moments are recorded with a 5 N

load cell of a tensile machine.

Here, uni-directional folding actuation is achieved by shape recovery of deformed SMA

folding actuators. The martensitic transformation from stress-induced martensite to

austenite is induced by local Joule heating. The SMA folding actuators are unfolded man-

ually and/or by applying di�erent biasing loads, and thereby generating stress-induced

martensite in the folding region. Here, only single folding hinge structures are character-

ized without coupling to an antagonistic actuator. These folding actuators can only fold

into one direction (0° - 180°) but allow for wide investigation of actuation behavior.

The bi-directional folding characterization is based on the maximum folding angles in

heated and cooled state. In the following, various experiments are performed on samples

with the dimensions shown above: hinge width of 1 mm, hinge separation of 2.5 mm and

hinge length or separation between the tiles of 3 mm. The folding radius is set to 250 µm.

The side length of the triangular tiles is 20 mm.

4.3.1. Uni-directional Folding Performance

If the folding axis of the uni-directional folding actuator is aligned with the gravitational

force, the freestanding tile is distorted by a small angle due to the weight of the tile.

Figure 4.7 shows the ideal position of the tiles and the real deviation in dashed lines.

In this sample orientation the two folding hinges are not loaded equally. The upper

hinge (bridge T) is subjected to an additional tensile load, while a compressive load is

applied on the lower hinge (bridge C). In order to investigate the in�uence on the folding

actuation, the folding actuator is manually unfolded to 0° and heated by Joule heating

for shape recovery. The folding angle of each hinge is observed individually by video

tracking. The position of the camera is switched between T and C. Here, the load of the

tile is 0.39 mg. The deviation of the folding characteristic is relatively small. Bridge T

which experiences an additional tensile load starts its folding actuation at approximately
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4. Double-bridge SMA-based Folding Actuators

0.2 V higher compared to the compressed hinge (bridge C). For both hinges the folding

is completed at around 3.1 V. The di�erence in folding angle is constant at 4° before and

after folding.

Due to this small deviation which is caused by the distortion of the tile relative to the

folding axis, only one folding hinge is considered in the characterization of folding angles

in the further course.
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Figure 4.7.: Folding characteristics of the two individual folding beams (loaded in com-

pression (C) and tension (T) due to gravitational load of the tile) after manual

unfolding to 0°.
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Figure 4.8.: Folding performance depending on sample orientation after unfolding to 0°.

In orientation A the folding axis of the sample is aligned along the gravi-

tational �eld, in orientation B the gravitational load of the freestanding tile

acts perpendicular to the folding axis.
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If the folding axis of the uni-directional folding actuator is oriented perpendicular to the

gravitational force, the external load of the tile acts additionally onto the SMA folding

hinge. Figure 4.7 (a) shows the shape memory recovery of the folded actuator upon

heating for two di�erent orientations. Here the load of the tile is 49.5 mg. Thus, in

orientation B, a gravitational force of around 0.486 mN acts onto the folding hinges. In

orientation A, the unfolding is initiated at a voltage of VA = 1.8 V and reaches a folding

angle of 118.6°. In orientation B the starting voltage for folding is shifter to higher

voltages (VB = 2.3 V) and the folding characteristic shows a steeper curve. The resulting

folding angle is 125.5°. The voltage shift can be attributed to the stress-induced increase

in SMA transformation temperatures and the increase in folding angle of 7° is due to the

additional weight of the tile.

The in�uence on the folding behavior and the opening angles under an additional load

is examined representatively by using di�erent tile materials. This allows to study the

relevant forces to close remanent opening angles of the folding actuators. Figure 4.9 shows

the folding characteristics upon heating. In the unloaded case the actuator folds back to

150° upon heating. Upon cooling the actuator re-opens to an angle of 114°. This behavior

can be attributed to an imprinted two-way shape memory e�ect during heat-treatment

and thermo-mechanical training.
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Figure 4.9.: Folding performance upon heating and cooling for di�erent loads after un-

folding to 0°.

The temperature of the folding hinge is measured by IR thermography while step-wise

increasing the heating power. Figure 4.10 shows the unloaded case (no load). As the

temperature increases proportionally to the heating power, its course is similar to the
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graph in Figure 4.9. In the unloaded case the folding motion takes place approximately

between 30 and 50 °C. This corresponds to the phase transformation range obtained by

material characterization of TiNi.

Figure 4.10.: Folding angle as a function of the hinge temperature for the case of no tile
in Figure 4.9.

With the additional load of a PI tile (0.5 mN) the start of the folding motion requires

a higher heating power and results in an increased folding angle by 5° upon heating.

After cooling to room temperature, the folding angle is equally increased. The use of

a ceramic tile (Al2O3) which causes a graviational load of 3.8 mN follows the observed

trend. Instead of 0.1 W, a heating power of 0.5 W is required to initiate the folding motion

followed by a steep transition to the folded con�guration upon further heating. The

actuator folds down to 183° and by subsequent cooling reaches the aimed folding angle

of around 180°. These measurements show that additional loading can suppress possible

second memory shapes and allows for tuning of the folding actuator.

Regardless of the orientation of the actuators and without any additional loads, there re-

mains an opening angle after folding and complete folding to +180° cannot be achieved.

Directly after annealing, a small opening angle is already visible as shown in Figure 4.5 (c).

The change of the folding angle by cyclic loading is tracked (see Figure 4.11). Samples that

are heat-treated in the vacuum oven for the 180° con�guration, show a folding angle of

175° after their removal from the heat treatment jig and re-heating on a hot plate. After

the additional assembly steps, including gap welding onto the Ni pads and glueing onto

the tiles, the folding angle reduces to 165°. The folding actuator is unfolded to beyond

-90° to remain in the 0° con�guration. One temperature cycle (T-cyc.) consists of heating
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above A f (65 °C) and subsequently cooling to RT. The folding angle decreases further to

approximately 160°. One explanation for this observation is the local overstraining which

introduces non-recoverable plastic deformations within the SMA material. Repeating this

heating and cooling cycle at the constraint position at 0° does not lead to an additional

decrease of the folding angle. When the folding actuator is deformed and heated in the

blocked -180° con�guration, a further drop of folding angles occurs. A di�erent folding

angle between the heated (135°) and the cooled (145°) actuator also appears here for the

�rst time. The formation of a two-way e�ect is due to the introduction of plastic defor-

mation in the material. This trend of a decrease in the fold angle is intensi�ed with �ve

additional temperature cycles of heating up to 80° while constraining the actuator in the

-180°. The resulting folding angle is 75° when the actuator is heated. The deviation of

heated and cooled folding angle is not further increased. For di�erent samples similar

trends for the drop of folding angles were observed. The occurence of a second memory

shape did also result in further lower folding angles. One example are the measurements

as shown in Figure 4.9, where upon cooling the folding angle decreases.
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Figure 4.11.: Evolution of opening angle upon cyclic loading.

While the SMA structure was designed for bidirectional folding at +180° and -180°, the

manufactured actuators are exposed to additional local overloads that lead to plastic de-

formations and prevent a complete return to the memory shape imprinted during heat-

treatment. Furthermore, the cold-rolled TiNi foil contains small defects and can be locally

sensitive to overstraining. However, for the free recovery of manually unfolded actuators
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the di�erence between annealed angle (175°) and resulting angles upon heating (160°) is

acceptable and is not subjected to further decrease when cycled 20 times. The extreme

cases for constrained angles upon heating cause the major e�ects on the drop of folding

performance. Especially over-heating should be avoided.

4.3.2. Bi-directional Folding Performance

For the use as a bi-directional folding actuator, the single actuators have to be char-

acterized in terms of their generated bending moments during folding actuation and

their opposing torque upon unfolding. These measurements allow for predicting the

bi-directional folding performance.

In literature, two main experiments have been de�ned for uni-directional folding

actuators [70]. The blocked angle measurement on unfolded active folding actuators

provides information on the bending moments during shape recovery. The blocked torque
measurement mimics the unfolding motion of a passive folding actuator and its opposing

bending moment, generating a bending moment-angle diagram. It can be de�ned as the

equivalent of a classical force-displacement characteristics but transferred to the bending

case.

Figure 4.12.: Blocked angle measurement. The restoring force Fr of the folding actuator

acts onto the load cell.

For the blocked-angle measurement the single folding actuator is positioned below a pin

that is attached to a load cell. One tile is �xed onto a platform (see schematic in Figure

4.12) and the freestanding tile is unfolded to two di�erent con�gurations (90° and 0°).

When the heating current Iheatinд is applied the shape recovery of the SMA folding hinge
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is blocked and a restoring force Fr acts onto the load cell. The resulting bending moment

is calculated by taking into account the distance d between the point of load application

on the freestanding tile to the �xation. The shorter the "lever arm" d, the higher the

forces to be measured. Therefore, the position of the load cell is chosen to be as closely

as possible to the �xed tile. The bending moment versus heating power characteristic

upon heating and cooling is measured. The shaded area represents the minimum and

maximum values of the measured bending moments.

The specimen is tested for two heating and cooling cycles at d = 4mm. In the 90°

con�guration, a bending moment of 0.018 Nmm exists before heating which corresponds

to the opposing unfolding moment. When heated, a maximum bending moment of 0.085

Nmm is reached at a heating power of 280 mW. Upon cooling, a small hysteresis can be

observed that is related to the di�erence in forward and backward phase transformation

temperatures of the SMA. The remaining bending moment of 0.01 mN di�ers from the

initial bending moment before heating. This deviation can be associated to the formation

of di�erent martensite variants between free and constrained recovery.

The specimen is similarly tested in the 0° con�guration. The initial and maximum

bending moments are 0.031 and 0.11 Nmm, respectively. Thus, the bending moment

generated upon heating is 3.5 times higher than the bending moment required to unfold

the folding actuator to 0°.
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Figure 4.13.: Blocked torque measurement at RT and schematic of the test setup.

For the blocked-torque measurement two specimens are tested. The folding actuator

is �xed on a rotational platform that allows for adjusting the opening angle θ (see

schematic in Figure 4.13). The folding angle α derives from α = 180 − θ . Using the

rotatable platform, the folding actuator is opened incrementally by the measuring
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tip and the resulting force is recorded by the load cell. Here, the lever arm d varies

upon unfolding (d = 2..4mm). Both, folding angle and distance d, are obtained by

post-processing of recorded images of each measurement increment. Force measurement

of small opening angles is di�cult because the measuring tip is di�cult to position in

the con�ned space between the two tiles. This results in a high standard deviation in

the bending moments for folding angles between 180° and 90°. A maximum bending

moment of 0.043 Nmm is reached at a folding angle of -90°. After removing the load cell,

the folding actuator returns to a folding angle of 30°. If the folding actuator is unfolded

to 45°, the elastic relaxation leads to a folding angle of 95°.
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Figure 4.14.: Blocked torque experiments for three di�erent hinge temperatures (23 °C,

35 °C and 60 °C).

The blocked torque measurement is performed at various temperatures. For this purpose

the actuators are Joule heated. The temperature of the center of the hinge region is

evaluated by an IR camera. The heating current is adjusted and kept constant until

the average temperature stabilizes to ±1 °C. Figure 4.14 displays the folding angle vs

bending moment curves at room temperature (23 °C) and hinge temperatures of 35 °C

and 60 °C. For ease of reading, a guide-to-the-eye line is drawn over the measurement

data. The opening angles vary for the di�erent temperatures. Therefore, the starting

angles α0 for unfolding shift. At room temperature, the folding actuator is opened by

25° (α0 = 155°). When heated above the austenite �nish temperature, the actuator folds

down to α0 = 170°. As with the tensile tests, an increase in material sti�ness can be

observed at higher temperatures and the transformation plateau shifts to higher bending

moments. At a hinge temperature of 60°, the hinge shows superelastic behavior upon

loading and unloading. Therefore, it is partly or fully in austenite state. The unfolding to
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4.3. Characterization of Folding Performance

0° at room temperature requires a bending moment of 0.038 Nmm. At 60 °C, the bending

moment is around 0.085, thus more than two times higher.

The blocked torque measurements for the two extreme cases, at room temperature and

in heated state (60 °C), allow to set up an actuation path diagram for bi-directional fold-

ing actuators. Figure 4.15 schematically displays the combination of two counteracting

folding actuators, a protagonist shape-set to +180° (solid lines) and an antagonist shape-

set to -180° (dashed lines). Combining both actuators after annealing by bonding their

tiles as shown in Figure 4.6 results in an equilibrium position at 0° (E). Heating exclu-

sively the protagonist leads to a folding motion towards the point (I-a) at the intersection

of the two bending moment-angle characteristics of the cold antagonist and the heated

protagonist. Subsequent cooling leads to the elastic relaxation of the folded antagonist

and the equilibrium point (I-b) is reached. If the antagonist is heated in the next step, a

direct folding actuation from (I-b) to (II-a) is possible, followed by the second equilibrium

point (II-b) upon cooling. This graph shows that bi-directional actuation can be possible

between +100° and -100°, with two stable positions at approximately +50° and -50°. These

positions are determined by drawing a linear segment with a slope corresponding to the

elastic relaxation slope at RT (see Figure 4.13).
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Figure 4.15.: Actuation paths of a bi-directional folding actuator. Selective heating of

single actuators results in a maximum folding motion of around +100° (I-a)

and -100° (II-a). Subsequent cooling leads to the two equilibrium points (I-b)

and (II-b).

A coupled bi-directional folding actuator is fabricated as described. When the protagonist

is actuated by a heating power of 320 mW (0.64 A, 0.5 V) the total folding angle reaches
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4. Double-bridge SMA-based Folding Actuators

+42° (±2°). The cooled equilibrium position (I-a) is at 9°. When the antagonist is heated

with a heating power of 246 mW the bi-directional actuator folds to -40° and reaches the

equilibrium point (II-b) at -6° upon cooling. Thus, reversible and bi-directional folding

is achieved. The IR images of the four characteristic positions are shown in Appendix A.4.

The di�erence between the theoretical prediction of the folding performance and the

experimental values can be attributed to additionnal coupling e�ects. In the blocked

torque experiment the freestanding tile can freely move upon unfolding and shear forces

are not measured. The motion of the coupled folding actuator is however mechanically

constrained in in-plane direction of the tiles. Furthermore, due to the fabrication process,

the zero-plane of both actuators is not coinciding but o�set by the doubled thickness of

the tiles and the bonding layer (by approximately 250 µm). This introduces an additional

bending moment during actuation. Additional internal stress can be introduced by the

fabrication process. The actively heated single actuator does also a�ect the passive

actuator thermally and generates a higher opposing bending moment due to the sti�ness

increase. The thermal in�uence between the two opposing actuators can be decreased

by increasing the separation between them. But a wider separation leads to a higher

bending moment perpendicular to the folding axis.

4.4. Downscaling of Double-bridge Folding Actuators

The major limitation for downscaling the lateral dimensions of the folding actuator is the

thickness of the used SMA material. Contrary to applications where exclusively tensile

loading is applied, bending generates surface stresses that scale with the thickness of

the bent material. As derived in section 4.2 the smallest possible bending radius and the

minimum bridge length derive from the shear stresses at the outer bent surfaces. For the

fabrication of miniaturized folding actuators the TiNi foil is reduced in thickness.

4.4.1. Foil Thickness Reduction

Several techniques for thickness reduction by subtractive processes are possible.

Handling of thin �lms is delicate and micro milling and grinding introduce plastic

deformation in the material. Therefore, wet chemical etching is chosen for a controlled

thickness reduction. Films of 8 µm and 5 µm are fabricated by double-sided etching in a

HF:HNO3 etching solution in a petri dish. The etching rate is higher at the beginning

64



4.4. Downscaling of Double-bridge Folding Actuators

of the etching process due to the native oxide layer of the TiNi foil that gets removed

by HF. The averaged etch rate of di�erent etch tests is 1.65 µm/min. The defects and

inhomogeneities of the initial cold-rolled foil cause a non-uniform thinning of the etched

foil. Furthermore, an increase in roughness of the thickness-reduced �lms is observed.

Figure 4.16 (a) shows an etched �lm with etch holes and dents. Additionally, increased

waviness and inhomogeneous edges can occur. Figure 4.16 (b) shows the variance in

�lm thickness of a 40 x 15 mm2 TiNi foil after wet etching. The �lm thickness increases

towards the edges.

(a) (b)

Figure 4.16.: (a) TiNi foil defects after etching. (b) Film thickness distribution across

sample.

4.4.2. Fabrication of Miniaturized Folding Actuators

The thinned TiNi foils allow for downscaling of the double-bridge design. Structuring

of the miniaturized layout by Nd:YAG laser cutting highly a�ects the SMA material. As

shown in Figure 4.17 (a), the heat a�ected zone (HAZ) due to the laser ablation process

distributes widely into the relevant areas of the folding hinges. Oxidation and depletion

of Ti due to high temperatures impacts the SMA properties and should be avoided.

Therefore, structuring by photolithography and wet etching is the preferred technology

to fabricate miniaturized folding actuators.

Figure 4.17 (b) shows a TiNi foil after HF:HNO3 wet etching. Smallest hinge widths of

30 µm are achieved for functional actuators structured by wet-etching at a minimum

thickness of 5 µm. The structured actuator is transferred and bonded to a polyimide

tile. Tinned copper wires of 100 µm thickness are electrically contacted to the pad areas

of the SMA structure by a two-component conductive adhesive (EPO-TEK H20E). The

wires are connected to a source-measurement unit (SMU) for Joule heating and 2-wire

resistance measurement.
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4. Double-bridge SMA-based Folding Actuators

Figure 4.17.: (a) Laser cut structure with surface oxidation and rough edges. (b) Wet-

etched actuator structure on heat-releasable �lm.

The shape-setting to the +180° folding angle is performed by Joule heating. The small size

of the miniaturized actuator does not allow for an IR measurement of the actual surface

temperature during heating. A simulation model is used to approximate the local temper-

ature in the hinge region and to predict the required heating current for re-annealing. For

the annealing step, the actuator is placed on a 3-axis positioning platform and folded into

the 0° position by a manipulator tip. 8 µm thin actuators with hinges of 250 µm length

and 30 µm width are shape-set with an annealing current of 110 mA (approx. 45 mW) for

10 s. A bending radius of 46.1 µm is measured (±13.1 µm).

4.4.3. Characterization of Miniaturized Folding Actuators

The unidirectional folding performance is characterized by the free recovery of a de-

formed miniaturized actuator upon heating. Figure 4.18 shows the actuation sequence of

a 5 µm thin actuator with hinges of a length of 500 µm and a width of 75 µm. The folding

actuator is quasi-plastically deformed to the 0° position (a). Heating with a heating

current of 50 mA (approx. 10 mW) generates a folding motion (b) and a maximum

folding angle of 145° (c) is reached. Upon cooling, re-unfolding due to the two-way shape

memory e�ect results in a folding angle of approximately 110°.

The bending moment of a miniaturized folding actuator is measured with an elastometer.

The unidirectional actuator has hinge dimensions of 250 µm x 30 µm x 8 µm. The measure-

ment tip that is connected to a load cell is positioned above the center of the free-standing

tile. By Joule heating the actuator, the folding motion is blocked and a load is applied onto

the measurement tip. The weight value displayed on the elastometer screen is converted

into a force value and multiplied by the lever arm between measurement tip and tile �x-

ation. Figure 4.19 shows the derived bending moment versus Joule heating current. The

drift of the elastometer results in negative readings for small currents. At a heating cur-
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Figure 4.18.: Folding sequence of a miniaturized folding actuator (500 µm x 75 µm x 5

µm hinges) with polyimide tile annealed for 180° fold. (a) unfolded to 0°,

(b) during actuation by Joule heating, (c) maximum fold angle of 145°, (d)
re-unfolding upon cooling.

rent of 20 mA the bending moment increases due to the phase transformation and reaches

a maximum value of 0.13 × 10
−3

Nmm.

Figure 4.19.: Blocked angle measurement of miniaturized folding actuator (250 µm × 30

µm × 8 µm hinges)

4.5. Discussion

For mm-sized folding actuators uni- and bi-directional folding using a 20 µm TiNi foil is

achieved. The uni-directional folding actuators can generate bending moments of up to

100 mNmm when heated and folds up to +150°. It requires an additional load of 3.8 mN to

reach the maximum folding angle of +180°. To reduce this remaining opening angle, shape

setting beyond +180° is an option. While this is possible at larger scale, curling in a con-
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strained space and at small scale is not possible. Another explanation for the incomplete

angle recovery is the observation that manual unfolding by rotating the freestanding tile

does not lead to a completely �at SMA hinge. Its folded geometry is still visible (compare

Figure 4.10) and the SMA foil experiences the maximum strain close to the �xed tile be-

cause the separation between the two rigid tiles is not kept constant. By introducing an

additional compliant hinge that ensures the separation of the tiles and thereby elongates

the SMA hinge towards a �at geometry upon unfolding, could further enhance the uni-

directional angular folding range. However, additional sti� elements will also reduce the

performance.

The bi-directional folding performance has been studied in detail to predict the possible

angular folding range. The measured angles are lower due to mechanical and thermal cou-

pling e�ects of the bonding partners. The theoretical prediction of bi-directional folding

between +100° and -100° is also not su�cient for some applications especially for Origami-

inspired 3D structures. If the uni-directional folding performance can be increased, the

bi-directional folding range does also increase due to the shift of the actuation paths to-

wards the outer edges (compare Figure 4.15). The mechanical coupling between the two

pairs of tiles can be reduced by introducing an additional degree of freedom to allow for

a relative motion between the two tile surfaces. Thereby the tiles can accommodate to

the folding motion and additional stresses a�ecting the angular folding range, could be

reduced.

The miniaturization by reducing the thickness of the TiNi foil has been studied. A 5 µm

thin miniaturized folding actuator achieves uni-directional folding up to 145°. Its lateral

dimensions are decreased by approximately one order of magnitude. Compared to the

mm-sized folding actuator based on the 20 µm TiNi foil, the actuation bending moment is

decreased by three orders of magnitude down to 0.13 mNmm. Due to the surface defects of

the cold-rolled TiNi foil and the inhomogeneous surface etching, the further downscaling

is at its limit here.
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Multi-Stage Folding

The double bridge structures presented in the previous chapter represent the simplest lay-

out for the realization of one-sided Joule heated folding actuators. With the overriding

aim of achieving the widest possible bi-directional folding and the ambition for further

miniaturization, changes must be made to this basic layout. The use of sputtered thin

�lms enables a subtractive microfabrication process resultin in ever smaller structures by

using standardized handling techniques in a cleanroom environment.

In the following, the sputtered TiNiCu thin �lms are characterized using the same meth-

ods as those employed for cold-rolled TiNi foils. The relevant parameters are derived from

the material characterization data and are employed to design a new layout involving the

serial connection of two double-bridge folding hinges. A simulation model is set up to

study the parameters. The extended fabrication process required for micro-structuring

and assembly is described in detail.

To evaluate the impact of the altered starting material, both the updated design and a

simpli�ed double-bridge structure are examined. Identical structure sizes are used for

both, and they are created using the same fabrication process. This allows for a direct

comparison of their folding performance.

5.1. Material Characterization of TiNiCu films

TiNiCu �lms with a layer thickness of 6 µm are provided by cooperation partners from

CAU Kiel for this work. The chemical composition of these thin �lms is Ti53.9Ni30.4Cu15.7

as obtained by XRD measurements.

Binary TiNi shape memory alloys show a constrained composition variation for the

shift of phase transformation temperatures by thermal treatment. The addition of Cu

as ternary alloy element allows for easier tuning of the phase transformation tempera-

tures. Additionaly, the sputter-deposited �lms’ thickness is more homogeneous with less

defects on the surface, contrary to the cold-rolled TiNi foils.
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The TiNiCu material is sputtered onto a sacri�cial Cu layer and a Ta adhesion layer on

a wafer. The 6 µm thin �lm is released from the substrate by wet-etching the sacri�cial

Cu layer and is crystallized by rapid thermal annealing (RTA) at 700 °C for 15 mins in a

vacuum chamber. The detailed fabrication process is described in [78].

Figure 5.1 displays the DSC measurement of the as-received 6 µm TiNiCu thin �lm. Con-

trary to the binary TiNi material, one observes one-step phase transformations on heating

(M-A) and cooling (A-M) without any intermediate phase. Upon heating the martensitic

transformation takes place between 56.6 °C (As) and 68.6 °C (Af). The derived phase trans-

formation temperatures upon cooling are 55.5 °C (Ms) and 44.8 °C (Mf). The latent heat

for M-A transformation is 12.7 J/g and for A-M transformation -13.1 J/g.

-100 -50 0 50 100 150
-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

he
at

 fl
ow

 / 
m

W
/m

g

temperature / °C

 cooling
 heating

As Af

MsMf

exo

Figure 5.1.: DSC measurement of TiNiCu thin �lm after pre-annealing at 700 °C for 15

min. The phase temperatures are labeled by arrows.

The four-point probe resistance measurement in the cryostat provides information on the

change in electrical resistivity of the freestanding TiNiCu thin �lm (see Figure 5.2). The

approximated phase transformation temperatures upon heating are 50.8 °C (As) and 67.6

°C (Af). On cooling, the reverse transformation takes place between 57.7 °C (Ms) and 44.5

°C (Mf).

Only small deviations in phase transformation temperatures between the two measure-

ment methods are observed, thereby con�rming the measurements. The results reveal

the electrical conductivity, phase transformation temperatures, heat capacity and thermal

conductivity of 6 µm sputtered TiNiCu. These material parameters are summarized in

Table 5.1.
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Figure 5.2.: Electrical resistivity of freestanding 6 µm TiNiCu thin �lm upon heating and

cooling.

The thermo-mechanical material properties of the pre-annealed TiNiCu thin �lms

are obtained by tensile testing. For this purpose, the dog-bone shaped specimens are

fabricated by photolithography and wet etching. A tensile holder adapted to the dogbone

shapes is manufactured in brass. Thereby it is possible to vertically align and clamp the

6 µm thin samples by friction/form �t connection.

Figure 5.3 (a) shows the loading and unloading curves obtained at three di�erent ambient

temperatures in a heating chamber. At room temperature the sputtered TiNiCu thin

�lm shows the shape-memory e�ect. When it is quasi-plastically deformed to about

2.9 %, a strain of 1 % remains. It can be fully recovered by heating. The material shows

a maximum recoverable strain of 4 %. For higher temperatures the critical stress for

transformation increases as shown in Figure 5.3 (b). The Clausius-Clapeyron coe�cient

of 2.87 MPa/K is derived by the linear approximation of experimentally obtained values

of the start of stress plateaus. At 65 °C, the material shows pseudoelastic behavior

and strain is completely recovered upon unloading. At 80 °C, the critical stress for

re-orientation of martensite variants at loading and unloading shifts to further higher

stresses. All curves show a rather large slope of the stress plateau and a small hysteresis.

Appendix A.5 provides more information on the change of e�ective elastic modulus

for increasing temperature. It is associated with the change of crystal structure from

martensite to austenite state. For the use as a temperature-dependent variable in simu-

lation models, the elastic modulus is approximated by the dotted function. A constant

value of 15 GPa is assumed when the temperature of the material is below martensite

71



5. Cascaded Double-bridge Actuators for Multi-Stage Folding

�nish temperature. Above austenite �nish temperature, the elastic modulus amounts to

41.5 GPa. Between the two limiting phase transformation temperatures, the change of

the e�ective elastic modulus is de�ned as a linear function.
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Figure 5.3.: (a) Tensile loading and unloading of pre-annealed 6 µm TiNiCu �lm at di�er-

ent ambient temperatures in a temperature chamber. (b) Change of critical

transformation stress for di�erent ambient temperatures and linear �t.

Table 5.1 shows a summary of all experimentally obtained parameters of the 6 µm pre-

annealed TiNiCu thin �lm. The values are used in simulation models and are provided to

cooperation partners.

Parameter Symbol Value Unit
Young’s modulus (martensite) EM 15 GPa

Young’s modulus (austenite) EA 41.5 GPa

Critical stress (at RT) σcr 87 MPa

Clausius-Clapeyron coe�cient CMA 2.87 MPa/K

strain limit (at RT) εmax 0.04 -

Speci�c heat capacity (at RT) cp 420 J/kg/K

Thermal conductivity (martensite) kM
th

1.4 W/m/K

Thermal conductivity (austenite) kA
th

1.5 W/m/K

Table 5.1.: Summary of experimentally derived parameters for 6 µm TiNiCu (sputter-

deposited, annealed for 15 min at 700 °C).
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5.2. Design and Simulation

The basic design of the double-bridge folding actuator is extended by cascading two

double-bridges that form two individual hinge pairs. The new design is referred to as

Cascaded Design, whereas the basic layout is called Single Hinge Design. The new layout

consisting of the two hinge pairs HP1 and HP2 is shown schematically in Figure 5.4 (a). By

shape-setting the two hinge pairs HP1 and HP2, the overall folding angle is increased. The

two folding axes of the cascaded hinge pairs are aligned as closely as possible, to keep the

overall size compact compared to the single hinge layout. Furthermore, the folded geom-

etry provides additional in-plane �exibility which accommodates sti�ening e�ects during

bending and improves bi-directional folding. The dimensions of the pad-like structures,

connecting HP1 and HP2 are chosen as large as possible. They serve as electrical contacts

for annealing HP1. Interconnecting the two outer pads on tile 1 allows for shape-setting

of HP2 and actuation of the total cascaded SMA hinges. The two inner pads serve for

resistance monitoring during actuation by four-point probe resistance measurement.

Figure 5.4.: Schematics of SMA folding hinge layouts: (a) Cascaded Design with two

folding hinge pairs HP1 and HP2, (b) Single Hinge Design with one folding

hinge pair HP1.

The bending radius r , the hinge length l and the width w of the two hinge pairs have to

be adjusted. The minimal bending radius rmin is derived from the thickness of the TiNiCu

�lm (tSMA= 6 µm), the maximum admissible strain εmax , and the desired angular folding

range β . HP1 should bend in the range of +160 and -140° (β = 300°) after being heat

treated at a constraint angle of +180°. Hinge pair HP2 is set for +90° memory shape and

thus, unfolding between +80° and -180° (β = 260°) should be enabled. It can be assumed

that the combined folding angles cover the total range of ± 180°. For β equal to 300° the
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minimum bending radius rmin derives to:

rmin > tSMA

(
1

|εmax |
− 1

)
β

360
◦
= 120 µm (5.1)

The resulting minimal length is: lmin = πrmin = 377 µm. A length l equal to 400 µm is

chosen for each hinge pair.

The bridge widths wbr of the two hinge pairs are chosen to allow for separated shape

setting. First, HP1 is electrically interconnected in con�guration 1 (see Figure 5.4), the

double bridge highlighted in blue is deformed to +180° and Joule-heated for annealing.

The shape-setting of HP2 is performed by electrically connecting the SMA in con�gura-

tion 2 and folding the double bridges into a +90° fold. During the second heat treatment

step, the temperature of HP1 must remain below the recrystallization temperature to

avoid "re-programming". Therefore, the width pairs have to be chosen in a suitable ratio.

A thermo-electrical simulation model is set up in COMSOL Multiphysics for the cascaded

actuator design to study the temperature distribution across the actuator length for dif-

ferent width ratios and to estimate the required currents for shape-setting and actuation.

The 3D geometry of the model is depicted in Figure 5.5.

Figure 5.5.: (a) Geometry and material selection for �nite element model, (b) De�nition

of the actuator length.

The 3D structure is surrounded by air. For each con�guration, a current Iheatinд is applied

on one pad and the ground is set on the other pad. A current conversation over the to-

tal volume of the TiNiCu structure is applied and the entire 3D structure is electrically

isolated. The heat convection strongly depends on the volume-to-surface ratio of the ma-

terial. For dimensions below 1 mm, the convection coe�cient is inversely proportional to

the size. The further parameters of TiNiCu are selected from the material characterization

data in Table 5.1. The properties of the polyimide tiles are chosen from DuPont datasheet
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[89] (see Appendix A.6.). The heat transfer coe�cient for convective cooling is given by

a fourth-degree polynomial function of temperature T according to [90]:

h(T ) = −4.034 × 10−7T 4 + 0.0001654T 3 − 0.02586T 2 + 2.07T + 41.96, (5.2)

where the temperature T is de�ned in °C and the heat transfer coe�cient h in Wm
-2
°C

-1
.

The electric potential �eld and the total generated heat by electric heating are solved

by the electric current conservation equation. The temperature distribution along the

actuator length (see Figure 5.5 (b)) is derived by a heat transfer model.

The simulation results are compared to the IR measurements of a fabricated cascaded

actuator. To comply with the resolution of the IR camera, the minimum feature size of

the fabricated actuator should be larger than 50 µm. The local temperature distribution

across the actuator structure is evaluated along line segments (Li1-Li6) in the center of

the hinges as shown in Figure 5.6. The dashed line indicates the contour of the actuator

structure. Li3 and Li5 capture the temperature of HP1, Li1 and Li6 the temperature of

HP2 for di�erent heating currents. Because the focus plane of the IR camera does not

align to positioning plane of the fabricated actuator, the temperature measurements

cannot be expected to be fully symmetric.

Figure 5.6.: IR measurements of the actuator along line sections Li1 to Li6. The accuracy

of temperature measurement is approximately ±2 K.

Figure 5.7 shows the experimental values versus the simulated temperature distribution

for four di�erent heating currents along the actuator length as de�ned in Figure 5.5 (b).

The temperature range for actuation, which is limited by the phase transformation tem-

peratures M f and A f , is highlighted in light blue. With a broader width of HP1, HP2
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is �rst to undergo the phase transformation at lower heating currents. Increasing the

heating current further, HP1 starts its phase transformation while HP2 is already almost

completely in austenite state. A good �t of simulation and experiment can be observed

which allows an estimation of annealing and actuation currents.

Figure 5.7.: Temperature distribution along the actuator length according as measured by

IR thermography and simulated. The red dashed line indicated the symmetry

line of the actuator. The temperature range of martensitic phase transforma-

tion (M f < T < A f ) is highlighted in light blue. Experimental values are

evaluated along the line sections as shown in Figure 5.6.

The temperature distribution is simulated for the two annealing con�gurations shown

in Figure 5.8 (b). The annealing region is highlighted in green. Its limits are chosen

according to experimental observations for resistive annealing at atmospheric conditions

between 420 and 700 °C. As shown in Figure 5.8 (a), the total length of the two hinge

regions reaches the annealing temperature range required for shape setting. A large

temperature gradient occurs along the hinge sections. Therefore, di�erent phase

transformation properties can be expected.
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(a) (b)

Figure 5.8.: (a) Evaluated temperature distribution along the actuator length (due to sym-

metry only half of the actuator is visualized), (b) Surface temperature distri-

bution for the two annealing con�gurations.

In order to �nd a suitable ratio of the hinge widths, di�erent combinations are studied.

Figure 5.9 shows the maximum temperatures in the two hinge regions as a function

of the annealing current. The maximum temperatures are located in the center of the

hinges, as illustrated by the colored dots in Figure 5.8. In a two-step annealing process,

HP1 is shape-set in the �rst step. The annealing of HP2 does thermally a�ect HP1 and to

avoid re-crystallization HP2 should remain su�ciently below the annealing range.

For a width ratio wHP2/wHP1 = 0.78 (b), the maximum temperatures evolve closely for

increasing heating currents. While at a heating current of 170 mA, HP2 reaches the

optimum annealing temperature, HP1 is approaching its (possible) re-crystallization

temperature. For a width ratio of 0.67 (b), the two hinge pairs reach a temperature

di�erence of 200 K at a heating current of 150 mA. The trend is further followed for

a width ratio of 0.56 (c). Here, a temperature di�erence of 250 K can be reached at

a heating current of 130 mA, whereby HP1 remains below 400 °C. Despite possible

current �uctuations and small defects in the structure, overheating can be avoided.

The simulations thus suggest an optimal hinge width ratio of 0.6 for the fabrication of

folding actuators actuators. The respective annealing currents for HP1 and HP2 (210 mA

and 130 mA) are derived from the simulation model. Figure 5.8 (a) shows the resulting

temperature distribution during selective annealing.
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(a) (b) (c)

Figure 5.9.: Maximum hinge temperatures of HP1 and HP2 as a function of annealing

current in con�guration 2 for three di�erent hinge width ratios: (a) wHP1 =

180 µm, wHP2 = 140 µm - wHP2/wHP1 = 0.78; (b) wHP1 = 180 µm, wHP2 = 120
µm - wHP2/wHP1 = 0.67; (c) wHP1 = 180 µm, wHP2 = 100 µm - wHP2/wHP1 =

0.56.

5.3. Microstructuring Process and Experimental Setup

Starting from sputter deposited freestanding TiNiCu thin �lms (see Figure 5.10), the fold-

ing actuators are microstructured by photolithography. In step (I), the 6 µm �lm is lam-

inated onto a thermal release tape. To prevent the formation of wrinkles, the SMA �lm

is �xed to a polymer �lm by static attraction and rolled up between two spring-loaded

rollers. After cleaning and dehydrating the surface, a 10 nm thin Cr layer is vapor-

deposited as an adhesive layer for the subsequent 50 nm gold layer (III). This combination

of Cr/Au thin �lm serves as an etch-stable hard mask after structuring. The AZ1505 pho-

toresist is applied 1 µm thin for structuring. Using DLW, the layout of the TiNiCu folding

structures is written into the photoresist (IV). After development of the photoresist, the

Cr/Au layer can be etched (V). The photoresist is stripped to avoid organic impurities in

the further etching process. The TiNiCu �lm can then be structured using HF:HNO3 etch-

ing solution. The etching rate is approximately 1.5 µm / min. After removal of the hard

mask only the TiNiCu structures remain on the thermal release tape. The structures can

be easily released from the tape (VII) and transferred to the polyimide tiles (VIII) when

the substrate is heated above 100 °C on a hot plate. The polyimide tiles were structured

using laser cutting and are dispensed with a 2-component epoxy adhesive. The compos-

ite of SMA �lm, epoxy adhesive, and polyimide tiles cures on a hot plate at 150 °C within

3 minutes. The pads on the substrate can then be electrically contacted using copper

wires, which are bonded to the pads with a silver adhesive (IX). This adhesive must also

be allowed to evaporate on the hot plate for 15 minutes to harden.
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Figure 5.10.: Overview of fabrication process for micro folding actuators based on litho-

graphically structured TiNiCu thin �lms and laser-structured PI tiles.
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5. Cascaded Double-bridge Actuators for Multi-Stage Folding

Folding actuators in di�erent size scales are fabricated, among which two sizes are fully

characterized. The "large" actuators have the dimensions as simulated in the previous

section (hinge widths of 100 and 180 µm). The "smaller" actuators are scaled by a factor

of 0.5, and thus have hinge widths of 50 and 90 µm. The annealing currents have been

determined by simulation as 80 and 170 mA, respectively.

Figure 5.11 exhibits microscope images of selected fabrication steps. The result of

the wet-etching process step (V) for structuring the Cr/Au mask is shown in Figure

5.11 (a). The 50 nm Au layer and 10 nm Cr layer are removed revealing the TiNiCu

�lm. Underetching takes place and can be identi�ed by the grey layer around the

structure. The subsequent HF:HNO3 etching step removes the uncovered TiNiCu �lm.

The heat-releasable tape with its rough structure becomes visible (see Figure 5.11 (b)).

Figure 5.11 (c) shows the folding actuator after gluing of the released TiNiCu structure

onto a PI tile.

Figure 5.11.: Microscope images of fabrication steps: (a) Cascaded design structure after

etching of the Cr/Au hard mask (step (V)); (b) structures after HF:HNO3

etching of TiNiCu (step (VI)); (c) released and glued TiNiCu structure on PI

tile (step (VIII)).

Compared to chapter 4 the experimental setup must be adapted. The size of the folding

actuators is signi�cantly reduced, and the heat treatment is carried out exclusively using

Joule heating. For the two-step annealing process, the free-standing pad-like structures

of the cascaded actuators must be temporarily contacted.

The test setup is schematically shown in Figure 5.12. It consists of a platform (white) that

is mounted onto two linear stages (green). The folding actuators can be positioned onto
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Figure 5.12.: Annealing and test setup for micro folding actuators including linear stages

(green) and micro manipulators (purple).

the platform and be moved in x and y direction. An adapter with an annealing pin can be

mounted onto the third linear stage that moves in z-direction. Thereby the actuator can

be manually folded into the desired folding angle for annealing. Two micromanipulators

(Kleindiek, purple) provide the electrical connection. They can move by two rotational

and one linear axis and are equipped with a low-resistance probe tip holder in which a

tungsten probe tip is inserted. A high precision source supplies the current for anneal-

ing and actuation. A camera is positioned in y-direction to record the folding angles of

the folding actuators. The platform is positioned underneath an optical microscope in

z-direction that additionally serves as light source. The positioning of the micromanip-

ulators can be tracked via the camera in y-direction and the microscope in z-direction.

5.4. Single Stage Folding Actuators Based on TiNiCu Films

For comparison with the extended cascaded folding actuator, a single hinge design actu-

ator is manufactured based on the layout in Figure 5.5. The lateral dimensions are based

on the lengths selected for the cascaded actuator. The hinge width wbr is 50 µm. The

length of the hinges, or the separation between the two polyimide tiles, is 400 µm. The

hinge pair is bent into the 180° con�guration with the annealing pin and shape-set with

an annealing current of 170 mA. Figure 5.13 shows the resulting folding angle for di�erent

annealing times of single hinge actuators annealed with a 170 mA annealing current.
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5. Cascaded Double-bridge Actuators for Multi-Stage Folding

Figure 5.13.: Folding angles for di�erent annealing times. The release angle corresponds

to the folding angle directly after the shape setting and removal of the con-

straining pin. After manual unfolding, the heated and subsequently cooled

folding angles are measured.

Short-time annealing (1 s) results in a folding angle of 149° after releasing the annealing

pin. Subsequent unfolding, followed by a heating and cooling cycle results in a recovered

angle of 111°. When the annealing time is increased, the memory shape shifts to higher

angles but the di�erence between heated and cooled state also increases by a few

degrees. Thus, a small two-way shape memory e�ect is introduced. In the heated state a

maximum folding angle of 140° is achieved. If a higher annealing current is chosen, the

surface starts to show large amounts of oxidation and upon cooling more pronounced

unfolding occurs. To obtain a large folding angle after annealing it is not possible to

completely avoid the two-way shape memory e�ect that occurs due to local overheating

and overstraining.

Figure 5.14 shows the evolution of the resistance of the cascaded SMA hinge upon heating.

Here, the actuator is interconnected in con�guration 2 for annealing of HP2 and two

distinct zones can be detected. When the current is raised, the resistance increases due

to the heating of the structure. Between 15 mA and 22 mA, a drop in resistance can be

observed which can be associated to the phase transformation. A second plateau of almost

constant resistance forms over a higher temperature range. At 50 mA the resistance again

raises sharply. Here, internal processes take place in the material, possibly crystallization.

Consequently, an annealing current of 70 mA is chosen for the given actuator to shape-set

HP2.
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Figure 5.14.: Evolution of the cascaded SMA hinge resistance upon heating.

5.4.1. Uni-directional Folding Performance

For the characterization of the uni-directional folding performance, the single hinge fold-

ing actuator (shape-set to +180°) is unfolded by a manipulator tip that is attached to the

z-axis linear stage. Unfolding to -180° results in an opening angle of around 80°. The free

recovery is observed for two di�erent load cases (see Figure 5.15). Load 1 corresponds

to the weight of a classical PI tile that is attached on one end of the folding actuator.

Upon heating, a folding angle of 140° is reached which reduces to 128° upon cooling.

In the case of load 2 the folding angle is already decreased at the starting con�guration

due to the gravitational load. Upon heating a maximum folding angle of 150° is reached

which remains unchanged upon cooling. The gravitational load is su�cient to prevent

the unfolding related to the two-way shape memory e�ect and allows to quantify relevant

forces.

5.4.2. Bi-directional Folding Performance

The bi-directional folding actuators are fabricated by positioning two single design

actuators next to each other on the same side of the polyimide tiles. The protagonist is

annealed at a constraint angle of +180°, the antagonist for the -180° angle.

Figure 5.16 shows the process based on images of the fabricated bi-directional folding

actuator. Using the annealing tip, the bi-directional folding actuator is bent towards +180°

for annealing of the protagonist (see (Ia) and (Ib)). After annealing and removal of the
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Figure 5.15.: Free recovery of the unfolded single design folding actuator after manual

unfolding upon heating. The folding hinge is loaded with two di�erent

loads.

pin, the actuator remains in the position shown in (Ic). The subsequent annealing of the

antagonist consists of folding the bi-directional actuator towards -180° (see (IIa) and (IIb))

and applying the annealing current. After removal of the pin the bi-directional actuator

folds back into the position shown in (IIc). One initialising cycle consists of actuating

the protagonist once, and the antagonist once before characterizing the bi-directional

folding actuation in a full cycle.

Figure 5.16.: Annealing process of a bi-directional single hinge design actuator: (Ia)-(Ib):

folding of the protagonist by annealing tip; (Ic): after annealing of the pro-

tagonist; (IIa)-(IIb) folding of the antagonist by annealing tip; (IIc): after

annealing of the antagonist.
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5.4. Single Stage Folding Actuators Based on TiNiCu Films

The bi-directional actuation of single hinge actuators is shown in Figure 5.17. When the

protagonist is exclusively heated, the actuator folds to +55°. If the heating current is

removed, the folding actuator returns to +15°. When in the next step, the antagonist is

exclusively heated, the total folding actuator reaches an angle of -50° and returns to -8°

upon cooling. Folding starts at a heating power of around 40 mW and is completed at

approximately 100 mW. A total bi-directional folding angle of 105° is achieved.
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Figure 5.17.: Bi-directional folding performance of single hinge folding actuators based

on TiNiCu thin �lms.

Furthermore, the dynamic behavior of the single design actuator is characterized for its

bidirectional folding. Instead of a step-wise increase of the heating current, a current pulse

is applied with three di�erent amplitudes. The motion of the folding actuator is captured

by a video camera. Figure 5.18 shows the angular response of the actuator for these three

cases starting at a folding angle of +14.6°. For the 40 mA pulse, a folding angle of -20.4°

is reached within ∆t = 3.8 s, thus a total folding motion of 35°. When the heating current

returns to 0 mA, the bi-directional folding actuator recovers to +10.2°. For the following

50 mA pulse, a folding angle of -40.5° is reached within ∆t = 2.3 s. After switching o�, the

recovered folding angle is +7.7°. For a 60 mA current pulse, the heating time decreases

further to ∆t = 430 ms. The folding actuator reaches a folding angle of -44.8° and recovers

to +6.6° upon cooling.

At higher amplitudes of the current pulses, the heating time ∆t decreases and the cooling

time to reach the stable position in cold state increases. Higher currents, thus higher

temperatures in the actuator do also a�ect the surrounding material. While the natural
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Figure 5.18.: Dynamic bi-directional folding behavior for di�erent current pulses (40 mA,

50 mA and 60 mA).

convection of the thin and small TiNiCu is high, the heat transferred from the polyimide

tiles slows down the cooling process.

5.5. Double-stage Folding Actuators Based on TiNiCu Films

Cascaded folding actuators are fabricated according to the derived dimensions in section

5.2. For annealing of the cascaded actuators, �rst the two freestanding pads are intercon-

nected in con�guration 1. The hinge pair 1 is folded into 180° con�guration and annealed

by a heating current of 210 mA for 10 s. In the next step, the pads in con�guration 2

are interconnected. The hinge pair 2 is folded into a 90° con�guration and annealed by a

heating current of 130 mA for 10 s.

5.5.1. Uni-directional Folding Performance

The hinge pairs of the cascaded actuators are manually unfolded individually and total

actuator is heated in con�guration 2 for free recovery of the memory shape. As shown

in Figure 5.19 (a), the relative folding angle of the two hinge pairs di�ers after manual

unfolding. HP1 (shape-set to +180°) is opened to an angle of +90°, HP2 (shape-set to +90°)

86



5.5. Double-stage Folding Actuators Based on TiNiCu Films

is quasi-plastically deformed to +10°. Upon heating, the individual folding motion of

both hinge pairs is tracked, as well as the total folding angle (see Figure 5.20). Due to its

smaller width, the folding motion of HP2 starts at a heating power of 20 mW and is fully

completed at 70 mW. In contrast, HP1 reaches the phase transformation temperatures

only at around 65 mW and completes its folding motion at 110 mW.
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Figure 5.19.: (a) Relative folding angle of the individual hinge pairs HP1 and HP2 after

manual unfolding and during free recovery upon Joule heating; (b) micro-

scope images after manual unfolding (top) and after shape recovery (bot-

tom).

The resulting total folding angle as a function of the heating power derives from the sum

of the individual relative angles in 5.19 (a). Two regions can be distinguished in Figure

5.20. A small angular contribution of HP2 and the large folding motion of HP1.

The large di�erence in angular contribution of the two hinge pairs can be attributed to

three phenomena: First, during the manual unfolding of the cascaded actuator by a ma-

nipulator tip, the hinge pair HP2 was more easily deformed. Thus, the quasi-plastic de-

formation in HP1 is larger compared to HP2. Secondly, the shape-set angle of HP1 is 180°

whereas, HP2 was only heat-treated for 90°. Lastly, the wider hinge width of HP1 leads

to a larger sti�ness.

5.5.2. Bi-directional Folding Performance

Similarly to the single hinge folding actuators, two antagonistic cascaded actuators

are combined sharing the same tiles. Here, the protagonist is shape-set to +180°/+90°

(HP1/HP2) and the antagonist is shape set to -180°/-90°.
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5. Cascaded Double-bridge Actuators for Multi-Stage Folding

Figure 5.20.: Total free recovery angle of cascaded folding actuator after manual unfold-

ing and upon Joule heating.

Selective heating of the protagonist initiates a folding motion for a heating power of

around 40 mW and leads to a folding angle of +107° at a heating power of 70 mW (see

Figure 5.21). Upon cooling the equilibrium point of -25° is reached. When the antagonist

is exclusively heating in the subsequent step, the folding actuator starts its folding motion

at a heating power of around 48 mW and completes its folding motion at an angle of -105°

at a heating power of 74 mW. Turning o� the heating current results in an equilibrium

point of -10°.

The resulting total bi-directional folding angle for the antagonistic cascaded actuators is

212°. The angle di�erence of the two equilibrium positions in cold state is 15°.

5.6. Discussion

A completely new fabrication route has been developed for the fabrication of minia-

turized multi-stage folding actuators including a microstructuring process and heat

treatment by Joule heating. For the single design layout (comparable to the double bridge

folding actuators in chapter 4) the uni-directional folding angle reaches +150° with an

additional load. In bi-directional actuation, folding between -50° and +55° is achieved.

Thus, a total folding angle of 105°.

The novel layout of the cascaded folding actuators allows for increasing the uni-

directional folding angle to +180° without additional loading. The total bi-directional

folding angle is doubled to 212°. Besides the improvement of uni-directional actuation
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Figure 5.21.: Bi-directional folding actuation of a cascaded design actuator.

to the performance of bi-directional folding, this improvement can be attributed to the

additional �exibility of the cascaded design. If one actuator is heated for folding, the

other antagonistic hinge can accommodate to the folding motion and prevents additional

stress.

Theoretically, the addition of more double hinge pairs in series, is possible with the

chosen layout. This could enhance the uni- and bi-directional folding performance even

further. But the heat treatment steps would become more di�cult. It would be necessary

to position additional freestanding tiles that serve as support structures during the shape

setting step. Thereby, multi-stage folding can allow to reach bi-directional folding angles

in the range of ±180° and beyond.

Further omptimization of the cascaded actuator layout could possibly improve the

current actuation range. The easiest adaptation could be to decrease the temperature

gradient along the hinge sections (as shown in Figure 5.8) during annealing and actuation.

One possibility is the variation of the beam width along the hinge section.
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6. Magnetic Latching of Micro Folding
Actuators

By introducing a latching mechanism, the bi-directional folding can be upgraded to a

bistable system, and the folding range can be extended due to the additional magnetic

attraction forces. As described in chapter 2.5, two ferromagnetic elements are combined

for the realization of a magnetic latching system, which are brought into proximity by the

folding movement and come into contact with su�cient attractive force. For switchable

folding via local heating, a sputtered NiMnGa(Cu) thin �lm with a thickness of 5 µm is

used and bonded to the freely movable tile. A permanent magnet is positioned above the

substrate of the micro-folding actuator to correspond with the folding movement.

The latching process involves the interaction of di�erent forces and bending moments as

illustrated in Figure 6.1. The folding hinges of the actuator are represented as a torsional

element (orange dot). If the NiMnGa �lm is located on the free-moving tile and is moved

towards the hard magnet by the folding movement, the bending moment of the heated

protagonist (Mprot,A) reduces until reaching its maximum folding angle αmax=β . Mean-

while, the counteracting bending moment of the cooled antagonist (Mant,M) increases for

larger folding angles. The attractive magnetic force becomes larger when the separation

between the hard magnet and the soft magnetic �lm decreases upon folding. Its contri-

bution to the overall moment depends on the location of the soft magnetic �lm on the

freestanding tile. The bending moment Mmag can be approximated by Fmag×d, where d is

the distance to folding axis.

Here, two di�erent cases are considered. In case I, the hard magnet is located at a folding

angle α ≤ β . When the actuator folds towards its maximum bi-directional folding angle, a

minimal attractive force is su�cient to �x the actuator in this position. In case II, the mag-

net is positioned at a position β + ∆β , i.e. at a larger angle than the actual bi-directional

folding angle generated by actuation. Beyond |α |=|β |, the bending moment Mprot,A is zero
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Figure 6.1.: Schematic of forces/ bending moments involved in magnetic latching and

two studied cases.

and does no longer contribute to the folding motion. For the actuator to overcome the dif-

ference ∆β , a su�ciently high magnetic attraction force is required. Therefore, a strong

stray �eld is required for the hard magnet.

A further criterion for latching is whether the two magnetic components get released

once the heating current of the protagonist is turned o�. The holding force and resulting

magnetic bending moment have to be higher than the two counteracting bending mo-

ments of the cooled folding hinges (Mprot,M and Mant,M). Otherwise, unlatching would

take place. For controlled unlatching and on demand, two di�erent scenarios are possible

as schematically shown in Figure 6.2.

Figure 6.2.: Schematics of controlled unlatching: (a) Forced unlatching by heating of the

antagonistic folding hinge; (b) Unlatching by controlled heating of the soft

magnet.

In the �rst case (Figure 6.2(a)) the two magnetic components are separated from each

other by heating the antagonistic folding hinge. The resulting bending moment Mant,A

of the active folding hinge has to exceed Fmag×d+Mprot,M, where Mprot,M represents the
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bending moment of protagonist in martensite state. In the second case (Figure 6.2(b)),

the soft magnet is heated locally to reduce its magnetization. The magnetic attraction

force lowers and once the resulting bending moment drops below the sum of the bending

moments of both folding hinges, the two ferromagnets are separated. The combination

of both unlatching mechanisms is possible.

The folding actuator operates within a three-dimensional working space and is highly

�exible due to its design. However, due to additional loads such as neighboring tiles,

or dynamic folding with overshoots caused by the system’s inertia, the exact angular

trajectory may not be clearly de�ned. Despite these uncertainties, it is important to

ensure that the latching of the actuator latches is guaranteed. Considering the �xed

position of the permanent magnet, the e�ect of misplacement of the NiMnGa layer, both

in terms of fold angle and lateral displacement needs to be investigated.

In this chapter, the characterization of the NiMnGa(Cu) �lms is discussed and the mag-

netic attraction forces generated in combination with a permanent magnet are evaluated

with regard to alignment and temperature dependence. Finally, the magnetic latching and

unlatching of the folding actuator is characterized. A freestanding NiMnGaCu was used

for the demonstrator. However, since most investigations were carried out using NiMnGa

�lms on substrates, the generic term NiMnGa is used here for the sake of simplicity.

6.1. Material Characterization of NiMnGa Thin Films

NiMnGa thin �lms are fabricated by project partners. Di�erent alloy compositions are

investigated, including the addition of Cu. Using an alloy target (Ni48Mn22Ga30) the

NiMnGa(Cu) thin �lms are sputtered by DC magnetron sputtering onto a 20 nm Cr

bu�er layer as described in [91]
1
. Subsequent annealing at 400 °C is performed in an

ultra-high vacuum chamber. The temperature-dependent magnetization measurements

are measured by a vibrating-sample magnetometer (VSM). The measured magnetic

moment is divided by the respective sample mass to represent the speci�c magnetization

M in Am2kg
-1

as a function of the temperature or the applied magnetic �eld [60].

Magnetization measurements of a freestanding NiMnGaCu �lm in dependence of

temperature T for two di�erent external magnetic �elds H are depicted in Figure 6.3 (a).

Contrary to the magnetization plot in Figure 2.13 (b), it does not show any �rst-order

transformation between martensite and austenite state. For a �eld of µ0H = 0.1 T, it

reaches a magnetization of 37.7 Am2/kg at room temperature (23 °C) and at µ0H = 0.3 T

1
Freestanding �lms and characterization data are provided by L. Fink from Leibniz IFW Dresden.
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its speci�c magnetization is 46 Am2/kg. If the material is heated from room temperature,

it directly drops in magnetization and enters the second-order transformation from

ferromagnetic to paramagnetic state. The Curie temperature Tc is located at 348 K. The

drop in magnetization upon heating is in the order of ∆M/∆T = 0.98Am2kд−1K−1. The

magnetization hysteresis curve of a Ni48Mn31Ga21 �lm deposited onto a Si substrate is

depicted in Figure 6.3 (b). The material shows a maximum magnetisation of 60 Am2/kg

and a coercivity Hc of 12.27 mT. The remanent magnetization after removal of the

external �eld is 6.71 Am2/kg.
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Figure 6.3.: (a) Magnetization of sputter-deposited NiMnGaCu thin �lm as a function of

temperature for two di�erent �elds µ0H . (b) Magnetization of Ni48Mn31Ga21

as a function of external �eld H and hysteresis (inset) at an ambient temper-

ature of 300 K.

No MH-curve is available for the freestanding NiMnGaCu thin �lms. It was shown that

the Curie transition relevant for this work, does not vary with the substrate the thin �lm

is deposited on. Only the �rst-order martensitic transformation is a�ected [60]. The MH-

curve in Figure 6.3 (b) provides comparable magnetization values for NiMnGaCu �lms

and is included in magnetic simulations. The Curie temperature (Tc = 348 K) provides

information on the heating required for unlatching of the two magnets.

6.2. Magnetic Field Simulations

A computational model is built within COMSOL Multiphysics for studying the combina-

tion of hard and soft magnets in varying relative orientations and the resulting magnetic

forces. The built-in physics module namedMagnetic Fields, No Currents (mfnc) was used in
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the simulations. As schematically shown in Figure 5.5, the geometry is divided into three

domains: the NdFeB magnet (green), the NiMnGa �lm and the surrounding air. When

using the mfnc module, the following Maxwell equations are solved for all domains using

the Finite Element Method (FEM):

∇(µ0µrH ) = 0 (6.1)

H = −∇Vm +Hb, (6.2)

where H is the magnetic H-�eld, Vm is the scalar potential, µr is the relative permeability

of the material, and Hb represents the boundary conditions.

The magnetic �ux B in air is described by the constitutive equation B = µ0µrH , where

µr = 1 (as in vacuum). The domain of the cylindrical permanent magnet is described

by B = µ0µrH + Br , where Br corresponds to its remanent �ux, which is oriented in

z-direction. Finally, the domain of the soft NiMnGa �lm follows the relationship B =

µ0(H +M). Its magnetization is determined using the speci�c magnetization curve (refer

to Figure 6.3 (b)) and the density of NiMnGa.

Figure 6.4.: Setup of the computational FEM model for magnetic force estimation.

The air domain is enclosed within an in�nite element domain. The magnetic force (F) is

calculated by integrating the Maxwell surface stress tensor ( ®n1T2) over the NiMnGa �lm

exterior boundaries:

®n1T2 = −
1

2

®n1(H · B) + ( ®n1 ·H )B
T , (6.3)
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where ®n1 corresponds to the normal vector of the entity’s surface.

The force calculation by direct evaluation of the �elds requires a �ner mesh and smooth

edges in order to avoid singularities at the edges. This method allows for evaluating

distributed forces and local magnetomechanical coupling.

6.3. Magnetic Forces between So� and Hard Magnets

The permanent magnet used is a cylindrical NdFeB bar magnet (HKCM) with a diameter

of 1 mm and a length of 0.8 mm. It is covered with a Ni coating and its operation

temperature is limited to 100 °C. Based on analytical calculations, the manufacturer

speci�es a speci�c magnetic �ux density of 1.28 T on the inside and 0.48 T on the surface

of the magnet. Its relative permability is µr = 1.05.

To characterize the magnetic attraction force, the hard magnet is glued on a holder that is

mounted to a 5 N load cell. The load cell can be moved in the z-direction (see schematic in

Figure 6.5). A square NiMnGaCu thin �lm (edge length of 1.2 mm and thickness of 5 µm)

is glued onto a substrate. This substrate is �xed to a heatable platform and can be moved

in the x-y direction.

Figure 6.5.: Setup for magnetic force measurements and dimensions of hard NdFeB mag-

net and soft NiMnGaCu �lm.

An additional tilting stage allows for adjusting the relative angle γ between the hard

NdFeB magnet and the soft NiMnGaCu �lm. While the distance z is de�ned between the

center of the NiMnGaCu �lm to the surface of the bar magnet, the measurement in a

tilted con�guration is limited to the minimum distance zmin (see Figure 6.6 (a)).
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In repeated measurements, deviations of the maximum attraction force of up to 0.02 mN

are observed. The individual force measurements exhibit a noise level of 0.02 mN. Since

the noise exceeds the averaged error, the error bars in the graphs indicate the load cell’s

measurement error.

Figure 6.6 (b) shows a selection of force-displacement characteristics for di�erent relative

angles. These curves are smoothed by removing the noise. For γ = 0° the maximum

magnetic attraction force Fmag reaches 2.55 mN. The curves are also plotted for the

distance z in the appendix A.6.
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Figure 6.6.: E�ect of angular misplacement of soft magnet relative to the permanent mag-

net: (a) setup and parameter de�nition (b) experimental magnetic force mea-

surement curves for four di�erent tilt angles γ (0°,10°,17°,25°).

If the force curve is compared, the characteristics shift to the right with increasing tilt

angle in the micrometer range. For a given minimum distance between hard magnet

and soft magnetic �lm, the tilt angle can lead to minimally higher forces due to the high

gradient of magnetic �ux density at the outer edge of the bar magnet. However, the

decisive factor for the magnetic attraction force generated, is the distance z, which is

severely restricted by the tilt.

The experimentally derived maximum force for di�erent tilt angles are plotted in

Figure 6.7 (b). Additionally, the force drop at zmin = 100 µm and zmin = 200 µm is plotted.

At a distance of 100 µm, the magnetic force is already 50% of the force of attraction in

direct contact. The further away the �lm is from the magnet, the smaller the e�ect of

the tilt angle. The absolute di�erence in force decreases, but the percentage reduction
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6. Magnetic Latching of Micro Folding Actuators

in force remains almost the same. While the maximum force decreases by 44% at a tilt

angle of 16° compared to 0°, the force also decreases by 40% (from 0.75 mN to 0.45 mN)

at a distance of 200 µm. A FEM simulation con�rms the trend (see Figure 6.7 (b)) but

generates higher magnetic force values as the simulation assumes defectless surfaces of

the hard magnet, homogeneous properties of the NiMnGa �lm and assuming analytically

derived BH-curves.
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Figure 6.7.: E�ect of angular misplacement of soft magnet relative to the permanent mag-

net: (a) experimental values (b) simulation.

Another possibility of misplacement is the lateral displacement of the NiMnGaCu thin

�lm relative to the NdFeB magnet. As shown in Figure 6.8 (a), the lateral displacement

is represented by the parameter ∆y. Here, too, the in�uence on the magnetic attraction

should be estimated experimentally and using FEM simulations. In Figure 6.8 (b), the

experimentally determined maximum force is plotted via the lateral displacement ∆y.

The force in the z-direction as well as the in-plane forces in x- and y-direction can be

read out via the FEM simulation and are entered as un�lled data points in the diagram.
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Figure 6.8.: E�ect of lateral misplacement ∆y of soft magnet relative to the permanent

magnet: (a) experimental setup, (b) comparison of maximum attraction force

in experiment and simulation (at distance z = 0.01 mm).

As the thin �lm is 200 µm larger than the 1 mm wide hard magnet, only a displacement

beyond 100 µm leads to a reduction in force. From a lateral displacement of 550 µm, the

force in the z-direction changes its sign and acts as a repulsive force. The magnetic force

in direction of the lateral displacement Fy is negative and changes its sign from ∆y = 1

mm, when the �lm is no longer located underneath the permanent magnet. The force

measurements shows a similar decrease in maximum attraction force. Here, only the

z-direction is recorded. From ∆y = 0.75 mm, the forces are almost zero.

If one would consider the non-magnetostatic case, a small lateral displacement can be

compensated by the �exibility of the actuator. The in-plane forces (in y-direction) can

drag the NiMnGaCu �lm in a more favorable position and allow for latching in z-direction.

Finally, the thermomagnetic properties of the combination of NdFeB and NiMnGaCu thin

�lm are assessed by positioning the thin �lm onto a heating stage and recording magnetic

force vs displacement curves for di�erent temperatures. In an initial step the surface

temperature measurement is calibrated by covering the thin �lm with a carbon spray and

placing it onto a hot plate. Thereby, the coe�cient of emissivity (0.8) for IR measurements

is derived. The temperature evolution on the movable heating stage is then obtained

before the force measurements.

Figure 6.9 shows the maximum forces for di�erent temperatures of the NiMnGaCu thin

�lm. Upon heating the force values decrease and a large drop is observed at T = 43 °C.

Above 80 °C, the force readings become very small, and the material can be considered to

be paramagnetic.
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Figure 6.9.: Decrease of the magnetic attraction force upon heating of the NiMnGaCu

�lm.

These measurements compare well with the magnetization measurement as a function of

temperature obtained by VSM in Figure 6.3 (a). The Curie temperature of 74 °C can be

con�rmed by the force measurements.

The evaluation of magnetic force characteristics depending of various parameters (angu-

lar and lateral misplacement, temperature), allows for estimating the forces and folding

moments acting during the folding actuation and the requirements for latching.

6.4. Latching and Unlatching of Bi-directional Folding

Actuators

The freestanding NiMnGaCu thin �lm is glued in the center of the freely movable tile in

between the two opposing actuators. The NdFeB magnet is positioned with a movable

holder above the �xed tile and can be adjusted in its position.

Two di�erent latching and unlatching scenarios are studied in the following. In one case,

the latching is performed by actuating the protagonist until reaching a folding angle that

allows for latching between the soft and the hard magnet. Unlatching is performed by

actuating the antagonist and thereby generating enough bending moment to separate the

two magnets according to Figure 6.2 (a).

In the second setup, the latching is again performed by actuating the protagonist for

latching. The unlatching is performed by step-wise heating of the magnet and thereby
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reducing the magnetization of the NiMnGaCu �lm. This unlatching method is introduced

in Figure 6.2 (b).

6.4.1. Unlatching by Antagonistic Actuation

Two di�erent magnet positions are studied (refer to Figure 6.10). First, the hard magnet

is positioned at +102° (a). The folding actuator is cooled and rests in its equilibrium

position at -10° (1). Upon step-wise Joule heating of the protagonist, the bi-directional

folding actuator starts its folding motion at 25 mA and becomes attracted to the magnet

at 36 mA (2) before reaching its maximum folding angle of +107°. The folding actuator

remains at the magnet position of +102° upon further heating to point (3). The reduction

of the heating current down to 0 mA, does not change the position of the folding actuator

(4). The latching force between hard and soft magnet is su�cient to overcome the coun-

teracting force of the antagonist and prevents the recovery to the equilibrium angle (-10°).
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Figure 6.10.: Latching and unlatching motion for di�erent positions of the soft magnetic

dot. (a) Magnet positioned at 102°. (b) Magnet positioned at 125°.

In a second step, the antagonist is heated step-wise by increasing its supply current. At

a heating current of 40 mA, unlatching occurs (5) and the bi-directional folding actuator

switches to its opposite side reaching an folding angle of -85°. The corresponding heating

power at this point amounts to 84 mW. At this heating power the antagonist has almost

completely undergone its phase transformation to austenite state and provides the

highest folding moment for unlatching. This actuation moment is therefore required to

overcome the magnetic attraction force between the two magnets. Upon further heating
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to 45 mA, the actuator reaches a maximum of -99° (6).

In Figure 6.10 (b), the magnet is positioned at +125°. Starting from the cooled equilibrium

point (1), the protagonist is heated and reaches its maximum folding angle of +107° (see

Figure 6.11 (a)). At this point (2), the soft magnetic �lm is approximately 1 mm away

from the hard magnet and is at a relative angle of 5°. The magnetic attraction force is

below 0.05 mN at this distance. Latching takes place at a heating current of 43 mA (3),

resulting in an increase of the total folding angle by δα = 18 (see Figure 6.11 (b)). Cooling

of the protagonist does not a�ect the position of the folding actuator (4). When in the

second step, the antagonist is Joule heated, the unlatching occurs earlier compared to

Figure 6.10 (a). Here, the folding actuator starts to move at a heating current of 23 mA

(5a) and the two magnets get completely separated at 27 mA (5b). The heating power

amounts to 55 mW. The antagonist is not fully transformed at this point. Therefore, the

switching results in a folding angle of −12°. Further heating of the antagonist completes

its phase transformation and moves the folding actuator to its �nal equilibrium point of

-100° (6).

Figure 6.11.: Magnetic latching sequence of a bi-directional actuator: (a) maximum fold-

ing angle upon heating before latching (I = 42 mA), (b) folding actuator

position after latching (I = 43 mA).

Placing the magnet at an even higher angle than +125° no longer enables latching in the

case of a 5 µm NiMnGaCu �lm. For latching, the attractive force would have to over-

come an angle of more than 20° and a distance of more than 1.1 mm. According to the

experimental characterizations from Figure 6.6, the magnetic attraction force is less than

0.02 mN under these conditions and is therefore not su�cient for increased folding of the

actuator.
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6.4.2. Unlatching by Heating of the Magnet

In the second setup, the unlatching by local heating of the switchable soft magnet is

studied. As shown in the microscope image in Figure 6.12 (a), the permanent magnet

is glued onto a Cu stripe holder. On its backside a 10 Ω heating resistor is glued that

is electrically connected by solder joints. This setup allows for resistive heating of the

NdFeB magnet and the reduction of magnetization of the soft magnetic �lm when in

contact.

Figure 6.12 (b) shows the change in surface temperature of the permanent magnet when

the voltage on the heating resistor is increased. It follows a linear trend and allows for

evaluating the temperature of the magnet. When the softmagnetic �lm is in contact with

the NdFeB magnet, the heat transfer and contact resistance have to be considered to

estimate the temperature of the thin �lm.

(a)
(b)

Figure 6.12.: (a) Setup for local heating of the permanent magnet. (b) Surface tempera-

ture of the hard magnet upon resistive heating.

During bi-directional folding, the permanent magnet is kept at a constant position (α

= +120°), only the temperature of the magnet is changed by adjusting the voltage. The

fold angle caused by the thermal actuation is tracked over time so that the latching and

unlatching can be identi�ed. A microscope camera is used for tracking with a recording

frame rate of 60 fps.

Figure 6.13 shows the case of an unheated magnet during latching. The heating current of

the protagonist is switched to 40 mA, causing a folding movement to +105°. The latching

to +120° after a heating time of 5 s can be recognized by the abrupt jump in the fold-
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ing angle. Even after switching o� the heating current, the freely movable tile remains

attached to the permanent magnet. The heating voltage of the magnet is now incremen-

tally increased in order to reduce the magnetic attraction force. At a voltage of 1.5 V, the

folding actuator jumps back to its starting angle of -10°. According to Figure 6.12 (b), this

corresponds to a magnet temperature of 42 °C and a reduction in force from 2.5 mN to

1.7 mN (compare Figure 6.9).
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Figure 6.13.: Latching and unlatching of the bi-directional folding actuator.

The magnet is now heated during the folding movement of the actuator and the latching

process. Di�erent base voltages are selected for this (1.2 V, 1.4 V and 1.5 V). Figure 6.14

shows the folding angle curve for a base voltage of 1.4 V. The protagonist is also heated

with di�erent current pulses. The �rst current pulse with a level of 35 mA achieves a

maximum folding angle of +75°. For a current pulse of 39 mA, the actuator already folds

up to +100°. A current level of 40 mA is required again to achieve a folding angle above

+105°. Only here is the actuator close enough to the permanent magnet and the latching

of the two magnets is achieved.

Here too, the folding actuator remains in its position after the heating current for

the protagonist is switched o�. The heating voltage of the solenoid is now increased

continuously at a rate of 0.1 V/s, starting from the base voltage of 1.4 V. When 1.53 V is

reached, the folding actuator snaps back to an angle of +15°. Due to the long thermal
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Figure 6.14.: Latching and unlatching of the bi-directional folding actuator. The magnet

is heated with a voltage of 1.4 V during latching.

load, it is possible that the entire folding actuator has heated up. To reach the output

angle of -10°, the entire substrate and the environment must therefore cool down again.

Similar behavior can be observed for a lower base current of 1.2 V. This measurement

can be found in the appendix A.7 for the sake of completeness. Unlatching also occurs at

a voltage of 1.5 V. In addition, the camera captures the swing-in of the folding actuator.

During unlatching, the folding actuator overshoots up to 5° before leveling o� at a folding

angle of 15°.

The last case is shown in Figure 6.15. Here, the magnet is heated with the base voltage of

1.5 V. Here too, di�erent current pulses are initially used for latching. If the protagonist

is supplied with 30 mA, it achieves a folding angle of +32°. For a heating current of 35

mA, an angle of +70° is reached and at 40 mA, the actuator exceeds the +105° before the

�nal latching at +120°. After switching o� the heating current of the protagonist, the

folding actuator returns directly to the unfolded position (α = -10°). Unlatching takes

place immediately after the heating current is switched o�. This con�rms the previous

experiments in which unlatching also occurs at a voltage of 1.5 V.
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Figure 6.15.: Latching and unlatching of the bi-directional folding actuator. The magnet

is heated with a voltage of 1.5 V during latching.

At a voltage of 1.5 V, the surface temperature of the magnet is approximately 42 °C.

The corresponding heating power amounts to 210 mW. The holding force is around 1.7

mN and the generated bending moment by magnetic attraction can be approximated

to Mmag = 1.7 mN × 3 mm = 5.1 mNmm. In this range, Mmag is su�cient for latching,

meaning that it can enable further folding of the bi-directional actuator and overcome

the bending moment of the antagonist Mant,M. When the heating current of the pro-

tagonist is turned o�, its bending moment decreases to Mprot,M. This drop is su�cient

to generate a total negative bending moment and separate the two magnetic components.

In general, both concepts for latching and unlatching have been demonstrated. Unlatch-

ing by antagonistic actuation requires a minimum heating power of around 55 mW,

whereas the magnet has to be heated with a heating power of 210 mW for unlatching.

The thermal losses due to the resistive heating of the permanent magnet via a resistor

and additional heat transfer to the �lm has to be taken into account. Direct heating of the

soft magnetic �lm would reduce the heating power.
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This work presents the development, fabrication and characterization of various Origami-

inspired SMA-based folding actuators at the miniature scale. First, macroscopic mm-sized

single hinge folding actuators are developed and their folding performance is investi-

gated. The goal to further miniaturize the folding actuators by a factor of 10 is achieved

by introducing a new fabrication process. Second, to increase the folding ranges of the

miniaturized actuators, a novel layout consisting of cascaded hinge folding actuators is

developed. Finally, the concept of magnetic latching is introduced and explored. The key

�ndings are summarized in this section, and the future scope of this work is outlined.

Macroscopic single hinge folding actuators

Macroscopic folding actuators are developed based on the one-way shape memory e�ect

of TiNi double-bridge structures. 20 µm foils are laser-cut, heat treated for a +180° fold,

and glued in between two triangular polyimide tiles, forming the basic unit of an Origami-

inspired layout. The folding actuators are manually unfolded, and Joule-heated for shape

recovery. Unidirectional folding is achieved up to +150° without any supporting loads.

The measurement of the hinge temperature by IR thermography upon heating, con�rms

the temperature range of phase transformation obtained by DSC measurements. When

the actuator is blocked in the 0° con�guration, a maximum bending moment of 0.11 Nmm

is reached upon heating. The opposing bending moment that is generated upon unfold-

ing in cold state is only 0.03 Nmm. An actuation path diagram is derived from these

two types of experiments. It predicts a bi-directional folding range of ±100° for two uni-

directional actuators that are combined in an antagonistic setup by pairing the tiles. In

experiment, resetting to planar state and bi-directional folding is achieved, but the fold-

ing range is limited to ±40°. Thermal and mechanical coupling e�ects that are neglected

in the simple actuation path diagram reduce the actual folding performance. The mm-

sized macroscopic folding actuators enable both force and temperature measurements for

understanding the underlying mechanisms in uni- and bi-directional folding. However,

the heat-treatment in the vacuum oven and the manual assembly steps limit the further

downscaling. Additionally, the material shows cyclic fatigue.
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Miniaturized folding actuators

A new fabrication process is developed that allows for miniaturization towards microscale

folding actuators. It involves photomask structuring by Direct Laser Writing, SMA mi-

crostructuring by wet etching and electrical contacting by silver glue. The heat treatment

for shape setting to +180° is performed by Joule heating in air. Thus, re-programming of

the memory shape is shown. Smallest folding actuators with bridge dimensions of 250

µm × 30 µm × 8 µm are fabricated. The thickness reduction of the 20 µm TiNi foils is

achieved by controlled wet-etching. However, non-uniform thinning, surface defects and

increased roughness are observed on the initially cold-rolled foil. These can lead to local

stress, a�ect the formation of martensite variants and ultimately reduce the folding per-

formance. A uni-directional folding angle of +145° is reached.

Replacing the cold-rolled foil material by freestanding 6 µm sputtered TiNiCu �lms im-

proves various steps throughout the microfabrication and results in a higher yield of us-

able structures. However, the uni- and bi-directional folding range is not improved.

For the miniaturized folding actuators, a new annealing and test setup is developed to

allow for convenient shape setting by Joule heating and tracking of the folding angle.

However, the reduced dimensions and associated lower bending moments present chal-

lenges for accurate force measurement. Applying additional loads onto the freestanding

tiles and introducing magnetic latching components with known force characteristics,

allow for a rough estimation of the involved bending forces/moments.

Cascaded hinge folding actuators

A novel layout of a cascaded hinge folding actuator is introduced to increase the angular

folding range by multi-stage folding. It consists of two hinge pairs arranged in series and

aligned as closely as possible. The concept is studied in detail by a thermo-electrical �nite

element simulation which shows good �t with test structures. A challenging two-step

annealing process is required which involves interconnecting di�erent pad structures.

The uni-directional angle reaches the aimed +180° and the bi-directional folding range

extends to ±105°, which corresponds to an increase by more than a factor of 2 compared

to the single hinge folding actuators. The additional in-plane �exibility of the cascaded

design bene�ts the bi-directional folding motion because it can accommodate bending

related deformations. Further extension to three hinge pairs is theoretically possible but

makes the heat treatment process even more challenging.

108



Magnetic latching

A novel concept of magnetic latching and unlatching (release) is developed that aims

for �xing the angular position of the folding actuator, even when the heating current

for actuation is turned o�. A soft magnetic NiMnGaCu thin �lm (5 µm) is attached onto

the freely movable tile and is brought in contact with a permanent NdFeB magnet. The

additional bending moment generated by the magnetic attraction force can contribute

to enhanced folding angles. The magnetic attraction force is studied in terms of its

dependence on temperature, angle and lateral misplacement. Successful latching is

achieved for magnet positions at 102°, 120° and 125°. Two types of unlatching are

demonstrated. For the �rst type, heating of the antagonist with a heating power of 55

mW generates an opposing bending moment that separates the two magnetic elements.

The second type involves the heating of the soft magnetic NiMnGaCu �lm to reduce its

magnetization. In this work, the thin �lm is only heated indirectly by resistive heating

of the macro-scale hard magnet at a large heating power of 210 mW.

Table 7.1 compares the di�erent fabricated actuator concepts according to Table 2.1.

Miniaturization has neither worsened nor improved the folding angles. The change in

material has only a minor in�uence on the folding performance and increases the folding

range by ±10°.

t w L α Mz P
[µm] [µm] [mm] [°] [mNmm] [mW]

Macroscopic single hinge
TiNi 20 1000 3 150° / ±40° 110 300

Miniaturized single hinge
TiNi, 500×75×5 µm3 5 75 0.5 145° / - - 10

TiNi, 250×30×8 µm3 8 30 0.25 - / - 0.13 14

TiNiCu, 400×90×6 µm3 6 90 0.4 140° / ±50° 70

Cascaded hinges
TiNiCu, HP1: 400×90×6 µm3 6 50 / 90 1.4 180° / ±105° - 90

HP2: 400×50×6 µm3

Table 7.1.: Comparison of the performance of various folding actuators (SMA thickness

t, SMA width w, SMA length L, total uni-/bi-directional folding angle, bending

moment Mz and heating power P).

The SMA hinge being used as a bending element can never fully use its potential due

to the distributed stress pro�le across its cross-section. There are portions within the

bent hinge that are not strained, while the outer surfaces risk over-straining. These
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constraints were studied theoretically and provide the basis for the actuator dimensions.

The new concept of cascaded hinge folding actuators is one possibility to overcome

the limitations related to the material and loading case. It proves to be successful and

increases both, uni- and bi-directional folding range.

The heating power required for actuation scales with the actuator thickness and

lateral dimensions. In addition, the material’s resistivity plays an important role. The

wet-etched and miniaturized TiNi folding actuators show lower heating powers. Their

rough and defective surface contains holes in the hinge region that contribute to higher

resistivity.

In his review article, Kejun Hu et al. [69] compares di�erent concepts for the realization of

bending movements using SMA actuators with regard to their use for origami robots [69].

Figure 7.1 summarizes the performance of three di�erent actuator categories in a 3D-plot.

The relevant characteristics are the diameter and length of the SMA element used in the

actuator, and the output bi-directional folding range. For thin �lms and foils, the element’s

diameter refers to the thickness. As introduced in section 2.1.2 the actuator principles

are divided into linear, torsional and bending type. The folding actuators fabricated and

characterized in the framework of this thesis are of bending-type and are added in the 3D

graph (highlighted in green).

In terms of hinge length and SMA thickness, the fabricated folding actuators are located

far outside of the existing concepts and thus open up new options at miniature scales. The

single hinge folding actuators can compete with other works in terms of angular folding

performance. Their total folding angles (±40° = 80° and±50° = 100°) are among the average

of linear- and bending-type SMA actuators. The cascaded hinge folding actuator shows

an exceptional total folding angle (±105° = 210°) and represents a new benchmark in this

�eld.
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Figure 7.1.: Performance of various SMA-based actuators for folding from literature

(adapted from [69]). Symbols and colors correspond to di�erent actuator

types. The bending-type actuators that are developed in this thesis, are high-

lighted in green.
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This thesis points out a new concept for SMA-based folding actuators that allows for

miniaturization down to the micrometer range and enhanced folding performance well

beyond the state-of-the art. Here, basic elements are studied extensively consisting of a

pair of rigid tiles and a unidirectional, bidirectional or a bistable hinge mechanism with

reversible latching performance. Further study on the following topics are recommended:

Design optimization:

Although various characterizations have been performed on uni-directional and bi-

directional folding actuators, the experimental assessment of thermal, mechcanical and

magnetic coupling e�ects at small scale is di�cult. The material parameters obtained

by experiments on large samples are utilized by project partners to develop a fully

coupled simulation model of the SMA folding actuator [92]. It can serve to predict the

macroscopic material behavior and help to understand performance-related phenomena

such as local stress concentrations and temperature distribution. While temperature

measurements at micro scale are di�cult due to the limitations of IR thermography,

simulations can provide estimates on temperature distributions and phase fractions. The

geometry of the folding hinges can be optimized to generate a homogeneous temperature

during Joule heating. Additionally, the separation between multiple hinge actuators

a�ects their thermal and mechanical coupling. An experimental parametric study could

help to calibrate the multiphysical model and provide further paths for optimization.

Computation complexity and time could be reduced by implementing a lumped element

model (LEM).

Magnetic latching:

In this work, only the hard magnet is heated resulting in a high power consumption.

The ultimate goal is to locally heat the soft magnetic thin �lm. While samples with the

foreseen layout for local heating of the NiMnGaCu �lm failed during fabrication in the

time scope of this thesis, [93] shows the feasibility of this concept. The current pick-

and-place method for bonding the soft magnetic �lm onto the tile becomes impratical
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at micro scale. Besides direct sputtering of a NiMnGa-based �lm, alternative latching

concepts have to be explored that allow for integration into a monolithic process route.

One possible option are wax structures, which can be printed onto the tiles and can be

heated locally for shifting between hard and sticky state.

Upscaling towards a multi-tile system:

The given layout can be extended to a 4-tile system, that folds into a tetrahedron by

simply adding a tile on each edge of the triangular tile. The electrical connection via

multiple power lines must be arranged onto the base tile. The extension towards a

micro Origami device has been shown in [93]. For further upscaling, the SMA elements

must be heated across multiple tiles while avoiding local overheating. The mechanical

coupling e�ects when many (possibly connected) tiles fold simultaneously must be

considered. Thermal coupling can occur between the multiple power lines and folding

hinges by heat conduction. Additional isolation layers could be added. For full system

integration, a control of folding should be implemented, such as using the intrinsic

self-sensing potential of the SMA hinges. The change in resistivity related to the phase

transformation of SMAs can be used to determine the folding angle. Furthermore,

a folding algorithm is required to avoid collisions upon multi-tile folding. Existing

Origami simulators can already calculate optimum folding sequences for custom 3D

shapes. As the number of power lines increases with a multi-tile system, local power

sources (e.g. batteries or capacitor) could be positioned onto some tiles. The distri-

bution of many small logic and power controls is important to selectively control the

multi-tile system and to reduce the number of power lines that have to guided across tiles.

Re-programmable matter
For realizing the vision of re-programmable matter, the individual folding hinges should

be able to be re-programmed to new memory shapes by a local heat treatment. Like

the actuation, this could ideally be achieved via Joule heating. This has already been

shown in this thesis. However, much higher currents are involved and the heat treatment

may damage neighbouring components. Laser heating could be an alternative. For this

purpose the desired folding angle of a tile pair has to be set either by a cooperative motion

of all remaining tiles or by an external guiding structure.

By overcoming the challenges of upscaling to a multi-tile systems and integrating a fully

monolithic process fabrication alongside an e�cient local heat-treatment, a versatile re-

programmable actuator system can be developed. Its multifunctionality could provide

solutions in various �elds where deployable 3D structures are required.
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A. Appendix

A.1. Anisotropic Material Behavior of cold-rolled 20 µm TiNi
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Figure A.1.: Tensile tests of 20 µm TiNi cold-rolled foil in rolling (RD) and transverse

direction (TD) (a) Initial cycle, (b) 4th loading cycle.

A.2. Temperature-dependent Elastic Modulus of 20 µm TiNi
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Figure A.2.: E�ective elastic modulus derived from linear �t of tensile loaded samples.
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A. Appendix

A.3. Re-annealing of SMA structures in Vacuum Furnace

The heat treatment of SMA foil structures requires a customized annealing setup to im-

print a folded con�guration memory shape. To protect the SMA from oxidation, it is

covered with Ti foils that act as an oxygen getter. As schematically shown in Figure A.3

the sequential steps are:

1. The laser-cut SMA structure is placed between two Ti foils (d = 100 µm) and posi-

tioned onto the annealing jig using a centering pin.

2. The foil stack is folded into a 180° con�guration.

3. The annealing jig is closed by its counterpart and �xed onto a temperature sensor

with screws.

4. The annealing jig is placed into a quartz tube that is evacuated by the vacuum pump.

5. The quartz tube is put into a heated tube furnace.

6. The heat treatment is run for 45 min at a constant temperature of 460 °C.

7. The annealing jig is quenched by nitrogen �ushing of the quartz tube.

8. The annealing jig is removed from the quartz tube and the SMA structure is released

from the setup.

Figure A.3.: Annealing procedure of SMA foil structures.
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A.4. Bi-directional Folding of Coupled TiNi Actuators

Figure A.4.: Reversible and bi-directional folding actuation sequence: (a) heating of the

protagonist, (b) cooled state after protagonist heating, (c) heating of the an-

tagonist, (d) cooled state after antagonist heating.

A.5. Temperature-dependent Elastic Modulus of 6 µm TiNiCu
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Figure A.5.: E�ective elastic modulus of 6 µm TiNiCu �lm derived by linear �t of tensile

loaded samples in heating chamber.
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A. Appendix

A.6. Material Parameters for FE Simulation

Parameter Symbol Value Unit
Density (TiNiCu) ρTiNiCu 6.4 g/cm3

Density (Polyimide) ρPI 1.4 g/cm3

Thermal conductivity (TiNiCu) kTiNiCu
th

1.5 W/m/K

Thermal conductivity (Polyimide) kPI
th

0.15 W/m/K

Electrical conductivity (TiNiCu) κTiNiCu
e 1.9 × 10

5
S/m

Electrical conductivity (Polyimide) κPIe 1 × 10
-17

S/m

Speci�c heat capacity (TiNiCu) cp,TiNiCu 320 J/kg/K

Speci�c heat capacity (Polyimide)) cp,PI 1100 J/kg/K

Table A.1.: Summary of material parameters for the electro-thermal multiphysical FE

model in COMSOL Multiphysics.

A.7. Magnetic Force Measurements for di�erent Tilt Angles

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

F
m

a
g
 /

 m
N

z / mm

 γ = 0°

 γ = 10°

 γ = 17°

 γ = 25°
0°

10°

17°

25°

Figure A.6.: Magnetic attraction force as a function of distance z (e�ective distance be-

tween �lm center and magnet surface) for di�erent tilt angles γ .
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A.8. Latching and Unlatching of the Bi-directional Actuator

0 10 20 30 40 50 60 70
-30

0

30

60

90

120

150

fo
ld

in
g

 a
n

g
le

 [
°]

time [s]

latching

unlatching

0 10 20 30 40 50 60 70
0

10

20

30

40

50  actuator current
ac

tu
at

o
r 

cu
rr

en
t 

[m
A

]

time [s]

0.0

0.5

1.0

1.5

2.0

2.5
 magnet voltage

 base voltage

m
ag

n
et

 v
o

lt
ag

e 
[V

]

Figure A.7.: Latching and unlatching of folding actuator for a base voltage of 1.2 V.
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