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Soft functional fibers for mechanical sensing and actuation

Andreas Leber

Abstract

The measurement and generation of mechanical deformations is a key functionality in health

monitoring, human–machine interaction, and soft robotics. However, current methods typ-

ically rely on small and hard transducers, which result in poor performance, cumbersome

implementation, and incompatibility with the human body. An alternative approach consists

of imparting functionality within long and soft fibers. However, the multi-material assemblies,

which are required for advanced functionalities, are challenging to realize in fibers. Addi-

tionally, the 1-dimensional geometry of fibers, which stands in stark contrast to traditional

0-dimensional devices, requires novel schemes to extract meaningful information and induce

targeted movements.

In this Thesis, four distinct innovations to fiber-based transducers are made, which are com-

posed of soft materials and fabricated by the thermal drawing technique. The first three works

are each aimed at one of the three conceptual elements of a sensor: the structural design, the

constituting materials, and the signal processing. In the fourth work, actuation is coupled

with sensing to develop robotic fibers.

(i) Considering the design element of a sensor first, fibers with an asymmetric elastomer archi-

tecture are developed, featuring several electrodes separated by an air gap. Compressive loads

on the meter-long fibers result in the selective contacting of electrodes within the deformed

fiber structure, triggering pronounced electrical signals at distinct pressure levels. This devel-

oped sensing concept enables the facile functionalization of large surfaces, demonstrated by

a fiber-augmented gymnastic mat for the monitoring of human body position, posture, and

motion. (ii) Focusing on the materials next, a novel polymer nanocomposite with carefully

engineered rheological, mechanical, and electrical properties is introduced. In particular,

controlled changes to the nanoparticle network and the intertwined electrical conduction

of the material are explored – induced either by viscous flow during thermal drawing fiber

fabrication or elastic deformation in applications. The nanocomposite represents a platform

upon which a family of fiber devices can be developed. (iii) As the third pillar of sensing,

signal processing is addressed by employing electrical reflectometry within microstructured

elastomeric fibers that integrate tens of liquid metal conductors. Reflected electrical waves,

triggered by multimodal deformations of the fiber structure, are investigated experimentally

and theoretically. This unprecedented physical mechanism enables multiplexed measure-

ments of the mode, magnitude, and position of multiple simultaneous pressing and stretching

events. By integrating a single fiber with a single interface port into a larger fabric, the tech-

nique can be used to create an electronic textile that can decipher convoluted mechanical

stimulation. (iv) Finally, both actuation and sensing schemes are combined, resulting in

robotic fibers with closed-loop control. Thanks to three integrated tendons pulling on the

distal fiber end, bending with two degrees of freedom is achieved. Envisioned as steerable
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catheters, the fibers can autonomously avoid obstacles to minimize tissue damage, scan the

environment to execute the best navigation path, and accurately deliver mechanical tools,

fluids, as well as optical and electrical stimulation.

Key words: soft materials, thermoplastic elastomers, multi-material fibers, electromechanical

sensors, soft electronics, smart textiles, actuators, robotics
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Des fibres fonctionnelles souples comme capteurs mécaniques et actionneurs

Andreas Leber

Résumé

La mesure et la génération de déformations mécaniques est une fonctionnalité clé dans la

surveillance de la santé, l’interaction homme-machine et la robotique molle. Les méthodes

de transduction actuelles reposent généralement sur des éléments petits et durs, ce qui se

traduit par des performances limitées, une mise en œuvre complexes et une incompatibi-

lité avec le corps humain. Une autre approche consiste à intégrer des fonctionnalités dans

des fibres longues et souples. Cependant, les assemblages multi-matériaux, qui sont néces-

saires pour ces fonctionnalités avancées, sont difficiles à réaliser dans des fibres. En outre,

la géométrie 1-dimensionnelle des fibres, qui contraste fortement avec les dispositifs tradi-

tionnels 0-dimensionnelles, nécessite de nouvelles méthodes pour extraire des informations

significatives et induire des mouvements ciblés.

Dans cette Thèse, quatre innovations distinctes sont apportées aux transducteurs en forme de

fibres, qui sont composés de matériaux mous et fabriqués par la technique du tirage à chaud.

Les trois premiers projets visent chacun l’un des trois composants conceptuels d’un capteur :

la structure, les matériaux constitutifs et le traitement du signal. Dans le quatrième projet,

l’actionnement est couplé à la détection afin de développer des fibres robotiques.

(i) En considérant en premier la structure du capteur, des fibres avec une architecture élas-

tomère asymétrique sont développées, qui contiennent plusieurs électrodes séparées par

un espace d’air. Des contraintes de compression exercées sur les fibres entraînent le contact

sélectif des électrodes dans la structure déformée, ce qui déclenche alors des signaux élec-

triques prononcés à des niveaux de pression distincts. Ce concept de détection permet la

fonctionnalisation de grandes surfaces, comme le démontre un tapis de gymnastique aug-

menté par des fibres pour la mesure de la position, de la posture et du mouvement du corps

humain. (ii) Secondement, en examinant les matériaux, un nouveau nanocomposite polymère

est présenté, qui se distingue par des propriétés définies de type rhéologique, mécanique

et électrique. En particulier, les changements contrôlés du réseau de nanoparticules et sa

conduction électrique sont explorés - induits soit par un écoulement visqueux pendant la

fabrication par le tirage à chaud, soit par des déformations lors d’applications. Le nanocom-

posite représente une plateforme sur laquelle une famille de fibres fonctionnelles peut être

développée. (iii) Le traitement du signal, comme troisième pilier de la détection, est abordé

en utilisant la réflectométrie électrique dans des fibres élastomères microstructurées qui

intègrent des conducteurs en métal liquide. Les ondes électriques réfléchies, déclenchées par

des déformations multimodales de la structure de la fibre, sont étudiées expérimentalement

et théoriquement. Ce mécanisme physique permet des mesures multiplexées du mode, de

l’intensité et de la position de plusieurs événements simultanés de pression et d’étirement. En

intégrant une seule fibre avec un seul port d’interface dans un tissu, cette technique peut être

utilisée pour créer un textile électronique capable de déchiffrer des stimulations mécaniques
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alambiquées. (iv) Finalement, des mécanismes d’actionnement et de détection sont combinés,

ce qui permet de créer des fibres robotiques avec un contrôle en boucle fermée. Grâce à trois

tendons intégrés tirant sur l’extrémité distale de la fibre, une flexion à deux degrés de liberté

est obtenue. Conçues comme des cathéters orientables, les fibres peuvent éviter des obstacles

de manière autonome afin de minimiser les dommages aux tissus, scanner l’environnement

afin d’exécuter la meilleure trajectoire de navigation, et délivrer avec précision des outils

mécaniques, des fluides, ainsi que des stimulations optiques et électriques.

Mots clefs : matériaux souples, élastomères thermoplastiques, fibres multi-matériaux, capteurs

électromécaniques, électronique souple, textiles intelligents, actionneurs, robotique
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Introduction

As we all know from observations of nature and our own bodies, soft materials assemblies

can accomplish a large range of sophisticated functions. This includes sensing, for the per-

ception of internal physical state and external environment, as well as actuation, for carrying

out targeted movement. Yet, state-of-the-art machines and robots are constructed almost

exclusively out of hard materials, such as metals, ceramics, and hard polymers. While this

may change in the future, technology based on assemblies of many hard components is

unrivaled at accomplishing precise tasks in controlled environments, such as a robotic arm

in an assembly line. In some circumstances, however, hard devices are unsuitable and are

outperformed by soft devices, which are constituted of soft materials such as elastomers or

gels. In particular, when in intimate contact with the human body, encompassing biomedical

applications and human-machine interfaces, soft systems constitute an attractive alternative,

because they are comfortable and safe for users, as well as robust, low-cost, and adaptable

to unpredictable changes of dynamic environments. However, soft devices, including both

sensors and actuators, are still in an early stage of their development, and research on their

materials, fabrication, design, mechanism, and control must still be conducted.[1–4]

In this Thesis, we consider soft sensors and actuators in one particular geometry: fibers. Func-

tional fibers are thin and long 1-dimensional elements, in which functionality is distributed

continuously rather than concentrated in discrete points, and large lengths and areas are

readily addressed with a minimum number of contact ports to peripherals [5]. Additionally,

the high aspect ratio enables unique applications, for instance when a device needs to be

inserted within a narrow torturous channel [6]. Finally, fibers can be integrated into textiles,

which are ideally suited for human body contact [7].

Within the scope of soft functional fibers for mechanical sensing and actuation, we address

three principal challenges:

Materials and fabrication. Functionality is evoked by the arrangement of diverse materials with

specific properties in defined structures. In this work, we rely on the preform-to-fiber thermal

drawing technique for the realization of functional fibers, which is traditionally employed for

the manufacture of telecommunication optical fibers [8]. Thanks to advancements in process

technology, particularly in the last two decades, thermal drawing enables the co-processing

of multiple materials into long fibers with fine textures and intricate architectures [6]. In
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Introduction

a noteworthy recent breakthrough, some thermoplastic elastomers, a material class that

unites thermoplastic processing-attributes with elastomer mechanical properties, could be

thermally drawn [9]. However, thermal drawing is also restrictive in the specific materials that

can be processed and co-processed [10]. Additionally, the processing can induce dramatic

changes in material properties [11]. Thus, the materials selection must be geared towards

processing as well as application. In this work, the focus lies on the characterization of

rheological, mechanical, and electrical properties. This task is particularly challenging because

often properties are inter-dependent, such as the electrical conductivity that varies due to

mechanical deformations, and are affected by treatment history as well as testing conditions.

Considered materials in the soft functional fibers include various thermoplastic elastomers

as dielectrics and conductors in the form of polymer composites as well as solid and liquid

metals. The peculiar properties of these materials require an adapted fabrication strategy,

including pre-processing steps, the quintessential thermal drawing itself, and post-processing.

Design and mechanism. Next to the constituting materials, the device design and working

mechanism play an essential role. In a mechanical sensor, an electrical signal is triggered by

a mechanical deformation, which yields information about the stimulation type, intensity,

and location. Oppositely, in actuators, a precise deformation is generated through an applied

signal [12]. With the right fiber design, which is constrained in materials and geometry

by the thermal drawing fabrication process, a transduction mechanism is evoked in the

soft fibers. Additional complexity is introduced by the paradigm shift away from standard

arrays of discrete transducers and towards long continuous soft functional fibers [13]. For

instance, in distributed mechanical sensors it is often difficult to characterize simultaneously

the deformation mode, intensity, and location, and the task becomes more challenging still

when multiple stimuli applied at once on one fiber-based sensor must be decoupled.

Implementation and application. Finally, the developed soft functional fibers must be embed-

ded into suitable systems to result in functional products ready to take on real-world problems.

This task involves the assembly of one or multiple fibers into a suitable pattern, such as in a

textile. Additionally, the fibers must be interfaced through contact ports to peripheral systems,

usually at the fiber ends, which is challenging because the connection of soft materials to

standard hard components is prone to failure [14]. The selection of the peripheral hardware to

address the fiber-based devices is critical as well. For instance, a sensor becomes only useful

when it is integrated in a suitable electrical circuit that enables accurate readout by a control

unit, such as a microcontroller. Additionally, the raw signal must be treated by algorithms and

models to become valuable information, often involving adapted calibration schemes [12].

Finally, the value of developed soft fiber-based sensors and actuators must be demonstrated

in applications where a real-world problem is solved, ideally highlighting the advantages over

existing technologies.
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Introduction

The Thesis is organized as follows:

In Chapter 1, the thermal drawing process is introduced with a focus on previously developed

fiber materials and structures. Additionally, the essential material class of thermoplastic

elastomers is explored, by analyzing the chemical composition and microstructure as well as

rheological and mechanical properties. Finally, the thermal drawing process flow is outlined

with a focus on practical considerations of soft materials.

Building upon this materials and fabrication platform, several fiber-based devices are pre-

sented and the aforementioned challenges are addressed. In the first part, the focus lies on

sensing and each chapter is aimed at one of the three conceptual elements of a sensor: the

structural design, the constituting materials, and the signal processing. In the second part,

actuation is coupled with sensing to develop soft robotic fibers. Each of these chapters can also

be considered as a stand-alone work and thus contains a specific motivation and conclusion.

Some of the works are also published elsewhere.

In Chapter 2, the research is aimed at the design element of a sensor. Fibers with an asymmet-

ric elastomer architecture are developed. Thanks to advanced mechanical analysis, involving

a hyperelastic material model and finite-element analysis, the fiber microstructure is tailored

to respond in a predictable and reversible fashion to different pressure ranges and locations.

This developed pressure-sensing concept enables the facile functionalization of large sur-

faces, demonstrated by a fiber-augmented gymnastic mat for the monitoring of human body

position, posture, and motion.[15]

In Chapter 3, the focus lies on the materials. A polymer nanocomposite with carefully engi-

neered rheological, mechanical, and electrical properties is introduced. The nanocomposite

enables the development of a whole family of fiber devices, including a shape-sensing fiber

based on piezoresistivity, a pressure-sensing fiber based on a variable path length of the

electrical current, and a stretch-sensing fiber based on measures of capacitance.

In Chapter 4, signal processing, as the third pillar of sensing, is addressed by employing

electrical reflectometry within microstructured elastomeric fibers that integrate liquid metal

conductors. Reflected electrical waves, triggered by multimodal deformations of the fiber

structure, are investigated experimentally and theoretically. This unprecedented physical

mechanism enables multiplexed measurements of the mode, magnitude, and position of

multiple simultaneous pressing and stretching events.[16]

Finally, in Chapter 5, both actuation and sensing schemes are combined, resulting in robotic

fibers that can accurately accomplish extensive 3-dimensional motion driven by fiber-embedded

tendons. Additional modular functionalities are evoked by embedded light guides, electrical

wires, and fluidic channels.
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1 Thermal drawing of soft materials:
A platform for functional fibers

The field of functional fibers — fibers that incorporate a function besides mere mechanical

integrity — is largely driven by innovations in fiber materials, structures, and processes.

Indeed, it is the high purity of silica glass, created by vapor deposition and shaped by thermal

drawing, that enabled the guiding of light in optical fibers at losses below 1 dB.km-1 [17].

Similarly, the introduction of conductors and semiconductors in intimate contact gave rise to

optoelectronic functionalities in thermally drawn fibers [5].

Soft materials can extend functionalities in thermally drawn fibers further, but they pose a

significant processing challenge. In this chapter, a materials and process platform for soft

multi-material fibers is introduced, which enables a novel generation of functional fibers.

First, the previously established materials, structures, and functionalities are presented in a

discussion of the state-of-the-art of thermally drawn fibers. Next, thermoplastic elastomers,

which are the key to soft fibers via thermal drawing, are introduced in the form of their chemi-

cal composition and microstructure, as well as their process-relevant rheological attributes

and their application-governing mechanical properties. Finally, the technical aspects of the

fiber manufacturing process with a focus on soft materials are outlined.

1.1 Thermal drawing of multi-material fibers

Thermal drawing is a fabrication technique that consists of the conversion of a macroscopic

preform into a fiber through the controlled viscous flow of material (Figure 1.1a). The resulting

fiber exhibits a length that is orders of magnitudes larger than the preform, and a cross-section

that is scaled down according to volume conservation. Quintessential to the process is that

the fiber maintains the same cross-sectional structure with equal relative dimensions as the

preform along its entire length [6].

The thermal drawing process features many advantageous properties. For one, the constitutive

materials can be shaped and assembled on the macroscopic level, allowing the use of standard

machining and assembly approaches, such as milling and stacking [22]. This enables the

5



Chapter 1 Thermal drawing of soft materials: A platform for functional fibers

a

b

c

d

e

Figure 1.1 – Thermal drawing of functional fibers. a) Schematic of thermal drawing process. b) Silica
photonic crystal fiber [18]. c) Thermoplastic electromechanical fiber with polymer composite elec-
trodes for pressure sensing [19]. d) Thermoplastic optoelectronic fiber featuring an optical waveguide, a
semiconductor, and electrodes of metal and polymer composite [20]. e) Thermoplastic electrosctrictive
fiber with a P[VDF-TrFE-CFE] layer, electrodes of metal and polymer composite, and a Fabry-Perot
optical cavity of alternating layers of PC and As25S75 [21]. Scale bars for top, bottom left, and bottom
right are 100, 20, and 2 µm, respectively.

simple realization of fibers of various shapes with complex internal architectures on the µm

or even nm scale, where different materials are localized in prescribed positions and are in

intimate contact [8]. The drawing tower itself essentially only consists of a feeding mechanism

for the preform, a furnace with accurate local temperature control, and a take-up spool for the

fiber. During the drawing, the diameter of the fiber, which is continuously monitored, can be

easily controlled by the feeding speed of the preform and the winding speed of the fiber [23].

Moreover, while being a batch process, thermal drawing is highly scalable. For instance, in the

optical fiber industry, where thermal drawing is historically most applied, a single preform of

length 1 m can be converted to 40 km of fiber [17].

However, the process also poses some challenges, mostly regarding the identification and

engineering of materials that can be drawn and co-drawn, which, in concert with controlled

microstructures, enables novel functionalities. Materials must be able to viscously deform in a

specific temperature regime, and have sufficient mechanical resilience to support the drawing

stress and maintain their cross-sectional architecture [10]. Additionally, materials must not

crystallize or degrade during the process. Thus, in the case of glasses, the supercooled state

must be maintained under the temperature and time conditions of the process [8]. Ther-

mal drawing becomes especially difficult when multiple materials with different processing

attributes are combined within a single preform and co-drawn.
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Thermal drawing of soft materials: A platform for functional fibers Chapter 1

While still limited, materials found to be compatible with the process now encompass candi-

dates from several different material classes. In the following, examples of fiber materials and

structures as well as resulting functionalities that have shaped the field are presented.

Thermal drawing became an industrially established process through the large-scale produc-

tion of optical fiber. The constituting material is silica glass, because it exhibits extremely low

losses of <1 dB.km-1 at a high level of purity and is found to be highly compatible with the

thermal drawing process, allowing the manufacture of homogeneous fibers with µm scale

cross-sectional dimensions over tens of km length [17]. Beyond standard step-index optical

fibers, where the necessary contrast in refractive index is achieved through doping of the core,

for instance of GeO2 [17], silica glass is also employed in microstructured optical fibers [24]. In

these, the optical waveguiding is manipulated by the structure. For instance, in the case of

photonic crystal fibers, a periodic array of air holes runs along the length of the fiber (Figure

1.1b), representing an excellent example for the achievable sophistication and feature sizes of

fibers through thermal drawing [24]. The technique has also been extended to other glasses,

such as chalcogenides [25], fluorides [26], and phosphates [27], mostly following the goal of

broadening the wavelength range of low-loss guidance in optical fibers.

Next to glasses, thermoplastics represent an important materials class compatible with ther-

mal drawing. Although attenuating light at levels that are several orders of magnitude above

glass, thermoplastic fibers are attractive in terms of their mechanical performance. Ther-

moplastics have a lower Young’s modulus than glasses, generally on the order of magnitude

of 1 GPa, allowing higher fiber flexibility even at larger diameters. Additionally, they exhibit

superior fracture toughness and fractures are of a ductile rather than brittle nature, reducing

the risk of sharp edges and shards upon failure [28]. Thermoplastics bring also a processing

advantage as they can be formed at significantly lower temperatures and using a variety of

different techniques. This is useful during the drawing but also during the preceding preform

fabrication steps [24], allowing melt-based techniques (e.g. molding, 3D-printing, extrusion),

solvent-based techniques (e.g. casting, spin-coating, dip-coating), machining (e.g. milling,

drilling), and polymerization in molds. Prominent examples of drawable thermoplastics are

poly[methyl methacrylate] (PMMA), polycarbonate (PC), polysulfone (PSU), and polyethylen-

imine (PEI) [6]. Recently, biodegradable thermoplastics were also identified to be compatible

with thermal drawing, enabling, for instance, edible fibers of gelatin [29] and drug-delivery

fibers of poly[D,L-lactic-co-glycolic acid] (PLGA) [30].

The attractive mechanical properties in conjunction with the ease of prototyping and handling

of thermoplastic fibers has been a major driving force in the emergence of multi-material

fibers [6]. In these, the thermoplastic acts as substrate for processing onto which active mate-

rials are piggybacked. As substrate and active material are co-processed, the active material

must also be compatible with thermal drawing. However, the necessary compatibility only

extends to the ability to follow the deformation induced by the process. It is thus important

to distinguish between the substrate material, which must exhibit the rheological character

that makes it truly ‘drawable’, and the active material, which must merely endure the pro-
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cess. Nonetheless, the discovery of suitable pairs of substrate and active material remains

challenging.

Table 1.1 – Classes and examples of materials compatible with the thermal drawing process, subdivided
by draw-supporting substrate and active constituent.

Substrate materials

Glasses Silica glasses [17]
Chalcogenide glasses[25]
Fluoride glasses [26]
Phosphate glasses [27]

Thermoplastics PMMA [20]
PC [20]
PSU [20]
PEI [5]
gelatin [29]
PLGA [30]

Active materials

Metals Sn [5]
Sn–Zn [20]
Bi–Sn [21]
Pt–Cu –Ni –P [31]

Polymer composites cPC [19]
cPE [22]
carbon nanofibers in cPE [32]

Piezoelectric and electrostrictive P[VDF-TrFE] [33]
P[VDF-TrFE-CFE] [21]

Semiconductors Se [20]
As2Se3 [34]
As40Se50Te10Sn5 [5]
Ge17As23Se14Te46 [35]
SnSe [36]
Ge22As18Se15Te45 [37]

The integration of active materials in targeted architectures has resulted in a variety of different

functionalities, which extend from the optical to the electrical field. In such applications, the

integration of conductors in thermally drawn fibers is essential. Conductive pathways have

been realized in fibers through crystalline and amorphous metals as well as polymer nanocom-

posites [6]. Metals exhibit conductivities that are several orders of magnitude higher than

composites, but their processing by thermal drawing is limited, because crystalline metals

must be in a molten state when processed, requiring a fiber substrate material with a higher

processing temperature than the melting temperature of the metal. For instance, Au, Ag and
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Fe have been drawn in silica glass [38]. Thermoplastic substrates allow only the co-processing

of lower melting point metals, such as Sn in PEI [5]. Moreover, crystalline metals must be

fully enclosed by viscous materials during processing to retain structural integrity, and the

minimum size of metals is limited by capillary breakup [6]. In this regard, amorphous metals

are attractive candidates because they are processed in a supercooled viscous rather than

liquid form, enabling free-standing structures and smaller feature sizes [31]. Finally, polymer

nanocomposites, which consist of a polymer matrix enclosing a percolated network of con-

ductive fillers such as carbon black in polycarbonate (cPC) and carbon black in polyethylene

(cPE), can also be integrated in thermally drawn fibers. They exhibit thermoplastic processing

attributes, including viscous deformation at elevated temperature, enabling the realization

of freestanding structures and interfaces with liquids in fibers. However, their conductivities

are significantly lower than metals and are strongly affected by the deformations during the

drawing process [11, 39]. Exemplary applications of conductors in fibers include electrodes as

neural probes in bioengineering[40], as conductive films in fiber capacitors for touch sensing

[41], and as resistors that can heat and expand under voltage pulses and act as an polarization

switch in optical fibers [42]. A final example that is particularly relevant to this work is the

use of composites to impose a potential drop in fibers. This effect can be exploited to localize

stimuli in fibers because the length of the current pathway through the resistive medium re-

lates directly to the measured resistance. This technique was implemented in fiber consisting

of two conductive polymer composite films (carbon black-loaded PC) being arranged in a

cantilever-like structure made of a flexible polymer (PSU) that are contacted under mechanical

load (Figure 1.1c), thus enabling pressure sensing [19].

Materials with peculiar dielectric properties have also been exploited in thermally drawn fibers.

By integrating the piezoelectric poly[vinylidenefluoride-trifluoroethylene] (P[VDF-TrFE]) an

acoustic emitter and sensor was created in fibers [33], whereas the electrosctrictive material

poly[vinylidenefluoride-trifluoroethylene-chlorofluoroethylene] (P[VDF-TrFE-CFE]) resulted

in electromechanical actuation (Figure 1.1e) [21].

Finally, semiconducting functionalities were achieved through integrated chalcogenide do-

mains for uses as transistors [43], phase-change memory [37], heat sensing[35], thermoeletrics

[36], optoelectronics (Figure 1.1d)[5], and photonic bandgap devices [34]. These fibers are

excellent examples of truly multi-material microstructures that can be achieved by thermal

drawing.

1.2 Thermoplastic elastomers

While the range of substrate materials for thermal drawing discussed above is extensive, it has

so far been limited to glasses and thermoplastics with elastic moduli on the order of 1000 GPa

and 1 GPa, respectively [44]. When considering technologically relevant materials that exhibit

lower stiffnesses, one comes inevitably across the class of elastomers, which feature moduli

ranging from 100 kPa to 100 MPa. However, elastomers are chemically crosslinked polymer
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chain networks, meaning, unlike thermoplastics, they cannot be processed under simultane-

ous application of heat and stress, thus excluding thermal drawing. Fortunately, a particular

type of polymeric material combines the best of both worlds: thermoplastic elastomers exhibit

elastomeric mechanical properties at ambient temperatures and thermoplastic processing

behavior at elevated temperatures [44]. Indeed, thermoplastic elastomers lay the foundation

for soft fibers fabricated via thermal drawing [9].

1.2.1 Chemical composition and microstructure

The softness and high deformability of standard elastomers stems from their relatively long

polymeric chains having a high degree of flexibility and mobility that are joined in a network

structure. The network is connected by crosslinks, which give elastomers their solid-like

features by preventing the chains from freely flowing under external stresses [45]. They are

chemical in nature and do not weaken under heat, thus the material cannot be thermoformed.

Only under excessive heating do the crosslinks break, resulting in polymer degradation [44].

The particular properties of thermoplastic elastomers originate from their chemical compo-

sition and resulting microstructure. Most thermoplastic elastomers are block copolymers

consisting of hard thermoplastic polymer blocks linked to soft elastomeric segments. The hard

segments are located at the chain ends and thus enclose the soft elastomeric segments. The

hard chain-end segments from several adjacent chains aggregate together to form rigid, often

crystalline, domains within a soft matrix, resulting in a phase-separated microstructure (Figure

1.2 a). As these domains are nm-sized, they are too small to be observed in visible light and

thermoplastic elastomers are usually transparent materials. However, the phase-separated

structure can be imaged using staining techniques and transmission electron microscopy

(Figure 1.2 b). Much like the chemical crosslinks in standard elastomers, the hard domains

act as anchor points to restrict the soft-chain segment motions. However, for thermoplastic

elastomers, these crosslinks are physical in nature, which weaken and disappear upon heating

or exposure to a solvent. Most importantly, they are reversible and will reform when cooled

or when the solvent evaporates [45]. Thus, thermoplastic elastomers can be processed by

conventional thermoplastic processing techniques, such as compression molding and thermal

drawing.

A very common subgroup of thermoplastic elastomers are styrenic block copolymers. Their

chains consist of the simple structure A-B-A, where A is the thermoplastic polystyrene and B

is the elastomer segment. Typically, the elastomer is an polydiene, such as polybutadiene or

polyisoprene. The widely used nomenclature for these materials is SBS and SIS, respectively,

where S stands for styrene, B for butadiene, and I for isoprene. Their molecular structure are

shown in Figure 1.2c. Both polybutadiene and polyisoprene units exhibit a double bond, which

is prone to chemical attack, limiting the resistance to oxidation and thermal degradation. A

common chemical alteration made to SBS is the use of poly(ethylene-butylene) as a middle

segment, which doesn’t include double bonds, resulting in the more stable SEBS [45]. A
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Figure 1.2 – Chemical composition and microstructure of thermoplastic elastomers. a) Schematic
illustrating the molecular structure and arrangement of block copolymer chains that make up thermo-
plastic elastomers. Reproduced from reference [44]. b) Transmission electron microscopy image of
a stained sample of SEBS, showing the phase-separated microstructure. Reproduced from reference
[9]. c) Chemical composition of the common thermoplastic elastomers SBS and SIS. Reproduced from
reference [44]. d) Evolution of stiffness of thermoplastic elastomers with temperature, indicating the
different temperature windows. Reproduced from reference [45].

less employed and more recently developed thermoplastic elastomer group, is the Wacker

Geniomer family (recently renamed to Genioplast). In these, the hard segment is aliphatic

isocyanite and the soft segment is polydimethylsiloxane. They exist in different formulations,

where different properties are brought about by changes in hard-to-soft ratios or total chain

length [46]. In fact, all the aforementioned thermoplastic elastomers are employed in this

Thesis:

• SEBS G-1657 (Kraton)

• SIS D-1113 (Kraton)

• Geniomer 145 (Wacker)
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• Geniomer 345 (Wacker).

In the thermoplastic elastomer composite systems, both types of polymers retain most of

their individual characteristics. For instance, both the hard and soft phase exhibit a specific

softening temperature (glass transition or crystalline melting temperature). These two transi-

tion temperatures delimit the use ranges of the material as a whole (Figure 1.2 d). At very low

temperature below the glass transition temperature of the elastomer phase (typically < -50 °C),

the material is stiff and brittle. Thermoplastic elastomers are usually not employed within this

range. At ambient temperature between the transition temperature of the elastomer and of

the thermoplastic, the material is soft and elastic, resembling a conventional elastomer. This

range is the typically service range for applications. Finally, above the transition temperature

of the thermoplastic phase, the material becomes a viscous fluid, defining the processing

window.

In the following, both relevant temperature ranges shall be investigated in detail for the

thermoplastic elastomers employed in this Thesis. First, the processing window is discussed

by investigating the rheological properties, followed by the application window where the

mechanical properties are analyzed.

1.2.2 Rheological properties

While physically crosslinked copolymers appear to be the natural candidate for soft thermally

drawn fibers, by far not all thermoplastic elastomers are compatible with the process. This

stems from the fact that thermal drawing raises stringent requirements regarding the flow of

material during the process, i.e. the rheology. Studies have found that the substrate material

must exhibit relatively high viscosities at the processing temperature, typically between 104

and 107 Pa.s, where the material can sustain the large stresses during drawing [8]. A large

viscosity is also essential for slowing thermal reflow and maintaining the structural integrity of

the fiber [22].

Beyond the analysis of simple viscosity, detailed insights on the rheological behavior of materi-

als can be obtained using oscillatory shear rheology, where measures of viscosity and modulus

can be separated into an elastic (storage) and viscous (loss) component. Although it does not

replicate the complex flow of material during thermal drawing, particularly because flow is

extensional rather than in shear, it does serve as a suitable tool to screen and compare different

materials. Using this tool it was found that thermoplastics suitable for thermal drawing exhibit

a rapid decrease in storage modulus with temperature, whereas the loss modulus remains at

elevated levels even beyond the glass transition temperature and only slowly decreases with

increasing temperature. The ideal temperature window for thermal drawing is thought to be

slightly above the glass transition temperature of the hard phase in thermoplastic elastomers,

where the loss modulus remains at a high level and dominates over the storage modulus

[9]. With this criterion in mind, one should favor thermoplastic elastomers for which the

two-phase microstructure persists at temperatures above the glass transition. In such as state,
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flow can only occur if the hard segments at the polymer chain ends are pulled out of their

domains, which requires an extra amount of energy. Such behavior is favored by systems with

a large segmental incompatibility, such as is the case for SBS, SIS, and in particular SEBS, as

well as by large molecular weights [45]. Indeed, it was found that polystyrene domains in SEBS

aligned in the direction of the drawing, indicating that the structure didn’t disaggregate during

processing [9]. Unfortunately, few polymer manufacturers supply such detailed insights into

the rheological properties of their products. Therefore, material discovery usually consists of

screening the viscosity or melt flow index data provided by the supplier, followed by in-house

oscillatory shear rheology measurements and thermal drawing trials.
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Figure 1.3 – Oscillatory shear rheology analysis of the thermoplastic elastomers under increasing
temperature.

Indeed, all the thermoplastic elastomers employed and discovered within this Thesis exhibit

the rheological features named above —some more pronounced that others. The results of

temperature ramps under oscillatory shear deformation are shown in Figure 1.3. The charac-

terization was carried out using a TA Instruments AR 2000 Rheometer under an oscillation

strain of 1 % and an angular frequency of 1 rad.s -1. As expected, all materials demonstrate a

dominantly elastic behavior at lower temperatures, where the storage modulus is significantly

higher than the loss modulus. With increasing temperature, the moduli approach one another

up to the cross-over point. This cross-over indicates a transition from mostly elastic to viscous

behavior and correlates to the glass transition temperature of the thermoplastic phase. It is

very similar for the two polystyrene-based materials SEBS and SIS, at approximately 110 °C
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and 124 °C, respectively. For the Geniomer materials, the cross-over is found at higher tem-

peratures of 152 °C for Geniomer 145 and 176 °C for Geniomer 345. Beyond the cross-over

temperature, the viscosity steadily decreases for all materials, but is dominated by a viscous

response (the loss modulus is larger than the elastic modulus). Slightly above the cross-over

temperature is thought to be the ideal processing temperature window for thermal drawing. At

a temperature setting that is too low, the material behaves to a high extent elastically, resulting

in plastic fiber breakage under excessive tension. At a temperature setting that is too high, the

material behaves viscously, but the overall viscosity is so low that the material flows too freely,

resulting in overly thin fibers and a high risk of viscous breakage. Note that for SIS the elastic

modulus is indeed lower than the loss modulus but it remains at comparable levels. Thus, the

materials still exhibits a viscoelastic character in the processing window. Indeed it was found

that SIS is more challenging to process by thermal drawing than the other materials.

All materials but SEBS exhibit a second cross-over point at higher temperatures, where the

thermomechanical response is once again dominated by the storage modulus. This second

transition is thought to be caused by the thermal degradation of the polymers. SEBS is an

exception because the poly(ethylene-butylene) middle segment results in a particularly high

resistance to degradation. SIS, however, exhibits a high sensitivity to degradation, as the

second cross-over temperature appears at relatively low temperatures of approximately 162 °C.

Thermal degradation influences the processing compatibility of the different thermoplastic

elastomers with one another as well as with standard thermoplastics. For instance, SIS cannot

be drawn with either of the Geniomers, because it degrades at the high temperatures of > 150 °C

that are required for viscous flow of Geniomer. SEBS does not degrade at these temperatures

and can indeed be co-processed with the Geniomer materials.

Based on this rheological analysis and practical drawing experiments, we conclude that all

named thermoplastic elastomers can be individually processed by thermal drawing, resulting

in thin fibers with the possibility of high structural complexity. Furthermore, SEBS –SIS and

Geniomer 145 –Geniomer 345 make excellent materials pairs, resulting in multi-material

elastomeric fibers through termal drawing. While more challenging because of low viscosity

at high temperature, SEBS can also be paired with Geniomer 145 or Geniomer 345.

1.2.3 Mechanical properties

In addition to the rheological properties of the thermoplastic elastomers in the processing

temperature window, the mechanical properties at ambient temperatures are most relevant

to this Thesis. Quantitative knowledge about the stresses at which the materials deform is

essential for their application in soft and deformable fiber-based devices. However, describing

the mechanical properties of elastomers and thermoplastic elastomers is challenging, because

they exhibit a pronounced viscoelastic behavior. Thus the mechanical response of thermoplas-

tic elastomers is heavily dependent on temperature and strain rate. Additionally, processing

conditions influence the microstructure, which determines mechanical behavior. For instance,
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Figure 1.4 – Uniaxial tension testing analysis of the thermoplastic elastomers. a) Stress –strain curves of
multiple fiber samples for each thermoplastic elastomer at an extension rate of 500 mm.min-1. b) Stress
–strain curves at an extension rate of 50 mm.min-1 up to a strain of 100%. The solid lines represent the
mean and the shaded area the standard deviation for multiple samples. c) Dynamic tensile tests of the
materials, where the strain is varied between 0% and 100% for 10 cycles.

thermal drawing is known to cause alignment of polymer chains, particularly at higher draw-

ing stresses, resulting in altered stress –strain curves [30]. Moreover, the stress–strain curves

of thermoplastic elastomers are non-linear [44]. Finally, the mode of deformation plays an

important role and often different types of mechanical tests must be carried out to adequately

describe the response of a thermoplastic elastomer [47].

However, the purpose of this section is to generally present the employed thermoplastic

elastomers and highlight their differences as well as the most relevant parameters. Thus,

the mechanical properties are only characterized by uniaxial tension of fiber samples with a

clamped length of 30 mm and approximate diameter of 2 mm. The results of the mechanical

analysis are shown in Figure 1.4. In a first test, we aim at quantifying the elongation at break,

by stretching the materials at high extension speeds of 500 mm.min-1 up to failure (Figure

1.4a). All thermoplastic elastomers employed in this Thesis exhibit high elongations at break,

outperforming the standard elastomer for soft and stretchable devices poly(dimethylsiloxane)

(PDMS, Sylgard-184) with an elongation at break of 100% [48]. The lowest value of 202% was
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found for Geniomer 345. SIS proved to be the most stretchable material with an elongation

at break as high as 1065%. SEBS was found to fail at 402%. As applications rarely require

elongations in excess of 100%, even in the fields of soft and stretchable electronics and wear-

able devices, we deem all materials satisfactory in this regard. Next, we quantify the elastic

modulus of the materials by stretching them up to 100%, which represents the most relevant

strain range in applications, at lower extension rates of 50 mm.min-1 (Figure 1.4b). As elas-

tomers exhibit non-linear stress–strain curves, the modulus is expressed by the stress value

at 100% strain. We find that SIS and Geniomer 345 are particularly soft, with 100%-moduli

of 280 kPa and 360 kPa, respectively. SEBS is the stiffest material with a 100%-modulus of

1.4 MPa. Finally, we characterize the elasticity (also called stretchability) of the materials,

which relates to the reversibility of deformation, through dynamic tensile testing, where the

fiber samples are repeatedly stretched between 0% and 100% for 10 cycles (Figure 1.4c). All

the thermoplastic elastomers exhibit a pronounced hysteresis, where the unloading curve

deviates from the loading curve. Additionally, upon load removal, the material does not retract

entirely. This remnant deformation, also termed tensile set, is quantified by the strain at

which the unloading curve crosses the 0-stress horizontal line. The negative stresses beyond

this point are the result of the elongated fiber bending between the clamps, thus exerting an

opposing force. The remnant deformation is the result of viscous and plastic contributions

to the dominantly elastic deformation. Finally, a stress softening behavior is observed by

a shifting of the hysteresis loop to lower stress values. This stress softening is commonly

observed for elastomers and thermoplastic elastomers, particularly during the first few cycles.

The origin of this effect, often called Mullin’s effect, is still debated [49]. In terms of tensile

set, SIS is the most elastic material with a tensile set of 12% after one 100%-deformation cycle.

However, the stress softening during cycling is least pronounced for Geniomer 345, which also

exhibits a low tensile set of 15%. SEBS is also deemed a highly elastic material with a tensile set

of 14%. Geniomer 145 performed the poorest during the dynamic tensile tests with a tensile

set of 19% and a pronounced stress softening effect.

1.3 Methodology for the thermal drawing of soft fibers

With the state of the art of multi-material thermal drawing and the fundamental aspects

of thermoplastic elastomers established, the practical aspects of thermal drawing for the

realization of soft functional fibers are discussed next. While all features of the process flow

will be described, the focus lies on particularities of the fabrication specific to soft materials

as well as extensions to the technique that were introduced in the context of this Thesis.

The entire fabrication process can be roughly divided into three steps: preform preparation,

thermal drawing, and fiber post-processing (Figure 1.5).

Preform preparation. The preform is the physical object that is converted into a fiber during

the thermal drawing step through the controlled flow of material. The realization of a preform

of high quality is of quintessential importance, as, in the best case, inaccuracies or defects in

the preform are mirrored in the fiber cross-section or, in the worst case, the faults result in
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severe inhomogeneities of the fiber along its length, such as diameter fluctuations, or even

fiber breakage during thermal drawing. The preform is of macroscopic size, with a width and

thickness on the order of 1 cm and a length on the order of 10 cm. However, some feature

sizes can be on the order of 1 mm and smaller. The preform must have a consistent cross-

section along the length, both in terms of dimensions and materials, but can otherwise take

any desired geometrical shape, most often rectangular or round. Typically, single-material

components of the preform are formed individually first, before being assembled and merged

in a so-called consolidation step. For hard thermoplastics, the materials are usually obtained in

standard geometrical shapes, such as plates or cylinders. The components are then machined

into their desired forms through standard machining techniques, such as cutting, drilling,

or milling. The thermoplastic elastomers, however, which make up the bulk of the fibers in

this Thesis and represent the fiber substrate, are usually obtained in granular form. Moreover,

due to their softness, machining of thermoplastic elastomers result in poor results. For these

reasons, they are typically formed through compression molding. This technique involves the

shaping of parts by exposing polymer granules to heat and pressure for a given time (typically,

slightly above the glass transition temperature of the material in question, at approximately

0.1 MPa, for 10 min up to 12 hours) within highly defined confines brought forth by molds and

cores (cores are molding elements that shape the interior of parts), which can sustain the high

temperatures and pressures.

Mold
fabrication

Compression
molding

Assembly
and

consolidation

�ermal
drawing

Fiber
treatment

Fiber
connecting

Preform preparation
Fiber

fabrication
Fiber post-processing

Figure 1.5 – Process flow chart of the functional fiber manufacturing.

Three categories of molds are employed within this Thesis: metal molds that are purchased in

their desired geometry or shaped by machining, polytetrafluoroethylene molds (PTFE, Teflon)

that is shaped in the same fashion, and, finally, polycarbonate (PC) molds that are formed by

3D printing. This last type of mold creation is particularly attractive because it allows molds

of high complexity to be fabricated with little effort and at high speeds, facilitating the fiber

prototyping and optimization. Furthermore, metal rods can be integrated within the PC mold

as reinforcements or cores (Figure 1.7a). However, as the glass transition temperature of PC

is 150 °C [44], which is below the softening temperature of Geniomer polymers, only SEBS

and SIS can be formed by PC molds. Regardless of the type of mold employed, the removal

of the part after compression molding is facilitated significantly by the use of Teflon tape

and mold-release agent on the mold surface. If the preform shall contain solid materials

other than thermoplastic elastomers, they can be shaped in a similar fashion. Once all the

geometrically defined parts of the preform are produced, they can be assembled. Different
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strategies of the assembly step were developed and they can be divided into three general

cases, depending on the outer shape, inner architecture, and constituting materials of the

preform. For rectangular preforms, the components constituted of different materials, such

as thermoplastic elastomers or polymer composites, are typically stacked in a defined order

(Figure 1.6a). Empty channels with defined geometries within the preform are realized by

inserting mold cores within the stack. These can take the form of machined blocks or rods

out of metal or PTFE. For cylindrical preforms, films composed of different materials can be

rolled together (Figure 1.6b). Finally, cylindrical preforms featuring several interior cylindrical

elements are fabricated directly in a suitable mold directly from thermoplastic elastomer

granules (Figure 1.6c). The metallic mold has a cylindrical outer shape and includes several

metallic rods fixed to the base plate to create cylindrical channels. In this case, the force during

hot-pressing is applied longitudinally rather than transversely respective to the preform.

Subsequently, the channels can be filled with another material by inserting it in the form of

a rod. In a final preform fabrication step applicable to all assembly methods, the assembly

is consolidated in a final compression molding step at temperatures and pressures lower

than preceding treatments (at approximately 120 °C and 0.05 MPa) to maintain the structural

integrity of the preform.

a b c

�ermoplastic elastomer

Composite

PTFE core

Metal mold

Figure 1.6 – Assembly of different types of preforms. a) Rectangular preform assembled by stacking
of individual material components. b) Cylindrical preform assembled by rolling of several sheets.
c) Cylindrical preform realized directly from granules inserted in a metallic mold with several cores to
produce channels.

Thermal drawing. In the thermal drawing step, the preform is converted into a fiber through

the controlled flow of material. From preform to fiber, the diameter is significantly reduced

(by a drawdown ratio of 10 to 30 in this work) and the length increased by a corresponding

factor determined by volume conservation (100 to 900 are typically reached in this Thesis).

Thus, a typical preform with length 15 cm and diameter 3 cm yields a fiber of 30 m length with

a diameter of 2 mm. Note that the the relative cross-sectional geometry and materials in the
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preform remain the same in the fiber. For SEBS and SIS-based fibers the drawing temperature

is set to approximately 200 °C (the ideal temperature depends on preform geometry and size

due to changes in heat transfer) and for Geniomer constructs to 250 °C. With the bulk of the

fiber consisting of one or several of the thermoplastic elastomers, active materials can be

integrated into the soft fiber through three different techniques. (1) The active material is

embedded at the preform stage and is co-drawn. Evidently, the active material must thus be

capable of viscously deforming at the process temperature. This is the case for composite

systems such as carbon black-reinforced polyethylene. (2) For liquid functional materials,

such as the liquid metal Galinstan, the metal can be embedded within empty channels of the

preform. Alternatively, it can be continuously injected into the preform while the fiber is being

draw. Note that for sufficiently large channel diameters, the liquid metal can also be injected

directly into the fiber after the drawing. (3) Finally, functional elements can also be introduced

through feeding. This techniques involves the introduction of wire-like elements, such as

metallic wires or thin optical fibers, into prescribed channels in the preform. During drawing,

the channels narrow and latch on to the wire and pull it along, unspooling it continuously as

the fiber is drawn. The wire element does not flow or deform during the process. Its diameter

must therefore correspond to the size of the channel in the fiber (typically 50 to 500 µm). The

fed element must also sustain the processing temperatures. The feeding setup, which sits on

top of the drawing furnace, is shown in Figure 1.7b.

Fiber post-processing. Downstream of the thermal drawing step, additional treatments can be

applied to the fiber to alter its configuration or embed it into a suitable system through adapted

contacts. An advantage of thermoplastic elastomer fibers is that their shape can be reversibly

altered through heat and pressure treatments. A common treatment is the reshaping of fibers

under heat (typically a heat gun) to obtain a perfectly straight or twisted fiber (Figure 1.7c). The

axial homogeneity of the thermally drawn fiber can also be perturbed, by locally compressing

the fiber under heat. For instance, continuous channels within the fibers can be separated

along the length by compressing a section of the fiber, thus isolating the two segments of the

channel from one another. Tests were also carried out in which air channels were pressurized

from within, thus extending outward. Also in this case, the length-symmetry can be broken

by placing the fiber in a suitable mold (in a technique resembling blow-molding). The result

of this fiber blow-molding process is shown in Figure 1.7d. Fiber complexity can also be

extended by introducing additional elements. For instance, nylon lines or stiff wires can

be inserted into channels in the fiber. Another post-processing technique is the combining

of several fiber elements into assemblies. For instance, a braiding setup was realized, with

which soft fibers could be over-braided with stiff thinner lines (Figure 1.7e, f). The most

employed post-processing step, however, is fiber connection, which is essential for functional

fibers. The element of interest must often first be made accessible at the fiber end. This is

typically achieved using mechanical techniques such as cutting or grinding, but can also

involve chemical treatments such as the application of a solvent. The connection depends on

the employed materials and function of the fiber element. For instance, electrical connection

is achieved by application of conductive silver paint for composite electrodes, insertion of thin
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a c
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b e f

Figure 1.7 – Special extensions to the fiber manufacturing process. a) The preform fabrication can
be facilitated through 3D-printed PC molds, which can be used in concert with metal rods. b) The
addition of a feeding setup placed on top of the drawing furnace can be employed to integrate thin
1D elements into fibers during the thermal drawing process. c) Comparison of an untreated fiber
and a post-processed fiber. The original fiber, as obtained through thermal drawing, contains several
straight channels. Twisting the fiber while exposing it to heat allows a new fiber configuration to be
programmed, as illustrated by the spirals formed by the formerly straight channels. d) Pressure can
also be applied from within the channels, resulting in an expansion. This expansion can be controlled
by an exterior fiber mold to break the axial symmetry. e) Fiber braiding setup as a fiber post-processing
technique. f) Soft fiber over-braided with a thin stiff line.

metallic wires into liquid metal channels, or soldering in the case of fiber-embedded wires.

For extensible air chambers in pneumatically actuated fibers, syringe tips are inserted and the

interface sealed with epoxy.

The essence of the materials and fabrication platform established in this Thesis are summa-

rized in Figure 1.8. It encompasses the different techniques that can be employed to integrate

active materials in the fiber, specifically embedding and co-drawing, injecting, and feeding, as

well as the range of materials and functional elements that can be integrated. In this Thesis

the bulk of the fibers, the substrate, is always composed of a thermoplastic elastomer. Based
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Substrates SEBS

SIS

Geniomer 145

Geniomer 345

Composites CB-PE

CNT-PE-SEBS

Microchannels empty spacing

expandable 
chamber

Metals solid wire

liquid metal

Functional 
elements

rigid spine

optical �ber

tubing

Embedding

Injecting

Feeding

Figure 1.8 – Schematic outlining the materials and fabrication platform of soft functional fibers. On
the top left, the principle techniques for integrating active materials in the substrate material are listed.
They are illustrated in the schematic of the process. On the right-hand side, the different materials
constituting the soft functional fibers in this Thesis are outlined.

on the rheological profile outlined in Section 1.2.2, the substrate material controls the draw

by supporting the majority of stress during the process. It can be one of the four thermoplas-

tic elastomers found to be compatible with thermal drawing: SEBS, SIS, Geniomer 145 and

Geniomer 345. In the case of multiple of these substrate materials, the one with the highest

viscosity at the processing temperature is thought to control the draw. Due to rheological as

well as chemical similarities, SEBS and SIS are an ideal match. SEBS can also be co-drawn

with any of the Geniomer materials, but poor interfacial bonding can be problematic during

subsequent application. Additionally, the high processing temperature of Geniomer fibers

results in significant reflow of SEBS features if not fully embedded in Geniomer. SIS cannot be

co-drawn with Geniomer systems because it degrades at such elevated temperatures. Empty

channel features are easily introduced into any of the substrate materials at the preform level,

typically with diameters of 1.5 to 8 mm, and maintained throughout the thermal drawing

step. However, excessively large or small channels can collapse during the process. Active

materials in the form of conductive polymer composites are incorporated by embedding

in the preform and co-drawing. Due to their elastic nature even at elevated temperatures

they introduce a difficulty in the process that increases with the cross-sectional area ratio of

composite to substrate. The rheological criteria that apply to composites are discussed in
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Chapter 3. Metals can be introduced by injection for liquid metals and by feeding for solid

metallic wires. For feeding, note that the highly heat conductive metallic wires act as heat sinks

and set temperatures are usually significantly higher compared to the drawing in absence of

the wires. Finally, a multitude of other 1D functional elements can be introduced into the

fiber through feeding. This includes nylon lines as rigid spines for mechanical support, optical

fibers for light guiding, and tubing for targeted transfer of fluids or mechanical tools.
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2 Compressible fibers for large-area
sensing of pressures

Based on the presented materials and process platform, we demonstrate a first type of fiber-

based device for the sensing of pressures. The electromechanical functionality of the fibers

relies on a conductive polymer composite and a thermoplastic elastomer, acting as building

blocks arranged in rationally designed cross-sectional architectures. The mechanism of

pressure detection and localization is inspired by a previous work, where hard thermoplastics

were employed [19]. By extending this concept to a soft fiber, the device performance is

significantly improved. Moreover, the use of soft and elastic materials enables the pressure-

sensing mechanism to be developed further, most importantly by quantifying the pressure

intensity. The study of design and structural deformation are the focus of this Chapter. Parts

of the presented work are also published elsewhere [15].

2.1 Motivation

Pressure sensing plays a key role in the current technological advancement of functional soft

surfaces and textiles with applications in health care [50–53], sports [54, 55], and human-

machine interaction [56, 57]. In particular, the measurement of pressures exerted by the

human body on surfaces, such as seats or beds, represents an important benefit to health

monitoring, as it can contribute to the prevention of pressure ulcers and the surveillance of

motion patterns during sleep or physical exercise of patients. However, besides secondary

requirements such as robust, long-term functioning, washability, and low cost, the design of

integrated textile pressure sensors is challenging because the surfaces to be functionalized are

large and relevant pressures ranges are small.

In recent efforts, the coupling of conductive nanomaterials, including metal nanowires [58,

59] and carbon nanotubes [60–64], with soft materials, such as polydimethylsiloxane [63, 64]

or cotton fabric [62], has led to a multitude of micro-electromechanical devices that are con-

formable and flexible. Pressure sensing with these deformable material constructs is typically

achieved through changes in resistance [58, 62–64], capacitance [60, 61], piezoelectricity [65],

or triboelectricity [59]. Often with the help of micro-structuring [60, 63, 64] excellent sensitivi-
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ties, low detection limits, and large measurable ranges were achieved. However, presented

prototypes remain at a small scale – generally a few square centimeters of surface area – which

hinders the integration in large fabrics or skins. Moreover, the devices consist of 0-dimensional

sensing elements, i.e. point sensors without spatial resolution, for which pressure localization

can only be achieved through arrays of discrete sensors. Such systems necessitate numerous

electrical contacts and wires within the area exposed to pressures, which are particularly

susceptible to failure in flexible substrates, as well as extensive data collection and processing.

In contrast to standard 0-dimensional devices, functional fibers represent an advantageous

alternative strategy towards large-area pressure detection and localization, because they are

typically fabricated in large lengths, can be seamlessly integrated into textiles and, most

importantly, enable distributed sensing [66]. With the proper design, they can enable the

functionalization of large areas with a drastically reduced number of required electrical con-

nections or optical coupling placed outside the area of interest [67–69], leading to improved

robustness and reduced manufacturing costs. Particularly promising are fibers originating

from the thermal drawing process, because this technique allows the simultaneous processing

of conductive and insulating materials into fibers of extended lengths, fine architectures, and

sophisticated functions, including pressure sensing [6, 9, 19, 22]. Thus far however, fiber

designs with conducting polymer composites were limited to simple symmetric designs which

prevented the simultaneous detection of pressure location and pressure level. Moreover, the

in-depth understanding and modeling of the mechanical deformation of soft multi-material

constructs, which are essential to control pressure sensing functionalities, remain to be de-

veloped. As a result, the integration of such smart fiber assemblies into large-area fabrics for

pressure sensing has not been demonstrated to date.

In this Chapter, we present the design and scalable manufacture of compressible and con-

ductive fibers, which can detect, quantify, and locate mechanical pressures along their entire

lengths. The thermally drawn fibers are constituted of polymer composite electrodes arranged

in a novel asymmetric architecture within a soft thermoplastic elastomer support. Taking

advantage of the elastic structure, the fibers can be reversibly compressed, resulting in the

selective contacting of electrodes within the fibers at distinct pressure levels. This experimen-

tally demonstrated functioning of the fiber devices is supported by finite element analysis

to show the level of control and engineering of the pressure ranges and sensitivity that can

be achieved through application-targeted fiber structures. Using only simple resistance mea-

surements, kPa-scale pressures applied on the meter-long fibers are both reliably quantified

and located. This enables the facile functionalization of large surfaces without the need of

typically employed sensor arrays. Specifically, we demonstrate the potential of such fibers in

large-area pressure sensing by integrating them onto a gymnastic mat for the monitoring of

human body position, posture, and motion.
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Figure 2.1 – Materials, fabrication and principle of operation of pressure-sensing fibers. a) Schematic
of thermal drawing process for the fabrication of multi-material fibers. b) Roll of 15 m of continuous
fiber, demonstrating the scalability of thermal drawing. c) Optical micrograph of a fiber cross-section.
Two conductive cPE sheets are arranged opposite to one another in a soft SEBS support structure. d)
Stress-strain curve of SEBS obtained by tensile testing to 100 % strain and back. The thermoplastic
elastomer is soft (Young’s modulus of 2.89 ± 0.01 MPa) and nearly elastic (remnant deformation 8 %).
e) Compression test of the fiber, while simultaneously applying a voltage between the two cPE sheets
and measuring the conductance at one fiber end. The insets show optical micrographs of the fiber
in the relaxed and compressed state at which the cPE sheets are separated or in contact, respectively.
f) Schematic of the fiber with a compressed section and resulting equivalent circuit. A voltage (U0) is
applied and a current is measured at either fiber end. The electrical load of the circuit is the sum of the
resistances of the cPE sheets (2 ·R1 or 2 ·R2, when considering the left or right fiber end, respectively)
and the contact resistance between the two sheets (Rc ). The total resistance increases linearly with the
distance of the mechanical stimulation from the fiber end. Measurements from both fiber ends enable
the simultaneous detection of two pressure points on the fiber.

2.2 Fabrication of compressible and conducting fibers

The thermal drawing technique is ideally suited for the co-processing of various materials into

long fibers with complex architectures. In this process, polymer granules or thin sheets are

first hot-pressed into geometrically defined components, which are subsequently assembled

and consolidated into a preform. In the quintessential final processing step, the preform is

thermally drawn into a multi-material fiber (Figure 2.1a). Even when composed of different

materials and including an empty channel at its center, the resulting fiber maintains the same

architecture as in the preform, while being much smaller in cross-sectional dimensions and

larger in length. Additionally, the scalable process allows the fabrication of extended lengths

of fibers in a few hours of operation (Figure 2.1b).

We identified carbon black-loaded polyethylene (cPE) and poly[styrene-b-(ethylene-co-butylene)-

b-styrene] (SEBS) as suitable active and substrate materials, respectively, in pressure-sensing
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Chapter 2 Compressible fibers for large-area sensing of pressures

fibers. While both materials share the processing attributes necessary for thermal drawing

– high-viscosity material flow at elevated temperatures – and form an intimate interfacial

bond in the fiber (Figure 2.1c), they exhibit vastly different sets of electrical and mechani-

cal properties. Due to the formation of a percolated network of conductive fillers within a

thermoplastic matrix, cPE is a conductive (ρ = 3Ω.m) and rigid material. On the other hand,

the thermoplastic elastomer SEBS is an insulator and exhibits large elastic deformability. To

characterize the mechanical behavior of SEBS, we performed tensile testing experiments on

a slab of material (Figure 2.1d), yielding a Young’s modulus of 2.89 ± 0.01 MPa in the linear

regime. In these tests, the samples were strained up to 100 % and subsequently released. Even

after being exposed to such extreme strains, the material almost entirely recovered its original

shape during unloading. A remnant deformation of 8 % when the load was fully removed

was the result of viscous and plastic deformation contributions. Thus, being both soft and

highly elastic, SEBS is an attractive material choice in applications where large and repeated

deformations under low loads are required [9, 70, 71].

2.3 Pressure detection and localization on fibers

The particular properties of cPE and SEBS can be exploited for pressure sensing in fibers. In a

first example, two parallel sheets of cPE were embedded within a SEBS support structure and

drawn into a fiber (Figure 2.1c). In the relaxed state, the two exposed faces of the conductive

sheets are separated by an air gap. When mechanical pressure is applied on the fiber, the

SEBS structure collapses and the two cPE conductors come in contact, practically closing

an electrical circuit. Upon removal of the load, the structure relaxes, reverting back to its

original state. We quantified this mechanism by subjecting the fiber to a pressure ramp

while simultaneously applying a voltage between the two cPE sheets and monitoring the

conductance at one fiber end (Figure 2.1e). At a threshold pressure of 7 kPa, the conductance

abruptly jumped from 0 to 0.9 MΩ−1. A further increase in pressure resulted in only a small

increase of conductance of 0.06 MΩ−1, which was attributed to a variation in contact resistance.

The subsequent unloading showed that the electrical response was entirely reversible with

only a small hysteresis effect, quantified by a maximum pressure discrepancy of 3 kPa.

The significant and reversible electrical response makes the proposed fiber an effective ap-

proach for pressure sensing. Particularly advantageous is the soft thermoplastic elastomer

fiber structure when compared to traditional thermal drawing materials, such as the thermo-

plastics polysulfone and poly(methyl methacrylate), as it allows the reversible compression of

a fully enclosed structure and signal triggering at kPa-scale pressures, which are relevant for

applications in health monitoring [72]. The most important feature of the pressure-sensing

fibers, however, is that resistance measures can be traced back to the locations where a pres-

sure is applied on the fibers. The working principle becomes apparent when considering the

equivalent circuit of the fibers (Figure 2.1f). The electrical load of the circuit is made up of three

resistances in series: the two internal resistances of the cPE sheets and the contact resistance

between the sheets. The resistance of the two cPE sheets scales with the length of the resistive
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element that the current must travel through. Indeed, we found a linear increase in resistance

as a point pressure was applied at positions farther away from the interrogated fiber end.

Evidently, this relationship is ideal for the localization of pressures on fibers. In this sensing

scheme, the sensitivity is simply the quotient of the cPE resistivity and the cross-sectional

surface area of the strips, both of which are constant for a uniform fiber, and amounted here

to 0.6 MΩ.cm−1.
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Figure 2.2 – Fluctuations of the resistance measurement for a fiber compressed at a point distanced
10 cm from the fiber end.

The contact resistance represents an source of uncertainty of the sensor. Over the considered

pressure range of 7 kPa - 100 kPa a change in conductance attributed to variation in contact

resistance was determined to be 0.06 MΩ−1 (Figure 2.1e). This corresponds to a change in

resistance of 0.07 MΩ. Using the sensitivity of the fiber-based sensor of 0.6 MΩ.cm−1 (Figure

2.1f), the variation in contact resistance can be translated to an uncertainty in position of

1.2 mm. Another error originates from fluctuations of the resistance at a given, fixed pressure

due to the measurement instrument. To quantify this error, the fiber was compressed at a

fixed pressure above the triggering threshold at a distance of 10 cm from the interrogated fiber

end and the resistance recorded over 15 s (Figure 2.2). This error is highly dependent on the

employed electrical characterization instrument. A Keithley Sourcemeter 2400 was used in

this experiment. The spread of measured resistances amounted to 0.01 MΩ, which translates

to an uncertainty in position of 0.2 mm. For lengths of fibers on the scale of meters, which are

employed in the large-area applications considered here, these errors are negligible. Changes

in resistance readings induced by environmental factors, including temperature, strain, and

humidity, which can result in more significant errors in localization, are discussed in section

2.5. Note that the fiber sensors are truly distributed sensors that can respond to pressure with

such resolution at any point along their entire length. Finally, the capability of the sensor can

be extended by applying a potential and measuring a resistance alternately from either fiber

end. With this technique, two pressure points can be simultaneously detected and located on

the fibers [19].
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2.4 Sensing of pressure level with customizable multi-electrode fiber

architectures

Having devised a technique to detect kPa-range pressures applied on meter-long fibers, we

now turn to the challenge of simultaneously locating and quantifying a pressure event beyond

a simple binary output. To address this task, we developed an alternative fiber architecture,

while employing the same materials used above (Figure 2.3a). In this modified design, three

small cPE sheets of width 200µm were arranged opposite to a large cPE sheet of width 1300µm

set on an incline. The mechanical behavior of the fibers was investigated by applying a pres-

sure ramp (Figure 2.3b). As the compressive load was increased, the top electrodes came

into consecutive contact with the inclined bottom electrode, each contact event triggering an

individual electrical signal at a distinct pressure level. Also in this configuration, an abrupt

increase in conductance was followed by a negligible further change at increasing pressures.

Presumably due to the larger deformations in the structure compared to the fiber structure

presented above, a more pronounced hysteresis in the loading and unloading paths resulted

in a maximum deviation of 15 kPa between the trigger and release pressures. Remarkedly,

each electrode retained its dependency on the location of the applied pressure (Figure 2.3c).

Similarly to the previous fiber example, the interrogation from both fiber ends enables the

localization of two pressure points along the fiber for a given top electrode-ground electrode

combination (i.e., pressure level). Thus, in the current design of a fiber with three top elec-

trodes, a total of six pressure points can be resolved. A limitation in this localization scheme

is that points of higher pressure must be distanced further from the interrogated fiber ends

than points of lower pressure. However, in most load settings, such as a body on a surface,

the highest pressure is generated at the center and decreases towards the extremities, and the

fibers can thus be employed unrestrictedly.

To further explore the mechanism underlying this mechanically induced signal triggering, we

performed a finite element analysis (FEA) of the fiber structure using Abaqus/Explicit. The

simulation was evaluated by comparing the mechanical response of the compressed fiber

structure obtained through experimentation and the FEA, and an excellent agreement was

found (Figure 2.3d). The FEA results indicate that the mechanical behavior of the fibers can be

divided into four distinct regimes, each separated by the consecutive contact events of the

electrodes. (i) At low pressures, the entire applied load is carried by the two side walls of the

open channel. As the pressure is increased, the walls bend progressively, and, eventually, the

first top electrode comes in contact with the ground electrode. (ii) With additional loading,

there is an increase of the stiffness of the fiber structure, as indicated by the slope of the

pressure-displacement curve, given the combined effect of the bridge generated by contact

of the first electrode and the continued bending of the side walls. Similarly, further stepwise

increases in the stiffness occur during regimes (iii) and (iv), associated with the subsequent

contacts of the second and third electrodes, respectively. Note that the maximum principal

logarithmic strain in the structure rises to values as high as -0.4 (the negative sign signifies

that the associated strains are compressive). These large strain values highlight, once more,
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Figure 2.3 – Fibers for the detection of pressure level and location. a) Optical micrograph of the
fiber cross-section. Three small conductive cPE sheets are arranged opposite to a large inclined
sheet in a SEBS support structure. b) Optical micrographs of the fiber cross-section under increasing
pressure. The consecutive contact of the electrodes results in an abrupt increase in the corresponding
conductance at distinct pressure levels. c) Resistance of the electrode pairs as a function of the position
of the pressure on the fiber. The measurement can be performed at either fiber end. d) Finite element
analysis of the deformation of the fiber cross-section under increasing pressure, showing the maximum
principal logarithmic strain field ε1 (| ε1 |≥| ε2 |≥| ε3 |, where ε1, ε2 and ε3 are the three principal
logarithmic strains) in the structure at different pressure levels, and the pressure on the fiber structure
as a function of displacement. The progressive collapse of the structure is divided into distinct regimes
separated by the consecutive contact events of the electrodes. Each additional contact results in an
increase in stiffness of the fiber structure.

the necessity of employing the elastomeric material SEBS instead of common thermoplastics,

which could not sustain reversibly such high levels of deformation.

The stepwise increase in stiffness of the fiber under compression justifies our choice for the

positions of the three top electrodes in the selected fiber design. While one might have been

tempted to space these electrodes equidistantly, such an architecture would result in unbal-

anced pressure levels (Figure 2.4a, b). With the quantitative analysis of the increasing stiffness

in compression of the fiber structure, we purposely shifted the position of the second top

electrode away from the first and towards the third top electrode. In this non-centered elec-

trode fiber design, signal triggering occurred at equally spaced pressure levels. We anticipate

that balanced pressure levels will be preferred for most applications because applied load

ranges can be classified evenly. For this reason, all subsequent experiments were performed

on fibers with three top electrodes, which are triggered at the representative pressure levels of
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Figure 2.4 – Alternative designs of pressure-sensing fibers. a) Optical micrograph of the fiber cross-
section with three equidistant top electrodes. The gap separating the three top electrodes from one
another is approximately equal. b) A pressure is applied on the fiber with equidistant electrodes by
an indenter. The displacement and the resulting compressive stress are recorded. The pressures at
which the electrodes are triggered are indicated. Due to the increase in stiffness of the structure, the
equidistant electrodes result in unbalanced signal trigger pressures. c) Optical micrograph of the fiber
cross-section with six top electrodes. d) Compression test of the fiber with six pressure levels while
simultaneously applying a voltage and measuring the conductance at the fiber end. The six electrodes
are consecutively triggered, indicated by an abrupt increase in conductance, as the pressure on the
fiber is increased.

50 kPa, 150 kPa, and 250 kPa, noting that triggering at different pressure levels could be readily

achieved by adjusting the electrode spacings.

Additionally, the pressure level sensitivity can be tuned through the tailoring of other geomet-

rical aspects of the fiber cross-section, such as the wall thickness, electrode gap, and angle of

the ground electrode. The fiber could also be adapted for applications where shear forces in

addition to compressive loads are expected. Angled forces can shift the pressures under which

the electrodes are triggered and, thus, cause pressure quantification errors. These could be

reduced through changes in the fiber structure, such as a reduced electrode gap and thicker

side walls. Finally, the number of pressure levels detected by the functional fibers can also be

increased by the inclusion of additional electrodes in the design. For example, we fabricated

and characterized a fiber with six top electrodes (Figure 2.4c, d). Note that this increase in

pressure resolution also leads to an increase in spatial resolution of a generated pressure map,

as each added electrode is accompanied by a signal specifying a pressure location. Overall,

the fiber-based pressure sensors that we have developed exhibit a discrete resolution of the

pressure level and offer the capability of a continuous pressure location measurement. Our
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design can be highly customizable towards specific applications, guided by a parametric

exploration of the FEA and implemented through thermal drawing.

2.5 Performance of pressure-sensing fibers

To quantitatively assess the fibers’ electromechanical performance, we subjected them to

repeated cycles of controlled compression and relaxation while simultaneously monitoring

the conductance values corresponding to the three pressure levels. The tests revealed that the

electrical response of the fibers to pressure was remarkably consistent and robust (Figure 2.5a).

All three pressure levels were triggered and released consecutively within each pressure cycle,

and no changes in the conductance profiles were observed going from one pressure cycle to

the next. Even after 10 000 cycles, the electrical response remained nearly unchanged. As

we envision to use the fibers for pressure-localization applications, we characterized more

thoroughly the ultimate output of the fiber-based sensors: the magnitude and position of

pressures on the fibers. Firstly, we measured the pressures at which the three electrode pairs

were triggered during cycle 1, 10, 100, 1000, and 10 000 (Figure 2.5b). Variations in trigger

pressures between different fiber samples were quantified by a maximum error of ±20 kPa

during the first cycle. Additionally, fatigue resulted in a maximum decrease in mean trigger

pressure of 18 kPa after 10 000 cycles. The quality of pressure magnitude measurement of the

fiber-based sensor, limited by intrinsic variations and fatigue, was deemed to be satisfactory,

as the calculated errors fall well below the 100 kPa difference of trigger pressure between

levels. Secondly, we evaluated the reliability of the fiber-based sensor for determining pressure

position. This was achieved by assessing the relationship between the measured position and

resistance prior to the fatigue experiment (as shown in Figure 2.1c). Using this calibration

curve, recorded peak resistance values for each cycle could be directly translated into position

readings. During the fatigue test, we monitored the change in position reading over 10 000

cycles (Figure 2.5c). We found that the localization was highly consistent, quantified by a

maximum error in position reading between different fiber samples during the first cycle of

±0.2 mm and a maximum drift of mean position reading due to the repeated deformation of

0.6 mm after 10 000 cycles.

Next, we investigated the response time of the fiber-based pressure sensors to mechanical

stimuli (Figure 2.5d). The supported bandwidth represents an important sensor specification,

because human body motion can reach frequencies as high as 10 Hz [73]. We compressed

the fibers cyclically at frequencies of 1 Hz, 10 Hz, and 20 Hz, and simultaneously monitored

the electrical response. Experiments at higher frequencies could not be performed due to

limitations of the testing machine. Even at the highest considered frequency of 20 Hz, the fiber

followed the motion of the indenter faithfully, and all three pressure levels were triggered and

released within each deformation cycle, resulting in a constant signal amplitude.

We also tested the performance of the fiber-based sensors under different environmental

conditions, including humidity, temperature, and strain. Proper functioning in variable en-
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Figure 2.5 – Performance of the pressure-sensing fibers. a) Electrical response of the three pressure
level-indicating electrode pairs in the fibers under repeated compression and relaxation for 10 000
cycles. b) Change in trigger pressure of the three electrode pairs as a function of cycle number. c) Change
in location reading of the three electrodes as a function of cycle number. The location is calculated
using the peak conductance of previously calibrated electrode pairs for each cycle. d) Time-resolved
electrical responses of the fibers to compression at different frequencies, illustrating the bandwidth
of the sensor. e) Stability of fiber-based sensors under water. The resistances of the electrodes in the
fibers are linearly dependent on the position of the applied pressure, shown exemplarily only for one
electrode pair. The color shade in the plot is relevant for the subsequent illustration. The positions
determined using the calibrated fibers are compared in dry conditions to submersion in water for 1
h and 24 h. The shade of color indicates the true position at which the fibers are compressed, and
the height of the bars in the bar chart the measured position determined with the fibers. f) Change in
resistance per length of the fiber ground electrode induced by an increase and subsequent decrease
in temperature. g) Pressure position determined by the pressure-sensing fibers as a function of true
position at the temperature of calibration, at an elevated temperature without compensation, and at
an elevated temperature with compensation, reducing the error in pressure localization induced by the
temperature effect. h) Change in resistance per length of the fiber ground electrode due to an applied
and subsequentially released axial strain.
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vironments is an advantageous device property, as the fibers could be exposed to moisture,

heat, and deformations during applications involving the human body. Furthermore, prac-

tical functional textiles should be machine-washable. First, we tested the fibers’ stability in

humid environments (Figure 2.5e). In this test, fibers were firstly calibrated and subsequently

submersed in a water bath. While being submerged, the fibers were compressed at the pre-

determined positions and the outputs recorded after 1 h and 24 h in water. A comparison

of the positions determined by the fibers revealed that the exposure to water had practically

no effect on the functioning of the fiber-based sensors, validating their robustness in humid

environments. To investigate the effect of temperature on the functioning of the fiber-based

sensors, we applied a controlled temperature ramp to the fibers while monitoring the resis-

tance of the ground electrode end-to-end (Figure 2.5f). An increase in temperature from 25 °C

to 50 °C resulted in a resistance difference per fiber length of 0.025 MΩ.cm−1. This increase

in resistance was found to be almost entirely reversible, quantified by a remnant change

in resistance per length of 0.003 MΩ.cm−1. While the difference in resistance induced by a

change in temperature scales orders of magnitudes below the sensitivity of the pressure local-

ization (approximately 1 MΩ.cm−1), it could reduce the accuracy of the fiber-based sensor

for large temperature differences and exposed fiber lengths. Thus, we tested the functioning

of the fibers at an elevated temperature of 50 °C (Figure 2.5g). In this test, fibers were firstly

calibrated regarding their pressure position-resistance relationship at room temperature. After

heating the fibers from 25 °C to 50 °C, pressures were once more applied at the same predeter-

mined positions and the resulting resistance readings directly converted using the calibration

curves obtained at room temperature. Indeed, the significant temperature rise induced a

non-neglectable error in the localization of pressures of up to 15 cm.

However, thanks to the multi-electrode design of the pressure-sensing fibers, the resistance

change can be compensated through the introduction of a temperature correction factor. In

contrast to the pressure localization, which is determined through electrical interrogation

between electrode pairs at one fiber end, this factor is established by monitoring the resistance

of a single electrode end-to-end. The resistance R0 of a single electrode 1 at the calibration

temperature T0 is:

R1,0 = ρ0

S
l , (2.1)

where ρ0 is the resistivity at T0 and S the cross-sectional area of the electrode. A change in

temperature results in a change in resistivity [74]:

R1(T ) = ρ(T )

S
l . (2.2)

By combining equations 2.1 and 2.2, the temperature-dependent resistivity can be expressed

as:

ρ(T ) = ρ0
R1(T )

R1,0
. (2.3)
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The resistance of an electrode pair 1 and 2 used for the localization of pressures at a pressure

position x is given by:

R12(x) = ρ

S1
x + ρ

S2
x. (2.4)

The equation can be rearranged, and the position expressed at the calibration temperature by:

x0(T ) =
(
ρ0

S1
+ ρ0

S2

)−1

R12. (2.5)

The slope of the linear function is the coefficient c that is determined during calibration:

x0(R12) = c ·R12. (2.6)

However, at an elevated temperature this coefficient is no longer valid and the position changes

to:

x(R12,T ) =
(

1

S1
+ 1

S2

)−1 1

ρ(T )
R12. (2.7)

We now substitute equation 2.3 in 2.7

x(R12,T ) =
(

1

S1
+ 1

S2

)−1 R1,0

ρ0R1(T )
R12. (2.8)

In this case, the coefficient c can once more be used:

x0(R12,T ) = c
R1,0

R1(T )
R12. (2.9)

Thus, the position of a pressure, determined by the resistance of an electrode pair, can be

continuously corrected at any temperature with the measure of the resistance of a single

electrode along the fiber length. With this temperature correction factor, the calibration curve

can be continuously adjusted for any given temperature. Using this compensation scheme,

the temperature-induced error could be significantly reduced to a maximum value of 3 cm,

and pressures localized without recalibration at elevated temperatures (Figure 2.5g). The

actual temperature change or even the source of the resistance change must not be known for

the compensation as long as the fiber is uniformly exposed to it. Note also that the electrode

used for the monitoring of temperature-induced resistance changes must not necessarily be

one involved in the pressure localization but could also be a separate electrode integrated

within the fibers.

As a final environmental stimulation, we characterized the effect of an axial strain applied

along the fibers (Figure 2.5h). In this test, the resistance of the ground electrode end-to-

end was measured while the fibers were elongated to 4 % and subsequently released. While

the electrode remained conductive even at elevated strain levels, a resistance difference per

34



Compressible fibers for large-area sensing of pressures Chapter 2

fiber length of up to 0.057 MΩ.cm−1 was found. Also in this case, the effect was reversible

resulting in a remnant resistance change per length of 0.004 MΩ.cm−1 after unloading. As

a longitudinal strain is expected to affect all electrodes uniformly, the same compensation

scheme introduced for the temperature effect could be employed to reduce the error in

pressure localization applications where longitudinal strains are to be expected. More complex

modes of deformation, such as fiber bending, could also perturbate the correct functioning

of the fiber-based sensors. However, as only applications of the fibers on flat surfaces are

envisioned, the analysis bending-induced errors goes beyond the scope of this work.

2.6 Pressure-sensing fibers in gymnastic mat for body monitoring

To demonstrate the potential of fiber assemblies in large-area pressure sensing applications,

we integrated multiple fibers onto a gymnastic mat for the monitoring of body position,

posture, and motion (Figure 2.6a). We placed eight fibers strategically on the mat at positions

where the highest body pressures are expected, including the head, shoulders, tailbone, and

heels. The four electrodes at each fiber end were connected to a custom circuit board using

electrical wires, and a microcontroller was used to interrogate the fibers. The prototype

highlights two key aspects of the fiber technology: firstly, the outstanding throughput of

thermal drawing, even at a laboratory scale, as the fiber used to functionalize the entire surface

of 180 cm x 60 cm was obtained from a single drawing experiment; secondly, the number of

electrical connections, which is orders of magnitude lower than what would be needed to

functionalize such a surface with 0-dimensional sensors. To directly output pressure positions

during use, the fibers were calibrated before testing the device. This procedure consisted of

compressing each fiber at five predetermined points and correlating the measured signals to

the true positions.

The performance of the calibrated device was subsequently evaluated by having a volunteer

lie on the mat in different positions, and continuously recording signals generated by all fibers

(Figure 2.6b). The signals of the sensor system, shown here only for the fifth fiber from the

top as an example, proved to be stable. Signals collected from all fibers were translated to

positions using the calibration curves. To make the gathered data more accessible to users,

the readings were visualized in pressure contour plots that were automatically generated in

real-time. In these, the displayed pressure areas are defined by the two position readings

obtained for every fiber and pressure level and are thus a representation of only the pressure

profile of the body. While an increase in pressure within the outer determined body profile

will be detected through the triggering of another electrode pair, a decrease will not, which is

a limitation of our fiber-based sensor. Nonetheless, as shown by the close correlation to the

photographs of different body positions, the pressure plots can be used to determine body

position, posture, and movement. Moreover, the location of an exceedance of a threshold

pressure is easily picked out on the graphics. Knowledge of a critical pressure location over

time is crucial in assessing the risk for the formation of bedsores [75]. We also tested the device

dynamically by asking a volunteer to walk on the mat as well as lie on it and shift between
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Figure 2.6 – Fibers in human body posture and motion monitoring. a) Eight pressure-sensing fibers
are integrated on a gymnastic mat. The electrodes exposed at the fiber ends are connected to a circuit
board and are interrogated by a microcontroller. Fiber 5 and a coordinate system are shown, which
are relevant for subsequent illustrations. b) Photographs of a volunteer lying on the gymnastic mat in
different positions labeled 1 to 4. The raw outputs of fiber 5 as a function of time for the entire test,
including shifts from one body position to the next, are shown as an example. The pressure level is
indicated by the number of electrodes that are triggered, while the distance of the pressure position
to the fiber end is quantified by the signal value. The times at which photographs were taken are
indicated on the plot. Automatically generated pressure contour plots are obtained by processing
the data collected by all fibers with the help of previously determined calibration curves. Displayed
pressure areas are defined by the two position readings obtained for every fiber and pressure level and
are thus a representation of only the pressure profile of the body.

different body positions (the video is available at https://onlinelibrary.wiley.com/doi/abs/10.

1002/adfm.201904274).

Pressures could be resolved temporally and spatially, and body movements on the mat were

accurately represented in pressure visualizations. The results suggest that the fiber-based

monitoring system presented here allows for the detection of surface occupancy, assessment

of body posture and kinematics, and localization of exceedance of critical pressures. In this

application, we employed fibers with trigger pressures of 50 kPa, 150 kPa, and 250 kPa. However,

as previously discussed, the trigger pressures can be tailored to the specific information of

interest through targeted changes in the fiber geometry. Furthermore, the quality of the

pressure measurement over the large area could be further improved through the inclusion
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of a higher number of fiber-based sensors, resulting in a larger coverage. The information

obtained through the system could be particularly useful in health care, such as pressure

ulcers prevention and surveillance of sleep patterns or physical exercise, but also in more

general body pressure measurements, such as car seat occupancy measurements, detection of

falls of elderly people, and monitoring of foot traffic.

2.7 Omni-directional pressure-sensing fibers in an untethered smart

fencing jacket

Next to the presented functional gymnastic mat, we explored the application of our pressure-

sensing fibers in a fencing jacket for the detection and localization of a hit on the body during

the combat. As the requirements for this application are significantly different, several changes

to the fiber design and integration were implemented.

500 μm

500 μm

a c

b

d

Figure 2.7 – Omni-directional pressure-sensing fibers in an untethered smart fencing jacket. a) Fiber
cross-section including three composite electrodes arranged triangularly inside an empty channel, en-
abling omni-directional pressure detection. b) Alternative fiber cross-section, where a small composite
electrode is surrounded by a larger U-shaped electrode. c) Smart fencing jacket prototype with five
pressure-sensing fibers arranged in spirals, as well as peripheral electronics unit for signal collection
and wireless transfer to a remote central unit. d) Demonstration of the smart fencing jacket. The
location of a hit on one of the functional zones is visualized on a near tablet in real-time.

In fencing, a hit is defined by any touch with the sword tip with a pressure that exceeds

a defined threshold. Thus, the fiber should be triggered at pressures above the threshold

value, but quantifying the pressure in excess is not necessary. Thus, the multi-electrode fiber

architecture is not suitable for this application. However, in order to assure a sufficiently high

hit detection rate, the surface of the fencing jacket must be densely functionalized with an

inter-fiber spacing that is smaller that the diameter of the round sword tip. Realizing such a

high surface coverage can only be accomplished with high-throughput textile techniques, such

as embroidering or knitting. In most of these processes, fiber orientation cannot be controlled.
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Thus, the fiber should be responsive to pressures regardless of the direction of the applied force.

None of the fiber designs reported thus far includes such an omni-directional sensitivity. To

achieve this feat, two novel fiber design were conceived. The first fiber architecture consists of

a round SEBS cladding with three cPE electrodes that are arranged triangularly inside an empty

channel (Figure 2.7a). A force that is applied from any direction on the fiber results in the

contacting of two of the electrodes. A disadvantage of this design is that the resistance between

any of the three electrode couples must be continuously monitored. As this causes severe

implementation issues, a alternative fiber design was developed, where one small electrode

is surrounded by a large U-shape electrode within a square cladding (Figure 2.7b). This

two-electrode design exhibited promising pressure-sensing potential in trials with random

orientations and was selected for subsequent testing and implementation in the jacket.

To realize a first smart fencing jacket prototype, we glued five fibers arranged in individual

spirals onto a textile overlay for the jacket (Figure 2.7c). Thus, each fiber spiral corresponded to

a spatial zone on the jacket. Each of the five fibers was connected on one end to the peripheral

electronics. Unlike the gymnastic mat, the smart fencing jacket is a wearable device and

must be untethered. For this reason we integrated a small lithium-ion battery as a portable

and rechargeable power source in the electronics unit. Additionally, we established wireless

communication using Bluetooth, which allowed the signals collected for each of the fibers

to be continuously transferred from the microcontroller to a tablet. There, the signals were

treated and visualized in real-time on a digital avatar. As shown in Figure 2.7d, hits on the

smart fencing jacket were successfully detected and assigned to one of the zones.

2.8 Conclusion

We have developed compressible and electrically conducting fibers, optimized for the mea-

surement of kPa-scale pressures over m2-scale surface areas. The fibers consist of conductive

polymer composite electrodes arranged within a hollow, soft thermoplastic elastomer support

and are fabricated by the scalable thermal drawing technique. A mechanical pressure on the

fibers results in the selective and reversible contacting of electrodes, generating an electrical

signal. We showed that the fibers perform as accurate, time-responsive, and robust sensors of

both pressure magnitude and location. Moreover, the fibers are customizable, as the electrical

response to mechanical stimuli can be tuned through targeted changes in the architecture,

enabling control of trigger pressures as well as resolution of pressure level and location. The

developed fiber-based sensors stand out among standard pressure sensing strategies, such as

piezoresistivity, because the discrete rather than continuous pressure level measurement is

inherently impervious to noise and drift. Moreover, the fibers act as distributed sensors for the

functionalization of large surface areas and enable pressure localization without the need of

typically employed grids of 0-dimensional sensors, thus drastically reducing the number of

failure-susceptible electrical connections. This was demonstrated by integrating the pressure-

sensing fibers on a gymnastic mat, with which human body position, posture, and motion was

captured. We anticipate that this robust, cost-effective and easily implementable technology
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can significantly contribute to health monitoring of patients prone to pressure ulcers, and

anywhere else where pressures on large surfaces need to be assessed reliably.

2.9 Experimental section

Mechanical and Electrical Testing of Materials

The mechanical behavior of SEBS (Kraton) was investigated by tensile and compression testing

with a standard frame (Mecmesin Multitest 2.5-i) and load cell (Mecmesin Basic Force Gauge).

In tension, samples of dimensions 40 mm length, 24 mm width, and 5 mm thickness were

tested and in compression samples of dimensions 20 mm length, 24 mm width, and 24 mm

thickness. The displacement was set to 300 mm.min−1 and 1 mm.min−1 for tensile and com-

pression testing, respectively. The resistivity of cPE (Goodfellow) was obtained by performing

resistance measurements with an electrical testing instrument (Keithley Sourcemeter 2400) in

four-probe configuration at a current of 100 µA.

Fiber Fabrication

First, granules of the polymers were hot-pressed (Lauffer Pressen UVL 5.0) into geometrically

defined components. Next, the parts of different materials were assembled into a fiber preform,

where a machined polytetrafluoroethene core was placed at its center to create the empty

channel. The preform was consolidated in the hot press and the core was subsequently

mechanically removed. Finally, the preform was drawn into a multi-material fiber with a

custom draw tower.

Structural and Electro-mechanical Analysis of Fibers

The cross-sections of the fibers were examined by light microscopy (Leica DM 2700 M). To

investigate the fibers’ electrical response to pressure, the exposed electrodes at the fiber ends

were contacted using electrical wires and silver paint. Resistances were measured using the

Sourcemeter at a set current of 100 nA for two-electrode fibers, and with a microcontroller

(Arduino Uno) for simultaneous measurements of multiple fiber electrode pairs at an applied

voltage of 5 V in a voltage divider circuit with a 10 MΩ reference resistance. In the compression

test, 100 mm-long fiber samples were compressed between two plates of diameter 15 mm

using a dynamic mechanical analysis setup (DMA, TA Instrument DMA Q800), with which

displacement and force were measured. To evaluate the correlation between pressure position

and electrical response of the fibers, 1 m-long fiber samples were compressed locally with

a rod of diameter 5 mm. For fatigue testing, 100 mm-long fiber samples were repeatedly

compressed in the DMA at a frequency of 5 Hz and the conductance measured continuously

for all three electrodes over 10 000 cycles. A position value was calculated for each cycle

from the peak conductance values using the previously determined calibration curves. The
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same test was repeated with interruptions at cycles 1, 10, 100, 1000, and 10 000, where a

controlled pressure ramp test was applied to determine the variation in trigger pressure of

the electrodes. To determine the mechanical bandwidth of the fiber-based sensors, fiber

samples were stimulated in the DMA at frequencies 1 Hz, 10 Hz, and 20 Hz, and the electrical

response recorded with an oscilloscope (Digilent Analog Discovery) in the voltage divider

circuit. To investigate the functioning of the fibers in water, 0.5 m sections of 1 m-long fiber

samples were submerged in a tray filled with water. The fibers were compressed locally at

predetermined positions with the rod, and the resistance measured with the Sourcemeter. To

characterize the effect of temperature, fibers of length 1 m were placed on a hot plate and the

temperature monitored with a thermocouple coupled to a multimeter (Keithley DMM7510).

Pressures were applied at predetermined positions with the rod, and resistance measured with

the Sourcemeter. The effect of strain was assessed by elongating fibers of length 30 cm using

the tensile testing stand and resistance simultaneously monitored with the Sourcemeter.

Finite Element Analysis

We performed FEA simulations using the commercial package Abaqus/Explicit, which offers a

more efficient and robust convergence performance in simulations involving complex contact

geometries compared to Abaqus/Standard. Given that the cross-section of the undeformed

fiber is uniform along its length, the structure was simplified to a plane stress (2D) model

(Figure 2.8). The efficiency and robustness of the simulations were further increased by sim-

plifying the geometry of the fiber cross-section, obtained by light microscopy, while keeping

its key features. The measures of the distances between the three electrodes and the ground

electrode were altered to match the displacements during compression experiments, at which

an electrical contact was established between electrode pairs. We found these distances to be

a more representative value because experimental errors, such as a slightly angled placement

of the sample, can result in deviation in the configuration of the sample under test compared

to the one observed by light microscopy. The two side walls of the open channel are initially

curved with a maximum deviation of 60 µm at the outer surfaces. An arc-shaped imperfection

with a radius of 80 µm, which is filleted and smoothly connected to the straight edge, is added

at the middle of the inner surface of each side wall to model the permanent deformation

formed during creasing [76], where high compressive strains are localized.

Considering the nonlinear mechanical behavior of the thermoplastic elastomer used, the SEBS

material was modeled by the incompressible Yeoh hyperelastic material with the strain energy

potential U =C1(I1 −3)+C2(I1 −3)2 +C3(I1 −3)3, where I1 =λ2
2 +λ2

2 +λ2
3 is the first invariant

of the right Cauchy-Green deformation tensor, and λ1, λ2 and λ3 are principal stretches. The

material constants C1 = 482.2±1.8 kPa, C2 = −82.8±2.2 kPa and C3 = 11.3±0.8 kPa were

determined by performing uniaxial tension and compression tests on SEBS. The material

of the electrodes cPE was assumed to be a linear elastic material with a Young’s modulus of

157 MPa determined by tensile testing (REFERENCE TO FIGURE). The contact between any

two surfaces (or self-contact) was assumed to be a general contact without penetration and
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a b

500 μm

Figure 2.8 – Geometry of the fiber cross-section a) measured by light microscope and b) simplified in
the FEA. The key dimensions are indicated on the schematic.

friction. The model was discretized by approximately 67,000 CPS4R plane-stress elements

with an element size of approximately 6.8 µm. A mesh convergence study was performed to

ensure that the element size was sufficiently fine. Geometric nonlinearities were taken into

consideration in the simulation. During loading, the bottom face of the fiber was clamped,

and the top face was compressed with a prescribed uniaxial displacement that was increased

smoothly from 0 to 600 µm in 5 ms and restricted laterally. The kinetic energy was less than

0.5 % of the strain energy, which indicates that the simulations captured the mechanical

behavior of the fiber under quasi-static loading conditions.

Fiber-equipped Gymnastic Mat Manufacture

A fiber obtained from a single draw was cut into eight pieces, each with a length of 0.6 m. The

exposed electrodes at each fiber end were contacted with silver paint and electrical wires. Next,

the fibers were fixed on the gymnastic mat using double-sided tape. The wires originating

from all the fibers were connected to a custom circuit board. Each set of two electrodes

was connected in series to a reference resistance of 10 MΩ, forming a voltage divider. The

fibers were interrogated with a microcontroller (Arduino Mega 2560) by applying a voltage of

5 V successively at each fiber top electrode and measuring the voltage across the reference

resistance, which is inversely proportional to the fiber resistance. In this setup, 48 values

were recorded at a rate of 4 Hz. Each fiber was calibrated by applying a point pressure at five

positions. For each electrode set, the voltage level was directly correlated to a position using a

two-term exponential fit.
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3 Stretchable nanocomposites in fibers
for mechanical sensing

In the previous Chapter, the sensing mechanism was evoked by the structural design, and

the materials were essentially used as building blocks rather than active elements of the

sensor. In this Chapter, we explore the material itself, more specifically the development of

a polymer nanocomposite that is strechtable, conductive, and compatible with the thermal

drawing technique. Thus, the focus is on the formulation of such a composite as well as the

detailed characterization of relevant microstructural, rheological, mechanical, and electrical

properties.

3.1 Motivation

Soft electromechanical sensors have fueled developments in numerous application fields,

including health and sports monitoring [77, 78], human–machine interaction [79, 80], and

soft robotics [60, 81]. In such applications, a mechanical stimulation, which can take the

form of an elongation, compression, bend or torsion, and can occur across different ranges of

magnitudes, is effectively converted into an electrical signal. Several working mechanisms of

signal generation have been proposed, typically based on controlled variations of resistance

or capacitance [82]. In resistive sensors, a change in resistance of a conductor is induced by a

change in geometry [57], such as the increase in length of the conductor due to an applied

strain, or through the piezoresistive effect [64], where the intrinsic resistivity of the conductor

is altered by the strain. In capacitive sensors, a change in capacitance between a pair of

conductors separated by a dielectric is brought forth through changes in inter-conductor gap

or surface area [83]. Regardless of mechanism, a capable soft electromechanical sensor must

comprise the suitable materials and device architectures to be able to deform to large extents,

be receptive towards the desired mode of stimulation, and exhibit a sensitivity tuned to the

targeted loading intensity.

To achieve both mechanical deformability and electrical conductivity in a device material,

researchers most often rely on nanocomposites. In these materials systems, conductive

nanofillers, such as carbon nanotubes [84], graphene [85], carbon black [86], or metallic
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nanowires [87, 88], are dispersed within an elastomeric matrix, such as polydimethylsiloxane

(PDMS), forming a conductive pathway through a percolated network. Next to the material

components, the device fabrication, with which conductive nanocomposites are coupled with

standard elastomer dielectrics to realize the desired 3-dimensional device architectures, plays

an important role. Proposed manufacturing approaches include nanomaterial deposition and

coating-based techniques [89], molding [90], printing [91, 92] and wet spinning [93]. However,

these techniques yield devices that are often limited in their size, structural complexity, and

manufacturing throughput.

Nanocomposites based on thermoplastic elastomers rather than standard thermoset elas-

tomers provide a unique opportunity in this regard, because this polymer class is compatible

with polymer melt processing techniques, such as injection molding [94], compression mold-

ing [95], extrusion and melt-spinning [70, 96, 97], and 3D printing [98]. This family of tech-

niques relies on the viscous flow of polymer melt under simultaneous application of heat and

stress, and yields complex 3-dimensional products at high throughputs. The thermal drawing

process, in particular, stands out because it enables the scalable manufacturing of fibers that

integrate multiple materials arranged in fine cross-sectional architectures across extended

lengths [15, 16, 99]. While this is an attractive prospect, in practice it is difficult to process

thermoplastic elastomer-based nanocomposites in a molten state. This reduced processability

is related to the percolated network of nanofillers that introduces a significant melt elasticity

and yield behavior, which disrupts the controlled viscous flow of material [100]. Moreover,

the manufacturing process heavily influences the conductivity of the nanocomposites [101],

altering the performance of the resulting sensor device [96]. Because of these manufactur-

ing obstacles, previously proposed soft sensors integrating thermoplastic elastomer-based

nanocomposites have suffered from rudimentary device architectures and limited capabilities.

In this Chapter, we present a rheological assessment of nanocomposites as a method to screen

materials for compatibility with the thermal drawing process. Based on this analysis, we

purposefully engineer a nanocomposite consisting of carbon nanotubes dispersed in a ther-

moplastic elastomer matrix. By integrating the conductive nanocomposite into a dielectric

cladding, we obtain fibers that are simultaneously mechanically stretchable and electrically

conductive. Moreover, through an adaption of the thermal drawing process, we achieve stable

drawing for an extended range of process temperatures, allowing the tailoring of the nanocom-

posite conductivity as well as strain-sensing sensitivity and range in the fibers. At a lower

processing temperature, the sensitivity in resulting fibers is significant enough to capture

strains below 1 %, while at elevated temperatures, we achieved a 15-fold increase in conduc-

tivity compared to the low-temperature-fiber and maintained conduction for stretching up to

160 %. Upon this materials and processing platform, we develop a diverse set of fiber-based

mechanical sensors with complex cross-sectional structures and fabricated at large scale. We

program the piezoresistive sensitivity of the nanocomposites through the fabrication process

and integrate them in fiber architectures that are targeted at specific modes of stimulation. We

demonstrate the high degree of design freedom and application potential through (i) a robotic

fiber where an integrated bending mechanism is monitored by a piezoresistive feedback, (ii)
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a pressure-sensing fiber based on geometrically induced variations of resistance, and (iii) a

stretch-sensing fiber based on measures of capacitance.

3.2 Thermal drawing and rheological analysis of nanocomposites

To fabricate our mechanical sensors, we seek to employ the thermal drawing process. This

technique involves the conversion of a macroscopic preform to a thin and long fiber through

the controlled viscous flow of material under simultaneous application of heat and tension

(Figure 3.1a). The preform itself is readily prepared using standard thermoplastic processing
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Figure 3.1 – Thermal drawing and rheological analysis of nanocomposites. a) Schematic of the thermal
drawing process. b) Micrographs of various fabricated fiber cross-sections, integrating stretchable
nanocomposites in an thermoplastic elastomer cladding. c) Photograph of a fabricated nanocomposite
fiber. d) Oscillatory shear rheology temperature ramp of SEBS, showing the storage G’ and loss G”
moduli on one axis and the complex viscosity |η*| on the other. e) Temperature ramp of a nanocomposite
with 7 wt. % CNT in SEBS. f) Frequency ramp of the nanocomposite and SEBS. g) Stress amplitude
ramp of several nanocomposites. The onset of the curve marks the apparent yield stress, which is
highlighted by a dashed line for each material. h) Transmission electron micrograph of 7 wt. % CNT in
SEBS. i) Transmission electron micrograph of 7.5 wt. % CNT- 42.5 wt. % PE- SEBS. j) Materials selection
map of several tested nanocomposites, quantified by the plateau elastic modulus and the apparent
yield stress. The arrow indicates the region of highest processability of the nanocomposites by thermal
drawing.
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techniques, including the shaping of individual material parts by compression molding or

mechanical machining, and the subsequent assembly of the parts and consolidation in a final

compression molding step. During the thermal drawing process, the preform is essentially

elongated to extreme extents, and thus the cross-sectional structure is preserved from preform

to fiber, at typical uniform scale-down factors of 10 to 30 respective to the diameter. The

advantage of the process is that complex multi-material structures with feature sizes on the

order of micrometers are realized over 10s of meters of fiber length. We demonstrate this

design freedom by fabricating several fibers integrating a stretchable nanocomposite in a

thermoplastic elastomer cladding (Figure 3.1b, c), each envisioned as mechanical sensors for

a specific mode of stimulation, as will be discussed later. However, as other thermoplastic

fabrication techniques, thermal drawing is also restrictive in the materials that can be pro-

cessed. Recently, it was found that compatible polymers exhibit a specific rheological profile

in an oscillatory shear rheology experiment [9]. We show this behavior for the thermoplastic

elastomer SEBS in Figure 3.1d. As the temperature is increased, the material transitions from a

mainly elastic state where the storage modulus G’ is significantly higher than the loss modulus

G”, to a viscous state where G” dominates. The crossover of G’ and G” at 110 °C, which corre-

sponds to the glass transition temperature of the hard polystyrene segment in the copolymer,

delimitates the onset of the processing temperature window. Although both moduli decrease

as the temperature is increased further, G” remains at an elevated level, resulting in a high

viscosity value |η*| of 104 to 105 Pa.s in the processing window. Indeed, it is this pronounced

viscosity that supports the stresses during the drawing process and retains the structural

integrity of the fiber, which is impaired in low-viscosity materials by thermal reflow.

To impart electric conductivity to a material that is thermally drawable and mechanically

deformable, we first introduce CNTs in the same grade of SEBS through melt mixing. By

dilution of a masterbatch, we set the filler concentration to 7 wt. %, at which we find the

material to be sufficiently conductive (ρ = 0.1Ω.m). The resulting nanocomposite exhibits a

rheological behavior that is dramatically different from the polymer base material (Figure 3.1e).

Although the magnitude of the viscosity ranges on the same order of 105 Pa.s, it is dominated by

its elastic rather than viscous component, underlining the importance of employing oscillatory

rather than continuous rheology. In fact, no crossover of G’ and G” is observed, and G’ remains

the larger of the two dimensions and is virtually unchanged by an increasing temperature.

While this rheological behavior does exclude CNT–SEBS from being individually processed

by thermal drawing, it can possibly still be co-drawn with a stress-supporting material that

features a viscous nature counteracting the elasticity of the nanocomposite. Indeed, carbon

black-reinforced polyethylene (CB-PE), a conductive but hard nanocomposite which exhibits

a very similar rheological profile (Figure 3.2a), could be drawn within supporting claddings of

polycarbonate [40] as well as SEBS [15]. However, drawing experiments of our nanocomposite

CNT–SEBS supported by pure SEBS were unsuccessful, even at high cross-sectional ratios of

SEBS (Figure 3.2b).

Because previous thermal drawing criteria are unsuitable, we need to establish a rheolog-

ical assessment adapted to nanocomposites based on an understanding of the dynamic
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Figure 3.2 – Additional rheological analysis of nanocomposites. a) Oscillatory shear rheology ramp
of the reference nanocomposite CB-PE. b) Photographs of drawn fibers with an SEBS cladding with
7 wt. % CNT- SEBS resulting in poor processability (left) and 7.5 wt. % CNT- 42.5 wt. % PE- SEBS
yielding satisfactory drawing results (right). c) Stress amplitude sweep at different temperatures of 7.5
wt. % CNT- 42.5 wt. % PE- SEBS. d) Illustration of the apparent yield stress extraction from an stress
amplitude sweep experiment for CB-PE. e) Temperature ramp of 7.5 wt. % CNT- 42.5 wt. % PE- SEBS.
f) Stress amplitude sweep for nanocomposites with 7.5 wt. % in a blend of PE- SEBS with different
amounts of PE.

microstructure. In composite systems with elevated filler concentrations, the filler–filler

interactions result in the formation of a physical network, often termed rheological perco-

lation, which restrains the long-range motion of polymer chains. This network structure

significantly contributes to melt viscoelasticity, resulting in a change from a viscous fluid to

solid-like behavior. This behavior is confirmed in a rheological frequency sweep, where the

nanocomposite exhibits a linear behavior in the log-log scale at all frequencies, whereas the

pure polymer enters a Newtonian region at low frequencies (Figure 3.1f). A linear behavior is

usually accompanied by a high storage modulus and the appearance of a pronounced yield

stress. Both of these characteristics are known to adversely affect the processability of melts,

manifested for instance by a reduced maximum attainable melt draw ratio in melt spinning

[102]. To investigate this effect, we seek to quantify the storage modulus and the yield stress of

our nanocomposite through a stress amplitude sweep in oscillatory shear rheology (Figure

3.1g). We carry out this test at 140 °C, which is the approximate thermal drawing temperature

of pure SEBS. Note that, in any case, beyond the softening point of the matrix, the temperature

has a minor influence on rheological percolated nanocomposites (Figure 3.2b). In the test,

after a plateau of G’, the onset of decrease of the curve marks the apparent yield stress at which

irreversible plastic deformation occurs. The details of the extraction of the apparent yield
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stress are shown in Figure 3.2d. Indeed, we find a high plateau storage modulus of 330 kPa

and yield stress of 3.5 kPa for CNT–SEBS, particularly compared to our reference material

CB-PE with plateau storage modulus of 100 kPa and apparent yield stress 1 kPa. To explain this

behavior, we employ transmission electron microscopy to image our nanocomposites (Figure

3.1h), because their elastic characteristics are highly dependent on the network morphology.

We find CNTs to be in a highly dispersed state with little visible agglomeration, a configuration

that indeed is known to contribute to a pronounced melt elasticity [103].

Guided by this characterization, we adapted our nanocomposite to a ternary system with

7.5 wt. % CNT, 42.5 wt. % PE and 50 wt. % SEBS, which we fabricated by diluting a CNT–PE

masterbatch with SEBS. In this nanocomposite, we find the CNTs to be less dispersed and

predominantly in the form of interconnected clusters (Figure 3.1i). This changed morphol-

ogy is reflected in the rheological properties (Figure 3.1g), specifically by a reduced storage

modulus and yield stress, and the successful drawing in an SEBS cladding (Figure 3.2b). In

an analysis of the effect of PE content in the nanocomposite, we find a proportional reduc-

tion of elastic characteristics. A detailed rheological analysis of the different nanocomposite

formulations is shown in Figure 3.2e, f. We summarize our findings in a materials selection

map, with which nanocomposites compatible with thermal drawing can be identified through

the key parameters of plateau storage modulus and apparent yield stress (Figure 3.1j). To

underline the universality of the method, we also include several other materials systems

which we trialed during our research. These encompass both different matrix materials, such

as different grades of SEBS, as well as carbon black as an alternate nanofiller. Through thermal

drawing tests of all the considered nanocomposites, we find that successful processing scales

directly with lower storage modulus and apparent yield stress.

3.3 Mechanical and electrical properties of nanocomposite fibers

We address next the mechanical and electrical properties of the fabricated fibers, which are

crucial for mechanical sensing applications. In our mechanical analysis, we focus on thermally

drawn fibers which are composed of the nanocomposite 7.5 wt. % CNT- 42.5 wt. % PE- SEBS

in an SEBS cladding. A supplementary characterization of the individual materials is detailed

in Figure 3.4. In static tensile tests of the fibers (Figure 3.3a), we measure a 100 %-modulus

of approximately 2 MPa and an elongation at break of 980 %. At the terminal elongation,

both material components of the bi-component fibers fail simultaneously, indicating a strong

interfacial bonding. We also submitted the fibers to dynamic tensile tests, where the strain

was varied between 0 % and 100 % for 10 cycles (Figure 3.3b). The materials’ response was

predominantly elastic, where the fibers return to their initial configurations as the load is

removed. However, a hysteresis and strain softening behavior is recorded, which is often

observed for elastomeric systems and is related to the viscoelastic nature of the materials.

We quantify the stretchability of the fibers by a remnant elongation when the load returns to

zero after 100 %-stretching cycles, which was found to be 10 % after 1 cycle. In subsequent

cycles, only minor changes of the hysteresis curve are observed. Thus, in applications, a
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Figure 3.3 – Mechanical and electrical characterization of nanocomposite fibers. a) Tensile test results
of several samples of fibers constituted of the nanocomposite embedded in SEBS. b) Dynamic tensile
test results of a nanocomposite fiber stretched in the range of 0 % to 100 % for 10 cycles. c) Schematic of
the thermal drawing process extended by the integration of a draw-stabilizing spine that is integrated
in the fiber by feeding. d) Resistivity of the nanocomposite in fibers drawn at different set machine
temperatures. e) Relative resistance change of nanocomposite fibers stretched up to the point of lost
conductance.

pre-stretching can be introduced to assure that the fiber remains entirely elastic and taut

within the targeted strain range. As a conclusion of the mechanical analysis, we find that the

softness and elastic stretchability qualifies the nanocomposite fibers for applications in soft

electronics and wearable devices.

We investigate the electrical properties by measuring the resistivity of the nanocomposite in

the fibers. While the nanocomposite is indeed conductive, we find the resistivity to increase to

30Ω.m from the pre-drawing state at 0.1Ω.m. This effect is caused by the restructuring of the

conductive filler network under the severe deformation of the thermal drawing process [11,

101]. It is known to be sensitively dependent on the processing conditions, most importantly

the temperature, because the temperature alters significantly the viscosity of the polymer and

thus the shear forces acting on the filler aggregates [104]. However, for thermal drawing, the

processing temperature window is narrow, because the reduced viscosity of the fiber materials

under increased temperature can lead to uncontrolled flow and fiber breakage. Thus, to extend

the processing temperature range, we adapt the thermal drawing process and introduce a

rigid spine as a flow-controlling element (Figure 3.3c). The spine is an inert 1-dimensional

element, of diameter 50 µm to 250 µm and in the form of a metal wire or polymer line, that is

49



Chapter 3 Stretchable nanocomposites in fibers for mechanical sensing

introduced into a dedicated channel in the preform before the process start. As the materials

of the preform begin to flow into the fiber, the channel narrows, capturing the spine and

unspooling it continuously as the fiber is drawn. Note that the spine can additionally play a

functional role in the produced fiber, such as electrical or optical guiding, or be removed in

post-processing, as will be shown later.
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Figure 3.4 – Mechanical analysis of the nanocomposites. a) Tensile test results of several samples of
two different nanocomposites. b) Dynamic tensile test results of a 7.5 wt. % CNT- 42.5 wt. % PE- SEBS
film stretched in the range of 0 % to 100 % for 10 cycles. c) Dynamic tensile test results of a 7 wt. % CNT-
SEBS film stretched in the range of 0 % to 100 % for 10 cycles.

The process extension allows us to increase the upper temperature limit of the process for

SEBS-based fibers by 40 °C, resulting in a drawing range of 210°C to 250 °C. Note that these

temperatures represent the set machine temperatures, which do correspond but are not equal

to the true temperatures experienced by the material. By drawing nanocomposite fibers at

different temperatures, we record a strong variation in resistivity (Figure 3.3d). At the highest

processing temperature, we achieve a resistivity of 2 Ω.m, which is lower by a factor of 15

compared to the low-temperature value. Thus, through the processing temperature alone, we

can effectively tune the resistivity. Moreover, the piezoresistivity of nanocomposites is closely

linked to the initial resistivity, because the electrical properties are most sensitively affected by

deformations close to the electrical percolation threshold [105]. Indeed, we find the relative re-

sistance of nanocomposite fibers to significantly increase at lower elongations for fibers drawn

at lower temperatures (Figure 3.3e). Along with the ability to realize complex multi-material

structures in long fibers, the tunable electrical properties of the integrated nanocomposites

promote the thermal drawing process to a versatile platform for the fabrication of sensors

targeted at specific modes and ranges of mechanical stimulation.

3.4 Piezoresistive bending feedback in robotic fibers

In our first device example, we employ our nanocomposite to monitor the extent of fiber

bending induced by an integrated actuation mechanism. The rectangular cross-section of the

robotic fiber, which integrates nanocomposite sheets, lumens, an optical guide and a metallic

wire in an SEBS cladding, is shown in Figure 3.5a. The fiber bending mechanism is driven by

tendons, which take the form of nylon lines of diameter 200 µm introduced in the two lumens.
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Figure 3.5 – Piezoresistive bending feedback in robotic fibers. a) Micrograph of fiber cross-section,
integrating two sheets of nanocomposite, two lumens, a metallic wire, and a light guide. b) Schematic
of the tendon-driven bending mechanism in the fibers, quantified by the bending angle θ. c) Sequence
of stacked photographs of the robotic fiber at increasing bending angles. d) Bending angle ramp of a
robotic fiber captured by computer vision. e) Schematic of the conductive elements in the bending fiber,
showing the nanocomposite sheets and the center metallic wire, and the equivalent circuit. f ) Resistive
response of the two nanocomposite sheets during a bending angle ramp. The schematics show which
sheet is in compression and which in tension. g) Resistive response of a robotic fiber during cyclical
bending. h) Set bending angle and resistive response during a random angle sequence. i) Resistive
response for a small bending angle step of 5°. j) Resistive response for a robotic fiber bending without
and obstruction (first peak) and for the same commands but the path being blocked by an obstacle,
thus impeding further bending (second peak).

By fixing the tendons at the distal end and concertedly pulling on them at the proximal end,

the fiber bends to controlled amounts quantified by the bending angle (Figure 3.5b). We

tested this actuation mechanism by applying a bending angle ramp from 0° to 90° and back

for both bending directions and tracking the movement with computer vision (Figure 3.5c, d).
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As shown, the configuration of the fiber can be controlled with the integrated tendons. The

actuation mechanism is detailed further in Chapter 5.

Next, we aim at generating a feedback signal with the integrated nanocomposites to enhance

the controls of the robotic fiber, because configurations of soft robotic systems are often

difficult to predict based on input alone, particularly in dynamic environments where obstacles

can be encountered. However, with a cross-sectional height of 1.7 mm, the strains induced

by the bend in the thin fiber scale below 1.3 % for the targeted bending angle range of 0° to

90° and a fiber length of 100 mm. To capture such low levels of strains, we draw the fibers at

the lowest processing temperature, which results in the highest resistivity and piezoresistivity

of the incorporated nanocomposites. Moreover, we position the nanocomposite sheets on

the outer faces of the fibers because the highest bending-induced strains are experienced at

the position furthest from the neutral plane. To interrogate the two nanocomposite sheets

selectively at the proximal end, we connect the two sheets at the distal end to the embedded

metallic wire, which acts as a grounding element (Figure 3.5e).

The resistive responses of the nanocomposites are shown in Figure 3.5f for a complete cycle of

bending of -90° to 90°, where the sign of the bending angle indicates the bending direction.

For a given bending angle, one of the nanocomposite sheets is in tension while the opposing

one is in compression. As shown, in compression, the resistance increases significantly up to a

relative change of 25 %, whereas, in tension, only a small non-monotonic response is recorded.

Since the observed increase of resistance in compression is opposite to the expected decrease

due to the change in geometry, the resistive response must be dominated by the piezoresistive

effect. In nanocomposites, the piezoresistivity results from the destruction and formation

of conductive pathways and is highly dependent in trend direction and magnitude on the

morphology of the percolated nanofiller network [106]. Practically, the disparate resistance

variations in compression and tension enable the identification of bending direction, and

the pronounced response in compression allows the estimation of bending angle magnitude.

However, the bending sensor performance is limited by a hysteresis effect, which is, analogous

to the mechanical properties, attributed to the viscoelastic nature of the polymer as well as

the partly irreversible restructuring of the filler network during deformation. We characterized

the sensor further by inducing cyclical bending with the robotic fibers in the defined range of

-90° to 90° and simultaneously recording the resistive response of the nanocomposite (Figure

3.5g). After the initial cycle, the signal variation stabilizes and only a small drift is observed,

underlining the reversibility and durability of the proposed sensor. To investigate the effect

of deformation history we also induced a sequence of random bending angles (Figure 3.5h).

As shown in the temporal plot, the resistive response follows generally the induced bending

angle, but some variations are caused by the deformation history. Due to the dependence

of the resistive response not only on absolute bending angle but also on the deformation

history, the proposed bending sensing scheme is only suitable for approximate configuration

predictions. Nonetheless, the proposed sensor is capable of detecting angle variations as small

as 5°, which is shown by the distinct resistive response to the small bending angle step (Figure

3.5i). Moreover, the sensor can detect obstacles on the robotic fiber trajectory. We illustrate
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this behavior by comparing the resistance variation through bending for an unhindered and

an obstructed bending path (Figure 3.5j).

The results suggest that the soft robotic fibers with piezoresistive nanocomposite feedback are

promising in applications that necessitate a long and thin device in unpredictable environ-

ments, such as medical interventions with active catheters and endoscopes.

3.5 Resistive pressure-sensing fibers

In a second device application, we target the sensing of compressive loads, which are applied

transversally on the fibers. In the proposed cross-sectional architecture (Figure 3.6a), sheets of

nanocomposites are placed on opposing faces of a diamond-shaped empty channel in an SEBS

cladding. Additionally, Cu wires of diameter 125 µm are embedded within the nanocomposite

sheets at opposing corners of the channel. In the initial configuration without load, the two

electrodes, each composed of a metallic wire and nanocomposite sheet, are separated by an

air gap, and thus no current can flow. As a pressure is applied on a section of the fiber, the

elastic structure deforms, bringing the two nanocomposite sheets in contact and allowing a

current to flow. The equivalent circuit formed under an area load is schematized in Figure 3.6b.

As the resistance of the wires can be neglected, the measured resistive load in the equivalent

circuit depends only on the nanocomposite elements and can be expressed as:

Rm = 1

2
·ρ · l

t ·w
(3.1)

where ρ is the resistivity, l the length of the current pathway in the fiber cross-section, t the

sheet thickness and w the width of the contact area. The factor 1/2 originates from the two

equal pathways the current can take through the nanocomposite sheets to travel from one

wire to the other. As the compressive load is increased, the current travels a shorter distance

and thus l decreases. The width w , however, is proportional to the size of the loaded area,

i.e. the length of the loaded fiber segment. Thus, the measured resistance is varied based on

load intensity and area at a sensitivity that is equal to the ratio of nanocomposite resistivity

and sheet thickness. Note that in this scheme, unlike similar previously reported fiber-based

pressure-sensing strategies [15, 19], the measurement does not depend on the load’s position

on the fiber, because the negligible resistance of the metallic wires results in an equipotential

behavior along the fiber length.

To obtain a high measurement sensitivity, we thermally draw our pressure-sensing fibers at the

lower temperature limit of the processing window, resulting in high nanocomposite resistivity.

We test the effect of load intensity, by applying a pressure ramp at constant loaded area and

simultaneously monitoring the conductance, which is the inverse of resistance (Figure 3.6c). As

expected, at small loads, the electrodes are separated, and the conductance is zero. However, at

a threshold pressure of 150 kPa, the conductance starts to increase, corresponding to the point

of first contact. Subsequently, the conductance scales near linearly with the load intensity, up
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Figure 3.6 – Pressure-sensing and stretch-sensing fibers. a) Micrograph of a pressure-sensing fiber
cross-section. Two sheets of nanocomposites with embedded metallic wires are arranged on opposing
faces of a diamond-shaped empty channel. b) Schematic of a fiber being compressed by an area load q
and resulting equivalent circuit. c) Resistive response of the pressure-sensing fiber under a compressive
load ramp. The structural deformation is indicated by a sequence of schemes. d) Micrograph of
stretch-sensing fiber cross-section, showing two concentric nanocomposite sheets separated by a
thin dielectric film. The center hole is the result of the draw-supporting spine that was removed in
post-processing. e) Electric response of an increasing elongation being applied to the capacitive fiber.

to point where the signal saturates, which corresponds to the deformed configuration where

the channel is fully closed, and the current pathway cannot be decreased further. In this case,

we observe a negligible hysteresis effect, because the structural deformation is fully reversible.

Based on the results, we extract an expected pressure-sensing accuracy of approximately

10 kPa in the range of 150 kPa to 300 kPa. Note that both accuracy and range can be tuned by

altering the cross-sectional geometry, for instance through the slope of the diamond shape.

We attribute the observed behavior predominantly to the geometric effect of the structural

deformation detailed above, rather than a piezoresistive effect due to the deformation of the

nanocomposite itself.

3.6 Capacitive stretch-sensing fibers

For our final example, we enable stretch-sensing with nanocomposite fibers based on a

capacitive mechanism. The fibers integrate a rolled-up stack of two nanocomposite sheets

and two SEBS sheets that are alternately arranged, resulting in a structure resembling an

axial lead capacitor (Figure 3.6d). In a theoretical consideration, when the fiber is elongated,

the electrode length increases while the electrode width and dielectric spacing decrease to a

smaller extent dictated by the Poisson number, resulting in a net increase of capacitance as a

function of axial strain.
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For this capacitive scheme, a low resistivity and piezoresistivity of the nanocomposite is

sought, which is achieved through a high processing temperature of 250 °C. We introduce a

polytetrafluoroethylene (PTFE) tube of diameter 760 µm as a draw-supporting spine, which is

mechanically removed in post-processing. We investigate the performance of the capacitive

fibers as stretch sensors by measuring the current magnitude at a frequency of 1 kHz as a

function of axial strain (Figure 3.6e). Indeed, the current increases, indicating an increase of

capacitance.

3.7 Conclusion

We have assessed the compatibility of thermoplastic elastomer-based nanocomposites with

the thermal drawing process. The microstructure of the nanocomposites, specifically the

state of dispersion of the nanofillers, sensitively influences the rheological properties, such

as the melt viscoelasticity and a plastic yielding behavior. However, processable materials

could be identified by the key parameters of plateau storage modulus and apparent yield

stress in a stress amplitude ramp experiment in oscillatory rheology. Embedded in a ther-

moplastic elastomer cladding, the resulting nanocomposite fibers are found to be soft and

stretchable (100 %-modulus 2 MPa, elongation at break 980 %), as well as electrically conduc-

tive, a property that can be tuned by the processing temperature when the fiber incorporates

a process-supporting spine (ρ = 2Ω.m to 30 Ω.m). Along with the intricate multi-material

cross-sectional designs, the programmable resistivity and linked piezoresistivity make the

thermally drawn nanocomposite fibers a versatile platform for mechanical sensors, which can

be manufactured at extreme aspect ratios and large scale. We demonstrated this potential

with three fiber-based devices, which are each targeted at a specific mode of mechanical

stimulation and rely on a different sensing scheme. Specifically, we developed a soft robotic

fiber with an integrated bending mechanism that is monitored with a piezoresistive feed-

back signal; a resistive pressure-sensing fiber that detects variations in load intensity and

area through controlled structural deformations; and finally, a stretch-sensing fiber where

elongations induce reversible changes in capacitance. We expect that the proposed materials

and processing platform as well as the resulting sensing concepts will significantly advance

soft robotics and wearable devices.

3.8 Experimental section

Nanocomposites preparation

All the nanocomposites were obtained as masterbatches and some were diluted to the desired

filler concentration using a twin-screw microcompounder (Xplore) at 240 °C, 200 rotations per

minute, and for 3 minutes. The nanocomposites are subsequently shaped using compression

molding (UVL 5.0, Lauffer Pressen) at 240 °C and 1 bar for 40 minutes.
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Rheological analysis

The rheological properties of the materials were assessed with a rheometer (AR 2000, TA

Instruments) in a parallel plate configuration using disk samples of thickness 1 mm and

diameter 25 mm. The temperature ramps were conducted from 50 °C to 250 °C at a ramp

speed of 3 °C.min-1, a strain amplitude of 1 %, and an angular frequency of 1 rad.s-1. The

frequency sweeps were performed from 10-1 rad.s-1 to 103 rad.s-1 at a temperature of 140 °C

and a strain amplitude of 0.1 %. In the dynamic oscillation stress sweeps, the stress amplitude

was increased from 1 Pa to 104 Pa at a temperature of 140 °C (unless specified otherwise) at an

angular frequency of 1 rad.s-1. The apparent yield stress is defined as the onset value of the

storage modulus curve.

Fiber fabrication

Individual components of the preforms were shaped from granular polymers by compres-

sion molding. Nanocomposite sheets and pure polymer parts (SEBS G1657, Kraton) were

assembled and consolidated in a final compression molding step at 0.1 bar and 120 °C for 30

minutes. Subsequently, the preform was thermally drawn into a fiber using a custom draw

tower. Additional 1-dimensional elements, including metallic wires (tin coated copper wires,

McMaster), optical guides (optical grade plastic optical fiber unjacketed, Edmund Optics),

nylon lines (clear nylon lines, McMaster), and Teflon tubing (high-temperature tube sleeving,

McMaster), are introduced using the feeding extension of the thermal drawing process. For

electrical contacting, the selected conductor at the fiber end was exposed mechanically and

the contact established using silver paint for the nanacomposite and solder for integrated

metallic wires.

Microstructural, mechanical, and electrical analysis

Fiber cross-section were imaged using optical microscopy (DM 2700 M, Leica). Samples

for transmission electron microscopy were cut with a ultra-cryomicrotome, transferred to

a carbon/copper grid supports and imaged by a transmission electron microscope (F200X,

Talos) at 200 kV. The mechanical properties of the nanocomposites and the fabricated fibers

were assessed by uniaxial tensile testing (Z005 stand with 50 N load cell, Zwick/Roell) at an

extension speed of 120 mm.min-1. The electrical resistivity was assessed by an electrometer

(Sourcemeter 2400, Keithley) at a source current of 100 nA.

Electromechanical analysis of fiber devices

For the bend-sensing fibers, fiber samples of length 10 cm long were cut. A the proximal fiber

end, the composite electrodes from both fiber sides as well as the embedded metallic wire

were contacted selectively. At the distal end, the two composite electrodes and the metallic

wire were short-circuited with silver paint. Nylon lines were inserted into the appropriate
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channels and mechanically fixed at the distal end, thus acting as tendons. They were used to

actuate the fiber with the help of a custom setup involving two servo motors and a microcon-

troller, enabling a precise control of the fiber bending angle. During the test, the resistance

was continuously monitored using the electrometer and the bending angled using a camera

(C270, Logitech) and computer vision tracking (OpenCV in Python). For the pressure-sensing

fibers, fiber samples of length 10 cm were employed. The fibers were submitted to controlled

compressive force ramps using a dynamic mechanical analysis instrument (DMA Q800, TA

Instruments) in compression mode with two parallel plates at a ramp speed of 6 N.min-1. The

resistance between the two embedded metallic wires, contacted at one fiber end, was mea-

sured continuously during the test using the electrometer. For the stretch-sensing fiber, fibers

of length 10 cm were prepared, and stretched to controlled extents by a tensile testing stand

(Multitest 2.5 kN, Mecmesin). Simultaneously, the capacitance between the two composite

electrodes, contacted at one fiber end, was recorded using an impedance analyzer (HF2LI

lock-in amplifier, Zurich Instruments) at a voltage amplitude of 1 V and a frequency of 1 kHz.
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4 Soft transmission lines as distributed
probes of multimodal deformations

Having relied on polymer composites in the fiber-based sensor presented so far, we consider

liquid metal as a conductors in this Chapter. While the fluid nature of this material constrains

the fiber design, its comparatively high conductivity enables more involved techniques of

sensor interrogation. In this Chapter, we focus on the study of the propagation of high-

frequency electrical signals in the fibers, which evokes unprecedented functionality, such as

the capturing of multimodal deformations and the decoupling of multiple stimuli. Parts of the

presented work are also published elsewhere [16].

4.1 Motivation

Electronic skins and textiles are an emerging technology for applications in health monitoring

[51, 64, 88, 107], human–machine interactions [59, 80], safety engineering [108, 109], and soft

robotics [60, 69, 110]. An essential functionality in these flexible and often stretchable systems

is the detection of mechanical stimulation such as compression, elongation, bending, and

torsion. However, quantifying and spatially resolving deformations of variable nature and

number is a significant design challenge. Strategies usually involve grids of point sensors on

a flexible substrate, but point sensors are limited in the kind of deformation they can sense,

and they must all be selectively addressed [61, 63]. Alternatively, the number of contacts,

which are failure-susceptible in flexible and stretchable substrates, can be drastically reduced

and positioned outside the sensing area by employing networks of functional fabrics [62, 79],

yarns [111], or fibers [15, 19, 68, 112], which act as distributed sensors. The scalability of

fabrication processes such as extrusion [67, 113] or thermal drawing [6, 114] make fiber-based

systems particularly attractive in applications where large and flexible surfaces need to be

functionalized. However, while fiber technology is often more receptive towards multimodal

stimulation, only a single physical dimension, such as electrical resistance [15] or optical

intensity [67, 69], is typically monitored in a fiber-based sensor. This hinders the decoupling

of different types of deformation and the assessment of the spatial position of multiple stimuli.

Thus, a practical strategy for multimodal mechanical sensing over large and soft areas has yet

to be developed.
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Electrical time-domain reflectometry — a time-of-flight technique in which high-frequency

pulses are sent down impedance-controlled transmission lines and are reflected at discontinu-

ities — provides both the nature and position of applied stimuli [115], making it a promising

approach for the interrogation of distributed sensors. The technique is primarily employed

for spatially resolved monitoring of structural health [116, 117], landslides [118], and dielectric

characteristics of surrounding media [119, 120]. Reflectometry probes have also been pro-

posed as mechanical sensors, but the use of traditional hard conductors severely limits their

sensitivities and deformation ranges [121, 122]. Developments in structural configurations

[123, 124] and materials [125, 126] lead to a new generation of transmission lines for stretch-

able electronics. However, performing time-domain reflectometry using entirely soft materials

remains a challenge, because the strict design principles of transmission lines constrain the

engineering of material, structure, and process.

In this Chapter, we show that transmission lines can be adapted to the field of soft and

stretchable electronics, and report several designs that integrate —in a scalable and precise

way —liquid metal conductors in an elastomeric dielectric. We demonstrate that thermal

drawing can be used to fabricate transmission lines in large lengths and with uniform, targeted,

and complex cross-sectional architectures. Through targeted structural changes, we tune the

radio-frequency characteristics in the soft transmission lines, including impedance, shielding,

and losses. We also investigate experimentally and theoretically reflected waves in the time-

domain triggered by multimodal deformations of the dynamically responsive liquid metal

conductors themselves, as opposed to only the dielectric between them. This mechanism

enables multiplexed pressure measurements at a sensitivity that is improved by a factor of

200 when compared to transmission lines based on conventional hard metals. Additionally,

the soft transmission lines allow spatially resolved stretch sensing. Using a one metre-long

line acting as a distributed probe, we demonstrate the quantitative assessment of multiple

pressure points with a force resolution of 0.2 N and a spatial resolution of <6 cm, as well

as an elongation with a strain resolution of 0.25 %. By integrating a soft transmission line

in a large stretchable fabric (50 cm x 50 cm), interfaced through a single contact point to

cost-effective and easily available electrical instrumentation, we create an electronic textile

with higher functionality than existing systems that require hundreds of point sensors and

electrical connections.

4.2 Soft transmission line design and fabrication

The soft transmission lines are composed of liquid metal alloy microchannels (68.5% Ga, 21.5%

In, 10% Sn by weight) arranged within a thermoplastic elastomer dielectric (poly[styrene-b-

(ethylene-co-butylene)-b-styrene], SEBS). The transmission lines are fabricated by thermal

drawing (Figure 4.1a). The liquid metal is injected into the polymer structure at the level of

the preform for smaller diameter channels, where it takes a passive role during processing,

or directly into the fibers for sufficiently large channels. The rheological analysis of SEBS

(Figure 1.3) allows the estimation of a temperature operating range, which is delimitated by
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Figure 4.1 – Fabrication and structure of soft transmission lines. a) Schematic of the thermal drawing
technique employed to process liquid metal–thermoplastic elastomer constructs into long fibers acting
as transmission lines. b) Optical micrographs of line cross-sections as examples of commonly employed
designs with targeted radio frequency characteristics, realized in soft constructs through the prescribed
arrangement of Ga-In-Sn channels in SEBS. c) Photograph of a soft transmission line with two liquid
metal conductors that run uniformly along its length. d) Photograph of a roll of transmission line
connected to a power source on one end and an LED on the other end, demonstrating electrical
conductivity through several insulated channels over extended lengths. e) Photographs of a line being
stretched to 100% elongation with consistent conductivity, as shown by the unchanged brightness of
the LED powered through the strained fiber. Change in resistance of a f) laterally compressed and g)
longitudinally stretched line over several cycles.

the crossover of storage and loss modulus, yielding a maximum operating temperature of

114 °C. This corresponds to reports of the glass transition temperature of the crosslinking

polystyrene blocks in the employed SEBS grade, which was found to be 120 °C [127].

The thermal drawing technique enables the accurate and length-consistent placement of the

liquid conductors in the dielectric, which is of outmost importance for efficient radio frequency

transmission, as small deviations in size or spacing can sensitively influence operational pa-

rameters such as propagation constant and characteristic impedance. To demonstrate the

high level of control over material and process, we recreated transmission line designs com-

mon in the domain of hard materials through the arrangement of cylindrical microchannels in

the elastic fibers, including two-wire, triangular, coaxial, and stripline (Figure 4.1b). Notably,

these complex structures can be realized over extended lengths of soft fiber (Figure 4.1c),

in which channels remain individually conductive but insulated from one another along
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the entire length, as illustrated by connecting the two poles of an LED through a long fiber

(Figure 4.1d). We demonstrate maintained conductivity under large, reversible deformations

qualitatively by stretching a fiber, connected once more to an LED, to 100 % strain (Figure

4.1e). We also assessed quantitatively the fiber’s direct current resistance change during defor-

mation by pressing and stretching (Figure 4.1f, g, respectively). These well-known behaviors

in liquid-metal based systems [128–132] have proven beneficial for sensing applications, yet

do not allow to discriminate between different deformations, or localize them in the system.

Such sensitive and reversible changes of impedance can however be exploited, with the right

coaxial design, for reflectometry-based sensing.

4.3 Time-domain reflectometry in soft transmission lines

We now turn to treating the microstructured fibres as transmission lines and interrogate them

with electrical time-domain reflectometry. The experimental setup is schematized in Figure

4.2a. A sharp step function, in our case with an amplitude of 0.5 V and a risetime of 100 ps,

is produced by a pulse generator and coupled into the line. The resulting voltage transient

across the line end is monitored with an oscilloscope connected in parallel.

Before introducing and characterizing line discontinuities, which cause partial reflections of

the propagating signal, we assessed waveforms generated for soft transmission lines of differ-

ent lengths (Figure 4.2b). The produced signals are characteristic for open circuit-terminated

lines; specifically, an abrupt initial rise as the step is first incident on the line, a near-constant

voltage for the time of signal propagation through the line, and finally a full reflection at the

end of the line. The characteristic impedance can be directly deduced from a time-domain

reflectometry measurement. The decisive feature of the waveform is the voltage amplitude

across the transmission line at a time where the input signal has risen to its full level, but

no reflected waves have reached the interrogated end. The characteristic impedance Z0 is

calculated based on the measured voltage U as well as the generator’s input voltage Ug and

internal resistance Rg [133]:

Z0 = Rg
1(

Ug

U −1
) (4.1)

When plugging in the values obtained for the measurement of a standard coaxial cable (Figure

4.3a), specifically Ug = 0.50 V, Rg = 50Ω, and U = 0.25 V, we do indeed find the expected

characteristic impedance of 50 Ω. Transmission lines with custom connectors are more

difficult to evaluate, because the contact resistance of the line connector offsets the voltage

level. For the waveforms obtained for soft transmission lines displayed in Figure 4.2b, we find

U = 0.32±0.01 V, yielding a characteristic impedance of 89 ± 6Ω.

The travel time of the signal to the line end and back is proportional to the line length (Figure

4.2b inset) and the propagation speed is found to be 1.95 ·108 m.s−1. This value depends only

on the relative permittivity of the dielectric medium [134], calculated here to be 2.38, which is
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Figure 4.2 – Time-domain reflectometry setup and evaluation of transmission line performance. a)
Circuit diagram of the reflectometry setup. A function generator with internal resistance Rg produces a
step pulse with amplitude Ug that is applied to the interrogated transmission line with characteristic
impedance Z0 and open-circuit termination. The voltage transient across the transmission line is
monitored by an oscilloscope connected in parallel. In transmission line theory, an infinitesimal piece
of line can be modelled as a lumped-element circuit with per-unit-length resistance R, inductance
L, conductance G , and capacitance C . b) Time-domain reflectometry waveforms observed for liquid
metal triangular transmission lines of increasing lengths. The inset shows twice the line length as a
function of propagation time of the signal from line end to end and back. The slope of the resulting
linear function corresponds to the propagation speed v , which can be approximated with only the
speed of light in vacuum c and the relative permittivity of SEBS εr . c) Waveforms of two-wire and
coaxial lines before and after a section is submersed in ethanol and water. The initial signal rise
and connector ringing are cut for clarity. The insets show an enlarged plot of the reflection at the
open circuit termination, underlining the time delay induced by the medium for the two-wire line
opposed to the unaffected coaxial line. d) Delay time induced by section-wise submersion of lines in
ethanol and water for different transmission line types. e) Schematic of thermal drawing with solid
wires continuously fed into the created fiber during processing. f) Frequency-dependent attenuation
coefficient of transmission lines with different conductor materials (liquid metal Ga, solid copper Cu),
structure type (triangular, coaxial), and characteristic impedance (Z0). The solid lines represent the
mean and the shaded areas the standard deviation.

consistent with the literature [135]. With the knowledge of the propagation speed, the time

axis can be directly converted into distance units, enabling intuitive localization capability.

To evaluate the performance of fabricated transmission lines, we first test the shield quality for

different structures by immersing line sections in ethanol and water with relative permittivities

of 25 and 80 [136], respectively. A comparison of the waveforms obtained for two disparate
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Figure 4.3 – Time-domain reflectometry measurements. a) Waveform for standard coaxial cable
with characteristic impedance 50 Ω, showing the input pulse and the reflection at the open circuit
termination. b) Waveforms for a liquid metal transmission line with the two-wire design, which is
placed on a metallic table in two different configurations and suspended in air at a large distance to the
table, illustrating the undesired interactions of the line with its environment.

designs, two-wire and coaxial, are shown in Figure 4.2c. For two-wire, the waveform exhibits

an uneven profile, which depends on its interaction with the environment (Figure 4.3b). As

a medium of higher dielectric constant than air is introduced around a section of the line,

a positive time shift of the open circuit termination reflection and a negative reflection at

the interface of air to ethanol/water is observed. For designs where the electrical field is not

contained within the structure, the medium affects the propagation of signals through the line,

because it changes the apparent dielectric constant. In the case of time-domain reflectometry,

the effect on the measured waveform is twofold: (i) a reflection at the air–medium interfaces

with an amplitude that depends on the change in apparent dielectric constant, and (ii) a time

shift of the reflection at the open circuit termination. The effect is particularly noticeable

for the two-wire design because it does not have an effective shield. As the employed media

in the test are water and ethanol with higher dielectric constants than air, the reflection at

the interface is negative. Additionally, the propagation speed in the section with the higher

apparent dielectric constant is reduced, resulting in a positive time shift of the reflection

at the open-circuit termination. Thus, time-domain reflectometry reveals both the nature

of the medium, identified by its dielectric constant, and the section of the transmission

line which is surrounded by it [134]. While this behavior harbors a significant potential for

spatially resolved materials diagnostics and monitoring of physical parameters [119, 120],

it is considered detrimental in this work dedicated to the unambiguous measurement of

deformations. For the coaxial design, in contrast to two-wire, no discernible deviations in the

smooth waveform occur when the line is introduced in a medium. The shield performance for

all considered designs is summarized in Figure 4.2d, quantified by the time shift of the line

end reflection due to the surrounding medium. While the coaxial line undergoes a negligible

time shift, it is closely followed by the triangular structure, which also stands out due to its

simpler design, which eases line fabrication and connection.

With the shielding behavior of different transmission line designs discussed, we turn next to a
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description of losses, which are quantified by the attenuation coefficient. The presented liquid

metal transmission lines can be approximated as low-loss lines, for which the attenuation

coefficient α can be expressed by [137]:

α' 1

2

(
R

Z0
+G ·Z0

)
, (4.2)

where Z0 is the characteristic impedance and R and G the series resistance and shunt conduc-

tance per length, respectively. In our analysis, we focus on the resistive term, which is expected

to dominate over the dielectric term, because the loss tangent of the dielectric SEBS is low

(0.07 at 3.5 GHz) [135], while the resistivity of the conductor Ga-In-Sn is high (3 ·10−7Ω.m)

[138]. As the two attenuation-controlling parameters, we shall first consider the characteristic

impedance and then the resistance per length.

For a low-loss transmission line, the characteristic impedance is [137]:

Z0 '
√

L

C
, (4.3)

where L is the series inductance and C the shunt capacitance per length. Thus, it depends on

the geometry of the transmission line. For a coaxial structure it can be approximated as [139]

Z0 ' 1

2π
·
√
µ

ε
· ln

(
D

d

)
(4.4)

where µ is the permeability, ε the permittivity, and D and d the outer and inner conductor

diameter respectively. For the triangular structure, the characteristic impedance is [140]:

Z0 ' 1

6π
·
√
µ

ε
· ln

(
H +

√
H 2 −1

)
, (4.5)

where H is the geometric factor. It depends on the center-to-center spacing between center to

shield wire s and the center and shield wire radius ri and ro, respectively:

H =
(
s2 − r 2

o

)3 − r 6
i

r 3
i

[
(s + ro)3 − (s − ro)3

] . (4.6)

Now that we have established the term of the characteristic impedance in equation 4.3, we

can turn to the resistance per length. The resistance per length due to skin effect is [141]:

R = RS

A
, (4.7)

where RS is the skin resistance and A the conductor surface area per length. The skin resistance

is [141]:

RS =
√
ωµ

2σ
, (4.8)

65



Chapter 4 Soft transmission lines as distributed probes of multimodal deformations

whereω is the angular frequency,µ the permeability, andσ the conductivity. Thus, the resistive

term of the attenuation coefficient can be expressed as:

αc = 1

2
· 1

Z0 A
·
√
ωµ

2σ
. (4.9)

This expression gives an insight into the relevant parameters, which dictate the loss in the

transmission lines, and can be used to explain results that were obtained experimentally.
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Figure 4.4 – Signal distortion in time-domain reflectometry measurements. a) Optical micrographs of
considered designs for liquid metal transmission lines. Triangular structures with increasing conductor
spacing-to-diameter-ratios, and a coaxial structure are displayed. b) Dimensions of the structural
features of the designs in the preform in mm. The characteristic impedance can be calculated based on
the indicated structural features. c) Time-domain reflectometry waveforms observed for liquid metal
triangular transmission lines of increasing lengths. d) Derivatives of the waveforms, illustrating the
increase in broadness of reflections at the open circuit termination. e) Time-domain reflectometry
waveforms of transmission lines with different conductor materials (liquid metal Ga, solid copper
Cu), structure type (triangular, coaxial), and characteristic impedance (Z), illustrating the correlation
between determined attenuation coefficient and broadening of the reflection at the open-circuit
termination. f) Derivatives of the waveforms.

To decouple effects originating from material and structure in experiments, as well as ob-

taining a baseline for the novel liquid metal lines, we compare their characteristics to more

conventional solid metal lines with the same architecture and dimensions. The latter are

fabricated in fiber-form through an adaption of the Taylor process [38], which involves Cu
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wires of diameter 250 µm being introduced into empty channels of an SEBS preform, and the

thermal drawing of the assembly (Figure 4.2e).

In Figure 4.2f, the attenuation coefficient is shown for three differently dimensioned triangular

and a coaxial line based on liquid metal, as well as a triangular solid metal line. As expected,

the attenuation coefficient of all considered lines follows roughly a square root relationship to

the frequency, which is an indication of loss being dominated by the skin effect. This resistive

loss depends on the conductor material, explaining the higher attenuation coefficient of lines

based on Ga-In-Sn (σ= 3.3 ·106S.m−1) [138] compared to Cu (σ= 5.8 ·107S.m−1 [137]. Albeit

limited by the material’s resistivity, attenuation can also be tuned through structural changes.

This includes an increase in conductor surface, which was implemented in the coaxial design

through a division of the centre and outer conductor into 7 and 32 microchannels, respectively.

While the attenuation coefficient of the coaxial line is indeed lower than the triangular lines at

lower frequencies, it increases at an elevated rate for frequencies above 1 MHz, presumably

due to the proximity effect [142]. Alternatively, the resistive term of the attenuation coefficient

can also be reduced by an increase in characteristic impedance, which is readily realized

in triangular lines through a higher ratio of inter-conductor spacing to conductor diameter

(Figure 4.4a, b). The frequency-dependent attenuation in the transmission lines results in

signal distortion in the time-domain [141], a detrimental effect observed in reflectometry

measurements (Figure 4.4c, d, e, f). As will be shown below, pulse broadening is the limiting

factor for the spatial resolution of distributed probes consisting of liquid metal lines. In this

regard, triangular designs with a higher characteristic impedance are considered promising

candidates because they undergo lower losses.

4.4 Distributed probes of multimodal deformations

To deepen the understanding of the electromechanical coupling and highlight the value

of employing liquid metals, we investigate the electrical response to pressing by comparing

transmission lines composed of liquid metal microchannels to lines based on solid metal wires.

Both types of lines consist of the triangular configuration and have comparable dimensions.

Additionally, the dielectric in both cases is the elastomer SEBS, and, thus, while not being

stretchable, the solid metal-based lines are also compressible. In the test, a point force ramp is

applied orthogonally halfway along the length of 1 m-long transmission lines (Figure 4.5a).

For both types, a larger force results in an increasing reflection at the time that corresponds

to the pressing position along the lines. However, the shape of the reflected wave and the

force magnitudes, under which the reflection occurs, differ significantly. For the liquid metal

lines, a positive step is produced in the waveform at forces as low as 2.5 N, which increases in

amplitude at an approximate rate of 20 mV.N−1, whereas, for solid metal lines, a negative peak

first appears at a larger force of 10 N and rises at a significantly smaller rate of approximately

0.1 mV.N−1. The dissimilar electrical responses are the result of the mechanisms under which

the lines deform, which are dictated by the disparate mechanical properties of the two types

of conductors, as schematized in Figure 4.5b. Under increasing pressure, the channels locally

67



Chapter 4 Soft transmission lines as distributed probes of multimodal deformations

0 5 10 15 20 25
Time (ns)

0

0.1

0.2

0.3

0.4

0.5

0.6

V
ol

ta
ge

 (
V

)

5 N
4 N
3 N
2 N

Force:

R

Z
0

Z
0

2.5 3 3.5 4 4.5 5
Pressing force (N)

0

5

10

15

20

25

30

R
es

is
ta

n
ce

 (
Ω

)
C

Z
0

Z
0

p
re

ss
u

re
p

re
ss

u
re

0 20 40 60 80 100
Pressing force (N)

0

5

10

15

20

C
ap

ac
it

an
ce

 (
fF

)

0 5 10 15 20 25
Time (ns)

0

0.1

0.2

0.3

0.4

0.5

0.6

V
ol

ta
ge

 (
V

)

0 N
20 N
40 N

60 N
80 N
100 N

Force:

8 9
0.31

0.32

20 30 40 50 60 70 80
Pressing position (cm)

2

4

6

8

P
ro

p
ag

at
io

n
 ti

m
e 

(n
s)

2 4 6 8 10
Time (ns)

V
ol

ta
ge

 (
V

)

0.3

0.4

none

80 cm
Pressing position:

70 cm

60 cm

50 cm

40 cm

30 cm

20 cm

a b c

Liquid metal channels

Solid metal wires

d

e

Figure 4.5 – Pressing on soft transmission lines. a) Waveforms of a liquid metal (top) and solid metal
(bottom) triangular lines of length 1 m loaded at 50 cm with an increasing pressing force. b) Schematic
of the cross-sectional deformation mechanism of lines under increasing pressures. The liquid metal
microchannels collapse in a controlled fashion (top), whereas the solid metal wires are unaffected and
merely their spacings are varied (bottom). c, Resistance R of a single series resistive discontinuity for
liquid metal channels (top) and capacitance C of a single shunt capacitive discontinuity for solid metal
wires (bottom) along the line of otherwise unchanged characteristic impedance Z0 calculated based on
the reflection in the waveforms as a function of pressing force. The loading and unloading path are
indicated by arrows. d) Waveforms for pressing of equal force but varying position along liquid metal
lines. The initial signal rise and connector ringing, as well as the final termination reflection are cut for
clarity. e) Propagation time of the signal to the discontinuity and back as a function of pressing position
calculated from the waveforms.

close in a controlled fashion, thus increasing their resistance [143]. In the solid wire–elastomer

structure, however, only the spacings between the center and shield conductors vary, inducing

a change in capacitance.

With this knowledge, the magnitude of the discontinuities can be calculated based on the

reflection in the waveforms. For a single resistive discontinuity in series, the resulting step

in the waveform can be quantified by a reflection coefficient, which is the ratio of reflected

to incident voltage. The magnitude of the resistance RS can be deduced from the reflection

coefficient ρ [133]:

RS = 2 ·Z0 · ρ

1−ρ , (4.10)

where Z0 is the characteristic impedance of the line. A shunt capacitive discontinuity, however,

causes a negative peak in the waveform. Its magnitude CP can be approximated by the peak
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value in the waveform Vpeak [144]:

CP ' |Vpeak |
1.1 ·Z0

· tr i se

Ui
, (4.11)

where trise is the rise time and Ui the amplitude of the incident step.

Using these equations, the two types of discontinuities can be calculated based on the wave-

forms obtained in the force ramp experiment (Figure 4.5c). For the liquid metal transmission

lines, the calculated resistance as a function of pressing force corresponds to previous mea-

surements under direct current conditions (Figure 4.1g) and exhibits similar advantageous

force range, sensitivity, reversibility, and repeatability. For a measurement instrument with a

voltage resolution of 4 mV, the sensitivity of 20 mV.N−1 implies a force resolution of the trans-

mission line of 0.2 N on the loading path. This sensitivity is higher by a factor of 200 than the

value of 0.1 mV.N−1 found for compressible Cu-wire transmission lines. Additionally, the solid

metal lines produced signals that are detectable only at large forces, and even under forces as

large as 100 N the signals range on the order of fF (1015 F), which represents a measurement

near or beyond the limitations of most measurement instruments. Thus, despite lower losses,

the Cu wire lines are considered less effective pressure sensors. Finally, as the cross-section

of the employed triangular configuration is not circularly symmetric, we also investigated

the effect of the relative angle of the pressing force. However, no discernible effect of the

orientation is identified in the force-dependent waveforms, enabling the use of triangular

liquid metal transmission lines as omni-directional pressure probes.

With the inherent spatial resolution of reflectometry, pressures can be both quantified and

localized on the soft transmission lines. While the amplitude of a generated step in the

waveform correlates to the pressing force magnitude, the time at which it occurs indicates the

position of the pressure. From the waveforms generated for differently placed discontinuities

(Figure 4.5d), we extract the propagation times of the signal from the interrogated line end

to the discontinuity and back (Figure 4.5e). The measured propagation time remains stable

under variable pressing forces with maximum fluctuations of ± 0.06 ns, implying a spatial

precision of <1 cm. As shown in Figure 4.5e, the propagation time is a linear function of

the pressure position with the slope depending only on the propagation speed, which was

previously determined for SEBS. Thus, the permittivity of the employed dielectric represents

the only parameter necessary for the accurate localization of pressures on the transmission

lines and no sensor calibration is needed in applications, regardless of line length and diameter

or contact resistance.

Furthermore, multiple pressure points on a transmission line, interrogated only from one end,

can be simultaneously analyzed. To easily identify multiple discontinuities, we establish a

resistance distribution from the collected waveform for the timespan that corresponds to the

length of the line (Figure 4.6a). In the calculation of the distributed resistance, we considered

that the second reflection is diminished by the first discontinuity, as the voltage wave is partly

transmitted and reflected at every discontinuity. For instance in the case of two discontinuities,
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Figure 4.6 – Multiple pressure points on soft transmission lines. a) Two pressure points are applied
at 33 cm and 66 cm from the interrogated end on a 1 m-long liquid metal line, inducing steps in the
waveform (top). Based on the reflections in the line, a distributed resistance is established, in which
the pressure points appear as distinct peaks (bottom). b) The spatial resolution of pressure sensing
is investigated by applying two pressure points of equal magnitude at different positions from the
interrogated end. The waveforms and distributed resistance profiles are shown for two positions and
three different spacings between the two pressure points. The resolution is defined as the spacing
where the valley in the distributed resistance profile between the two peaks is equal to 70 % of the
higher of the two peaks, highlighted here in red. c) The extracted spatial resolution is shown as a
function of position along the length of the transmission line probe.

the reflection at the second discontinuity is diminished by the transmission –reflection at the

first discontinuity before reaching the monitored line end [133].

We employ a recursive algorithm to calculate the true reflection coefficient ρi for each time

step i in the waveform [121]:

ρi = ∆Ui

U0 ·∏i−1
j=0

(
1+ρ j

) , (4.12)

where ∆Ui is the amplitude of a discontinuity-generated measured voltage step and U0 the

incident voltage. In this strategy, only the first reflections at the discontinuities are considered,

which are partly transmitted at previous discontinuities. The subsequent geometric series of

internal multiple reflections, each weaker than the last, is neglected. Based on the calculated

true reflection coefficient, the resistance is calculated using the equation 4.10, resulting in a

resistance distribution for the soft transmission lines.

In the resistance profile (Figure 4.6a bottom), the two pressure points appear as distinct peaks.

As the peaks are broadened by the finite bandwidth of the measurement instrument and the

attenuation in the line, the magnitude of the point discontinuities on the line corresponds
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to a summation of the peak values. The maximum number of pressure points that can be

simultaneously detected is dependent on the employed instrument’s input voltage and voltage

resolution. In our case, reflections of a 500 mV step are detected at a resolution of 4 mV,

resulting in a theoretical maximum of 125 pressure points. In this calculation, it is assumed

that pressing forces are applied that induce voltage steps equal to the resolution. Larger forces

will reduce the number of points that can be detected, and, thus, the line must be arranged

according to the expected pressure distribution to avoid cutting off parts of the line in real

applications. The capabilities of the proposed sensor system can be extended by interrogating

the line from both ends as well as employing multiple lines in application-targeted networks,

representing two strategies commonly employed in the field of functional fibres and smart

textiles [13, 15, 67].

We assess the spatial resolution experimentally by determining the minimum spacing between

two pressure points of equal magnitude that can be resolved separately (Figure 4.6b). When

the line is loaded close to the interrogated end, shown here for 0.2 m, two pressure points

distanced 8 cm from one another appear as sharp steps in the waveform and distinct peaks

in the resistance profile. As the spacing is reduced, the peaks start to overlap up to the point

where they merge into a single peak at a spacing of 2 cm, at which point they cannot be

resolved separately anymore. We define the spatial resolution as the spacing, where the valley

between the two peaks is equal to 70 % of the higher of the two peaks, corresponding here to

4 cm. However, the spatial resolution is not constant along the length of the line but depends

on the distance of the pressure points to the interrogated end. Considering, for instance, the

two pressure points being applied 4 m down the line, a broadening of the originally sharp

peaks in the resistance profile is observed, an effect attributed to the signal attenuation in

the lines, resulting in an increased spatial resolution of 18 cm. Through repetitions of this

procedure at different distances from the interrogated end, the resolution is extracted as a

function of position on the line (Figure 4.6c), ranging from 4 cm at 0.2 m to 20 cm at 5 m. As

shown in the plot, the spatial resolution appears to follow a quadratic dependency on the

position, which corresponds to theoretical predictions. When considering a perfect unit step

function as an input waveform, the changed shape of step response can be described by [141]:

U (t ) =U0 ·er f c

(
z ·k

2 ·pt

)
=U0 ·er f c

(√
τ

t

)
,

(4.13)

where U0 is the amplitude of the input step, erfc the complementary error function, z the

distance down the line, k a constant for the skin effect, and t the time. The time constant τ can

be employed to quantify the pulse broadening. It is indeed proportional to the square of the

line distance, agreeing with the experimental observation.

We conclude that the spatial resolution is dictated by the instrument for small distances but

is quickly overtaken by line attenuation as the dominating resolution-limiting mechanism
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for pressure positions further down the line. In applications involving long lines and severe

localization requirements, the lines can also be interrogated on both ends, resulting in an

improved spatial resolution.

Having established spatially resolved pressure sensing, we investigate the response of elon-

gation from 0 to 100 % of the lines in time-domain reflectometry (Figure 4.7a). By stretching

the line, the open circuit termination reflection is shifted towards higher times due to the

increased length. The relationship of propagation time to elongation is found to be linear

(Figure 4.7b), confirming an unchanged propagation speed in the stretched lines. Further-

more, the dependency is fully reversible with negligible hysteresis and exhibits a sensitivity of

0.1 ns.%−1 for a 1 m-long line, implying a strain resolution of 0.25 % when using an instrument

with a temporal accuracy of 25 ps. Note that, although plotted here as a function of the relative

quantity strain, the propagation time yields directly the absolute length of a stretched line.
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Figure 4.7 – Stretching of soft transmission lines. a) Waveforms of a triangular liquid metal line
being stretched to increasing elongations, resulting in a time shift of the reflection at the open circuit
termination. b) Propagation time of the signal in the line extracted from the waveforms as a function of
applied elongation. The plot includes the loading and unloading path, which overlap near perfectly. c)
A 1 m-long transmission line is locally compressed at 33cm and 66cm as a mean of discretizing the line
into three zones for localized strain sensing. Selective stretching results in an increased propagation
time in only the corresponding zones, as shown by a time shift of the steps in the waveform. d) Based
on the change in propagation time, the elongation can be directly calculated for each zone, related to
each loading case shown in c by the color of the plot.

Besides the time-shifted termination reflection, the voltage trace remains unchanged. This is,

firstly, due to the low-loss nature of the line for which the characteristic impedance is domi-

nated by capacitive and inductive rather than resistive contributions, and, secondly, because

cross-sectional dimensions vary homogeneously when the line is stretched. Considering the

simple geometry of a coaxial line [139], the characteristic impedance Z0 as a function of strain
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e can be expressed as:

Z0(e) ' 1

2π

µ

ε
l n

(
D(e)

d(e)

)
= 1

2π

µ

ε
l n

(
D0 · (1−νe)

d0 · (1−νe)

)
= 1

2π

µ

ε
l n

(
D0

de

) (4.14)

whereµ is the permeability, ε the permittivity, D and d the outer and inner conductor diameter

respectively, and ν the Poisson ratio. Thus, the characteristic impedance remains constant for

any elongation. The same reasoning can be made for the triangular transmission line design

using equation 4.5.

While a constant characteristic impedance for arbitrarily stretched transmission lines may

prove beneficial in communication, the lack of reflections hinders the localization of section-

wise applied elongations in sensing applications. To obtain position information, we introduce

discontinuities on the line to discretize it into sections. As previously shown, this is readily

achieved for soft transmission lines by locally applying controlled pressures, generating steps

in the waveform (Figure 4.7c). As elongations are applied selectively in one or several of the

three created zones, the propagation time increases only in the corresponding sections, as

indicated by a time shift of the voltage step (Figure 4.7d). While this strategy demonstrates the

ability of localizing and quantifying stretching in transmission lines, it proves impractical in

applications where spatially resolved sensing of both stretching and pressing is targeted. In

such use cases, discontinuities for discretization of a different nature, for instance capacitive

which induce negative peaks in the waveform, can be introduced as not to interfere with the

signals generated for pressing.

As two supplementary modes of deformation, we investigate the effect of torsion and bending

on the soft transmission lines. Similarly to an axial strain, increasing levels of twisting, up

to 100 full revolutions per meter of length, for a line that is held at a constant end-to-end

distance, result in a positive time shift of the open circuit termination reflection (Figure 4.8).

The increase in propagation time of the signal is attributed to the helical lengthening of

the outer shield wires brought upon by the torsional deformation [145], which is expected

to be zero at the center of the twisted line and to increase linearly in the radial direction.

For line bending however, the accompanying deformations of the liquid metal channels are

beyond the detection levels of our instruments. Indeed, even at the minimum attainable

radius of curvature at which line sections on either side of the bend are parallel and in contact,

the changes in length and cross-section are too small to result in a significant difference in

propagation time or impedance, respectively.
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Figure 4.8 – Twisting of soft transmission lines. a) Photographs of a triangular liquid metal line being
twisted to increasing degrees of torsion, quantified by the number of revolutions per meter of length.
b) Time-domain reflectometry waveforms of twisted lines, exhibiting a positive shift in time of the
open circuit termination reflection for increasing levels of twist. c) Propagation time of the signal in
the 1 m-long lines extracted from the waveforms as a function of number of revolutions. The error
bars indicate the standard deviation. The increase in propagation time is attributed to the helical
lengthening of the outer shield wires due to the torsional deformation.

4.5 Multiplexed deformation sensing in electronic textile

The capabilities of the soft transmission line probes are demonstrated in practice by integrating

a 10 m-long line on a stretchable piece of fabric of size 50 cm x 50 cm (Figure 4.9a). A serpentine

pattern with a spacing of 3 cm is selected, which enables the functionalization of the entire

surface with an individual line, interfaced through a single point. Since specialized time-

domain reflectometers are expensive, delicate, and large-footprint instruments, we employ

a custom pulse generator with costs in parts of less than US$ 10 coupled with a standard

laboratory oscilloscope. Although the produced and captured signal exhibits some ringing

and a higher rise time of 5 ns, limiting the positional accuracy to approximately 25 cm, it

represents a first step towards a practical and cost-effective solution. In the context of cost,

the oscilloscope is the critical element of the system, resulting in a trade-off between low

cost and high spatial accuracy. Nonetheless, the proposed sensing strategy is distinguished

by its unique capability, including the decoupling of different deformation modes and the

continuous measurement of stimuli magnitude and location. Furthermore, the approach

based on a single sensor unit offers a straightforward implementation for any geometry

and loading case, compared to commonly employed grids of point sensors that must all

be addressed selectively through numerous delicate contact points, but also networks of

fiber-based sensors without spatial resolution.

We submit the electronic textile to a series of tests, where controlled mechanical stimuli are
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Figure 4.9 – Electronic textile for multiplexed deformation sensing. a) A 10 m-long triangular liquid
metal transmission line probe is integrated in a serpentine pattern on a stretchable fabric and is
interfaced through a single contact point. The inset shows the open circuit termination and one of the
line loops that is fixed in the textile by Velcro strips. A custom pulse generator of small footprint and low
cost coupled with a standard oscilloscope are used to interrogate the textile. b) An increasing pressure
is applied by a finger on the textile. The waveform and distributed resistance are shown for a small
and large pressure. The peak resistance values are laid out in a two-dimensional color-coded spatial
map according to the arrangement of the line on the textile, on which the location of the pressure
event is accurately represented. c) Three pressure points are simultaneously applied on the textile,
and their magnitude and position extracted from the waveform, as shown by the three peaks in the
distributed resistance profile and the highlighted sections in the map. d) The entire textile is stretched
in the longitudinal line direction. Two snapshots in a stretching event are shown by the waveform, on
which the propagation time in the line is highlighted, the distributed resistance profile, which remains
unchanged, and the line elongation that is directly calculated from a change in propagation time. The
continuous measure of the propagation time is shown for a complete stretching cycle. e) The textile is
simultaneously exposed to the two modes of deformation, stretching and pressing. The configuration
of the textile is reconstructed based on waveform and visualized in the map, which shows the elongated
shape of the textile as well as pressure points.
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applied on the probe. In the application, we limit ourselves to pressing and stretching, because

these two modes of deformation represent the most relevant mechanical stimuli in functional

textile applications and cause easily distinguishable responses in time-domain reflectometry.

First, an individual pressure point is applied by a finger (Figure 4.9b), generating a step in the

waveform and a peak in the distributed resistance profile, the height of which corresponds to

the applied pressure. The peak value is shown for a complete cycle of pressing and releasing,

demonstrating the continuity and reversibility of the measure. The waveform and resistance

profile for two snapshots, corresponding to a small and large pressure are shown in the main

figure. The time in the spectrum at which the resistance peak occurs reveals the position of the

pressure point, determined here to be 4.92 m from the interrogated line end. As an intuitive

visualization, the peak resistance values are laid out in a color-coded map, indicating the

position and magnitude of pressure events. Next, multiple pressure points are simultaneously

applied on the functional textile to test the multiplexing capability of the probe (Figure 4.9c).

Indeed, the three applied pressure points appear as distinct peaks in the resistance profile and

are accurately positioned on the spatial map. As a second mode of deformation, we stretch the

fabric in the longitudinal line direction (Figure 4.9d). Unlike pressing, this stimulation does not

generate a local discontinuity in the waveform but increases the propagation time, quantified

by a positive time-shift of the open circuit reflection. We display the line propagation time

for a cycle of stretching and releasing, as well as two snapshots corresponding to a small and

large strain. In a final test, we aim at the simultaneous detection of pressing and stretching

based on the disparate responses of the two modes of deformation. Indeed, the signals can

be successfully decoupled, and the two pressure points are accurately resolved as well as the

elongation quantified (Figure 4.9e).

All loading scenarios displayed here are extracted from one experiment and the video and data

stream can be found at https://www.nature.com/articles/s41928-020-0415-y. The experiment

underlines how the actual configuration of the large electronic textile, which may undergo

convoluted changes in the form of pressures and stretches, can be reconstructed based on

the time-domain reflectometry measure of a single probe interfaced through a single contact

point.

4.6 Conclusion

We have reported a class of soft and stretchable transmission lines consisting of liquid metal

microchannels arranged within a thermoplastic elastomer dielectric. Our fabrication tech-

nique uses thermal drawing, where a soft material preform is converted into a fibre in a

regime dominated by viscous forces. Thanks to diverse possible architectures and uniform

cross-sections over extended lengths, the fibres can perform as soft transmission lines with

controlled impedances, shielding, and losses. The experimental and theoretical exploration of

the mechanisms of electromechanical coupling, where both soft and hard–soft hybrid struc-

tures are studied, illustrate the capabilities of liquid metal lines for use as distributed probes

of multimodal deformations through interrogation by time-domain reflectometry. These
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capabilities include high sensitivity, complete reversibility, and large deformation ranges. Our

sensing approach enables the functionalization of large, flexible, and stretchable areas of vari-

ous substrates and form factors with a single sensor unit interfaced through a single contact

point, which includes a continuous measurement of magnitude and position of pressures

and stretches. From the range of outputs that the soft transmission lines produce, convoluted

mechanical stimulation could be reconstructed in electronic textiles, wearable devices, and

robotic skins.

4.7 Experimental Section

Fabrication and connections of soft transmission lines

Liquid metal microchannel fibers. Granules of SEBS (Kraton) were filled in a custom mold of

the desired shape (cylindrical or rectangular), which included cylindrical cores of variable

diameter fixed to the base plate, and the assembly was hot-pressed at 0.5 bar, 180 °C for 6

h. The polymer preforms were thermally drawn into fibers using a custom draw tower at a

maximum temperature of 160 °C and at variable take-up speeds, thus controlling the fiber

diameter and length. The liquid metal Ga-In-Sn (Indium Corporation) was injected with a

syringe into the structure before the drawing step for channels diameters smaller than 1 mm

in the preform and directly into the fibers for larger preform channel diameters. Steel wires

were inserted into the liquid metal channels at the fiber ends, and the connection point was

sealed with an adhesive.

Solid metal wire fibers. The polymer preform was prepared as stated in the previous section.

For the drawing process, Cu wires of diameter 250 µm (McMaster) were fed into the empty

channels of the suspended preform, and the assembly thermally drawn at a temperature of 200

°C. As the polymer flowed into a fiber, the wires were caught by the narrowing channels and

continuously unspooled as the polymer was drawn. Note that in our technique the wires do

not melt or change shape otherwise. For connection, the wires at the fiber ends were stripped

of the encapsulating polymer.

Direct current characterizations

Pressing response test. Fibers of length 1 m with liquid metal microchannels in the triangular

configuration were short-circuited at the far end and connected to an electrometer (Keithley

Sourcemeter 2400) at the near end with the center and outer conductors connected to the

positive and negative pole, respectively. The fibers were locally and repeatedly compressed

under controlled forces (3 N.min−1) in a dynamic mechanical analysis setup (DMA, TA In-

strument DMA Q800), where a steel rod of diameter 6 mm positioned perpendicularly to the

fibers served as an indenter. During the test, the direct current resistance, pressing force, and

indenter displacement were continuously recorded.
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Stretching response test. Fibers of length 15 cm with liquid metal microchannels in the two-wire

configuration were short-circuited on one end and connected to the electrometer on the other

end. Fiber sections of length 8 cm were repeatedly stretched in a custom linear motion drive

setup and the direct current resistance monitored continuously.

Analysis of loss

The impedance of 1 m-long transmission lines was measured at a voltage amplitude of 1 V

using an impedance analyzer (Zurich Instruments HF2LI Lock-in Amplifier). In this test, lines

were interfaced to the instrument through a wire-to-BNC adapter on the near end, where

the center and outer conductors were coupled to the positive and negative pole, respectively,

and left in open circuit or short circuit configuration on the far end. The attenuation coeffi-

cient was calculated based on the short circuit impedance and the open circuit admittance,

corresponding to the series resistive and inductive or shunt conductive and capacitive con-

tributions, respectively, as described in reference [146]. The measurements were carried out

over the frequency range 10 kHz - 10 MHz, as higher frequencies could not be realized due to

instrument limitations. While this frequency range does not encompass the entire bandwidth

of the employed step in the time-domain, which for a 100 ps risetime extends into the GHz

region, it allows to gain an insight into attenuation contributions and compare transmission

line designs.

Time-domain reflectometry analysis

General setup. The near end of the transmission lines was connected to a wire-to-BNC adapter,

and the far line end was terminated in an open circuit. The transmission lines were interro-

gated through a BNC interface by a digital sampling oscilloscope (Tektronix 11801C). Using the

instrument, a voltage step of amplitude 0.5 V and with a rise time of approximately 100 ps was

sent down the transmission lines and the resulting voltage transient across the lines recorded.

An alternative setup for less time-sensitive measurements consisted of a pulse generator (Leo

Bodnar) coupled to a standard oscilloscope (Tektronix MDO3014), yielding a voltage step of

amplitude 1 V and recorded rise time of approximately 2 ns.

Shield characterization. The performance of the shield in soft transmission lines was evalu-

ated by recording the time-domain reflectometry waveforms of 1 m-long lines, which were

successively submersed in ethanol and deionized water for line sections 40 cm – 60 cm.

Pressing response test. For characterizing the response to pressing force magnitude, the tri-

angular liquid metal transmission lines of length 1 m were compressed locally at a position

of 50 cm using the same setup and configuration as in the direct current measurements, and

the waveforms recorded continuously. Due to larger necessary forces, the triangular solid

metal lines were compressed using a motorized force tester (Mecmesin Multitest 2.5-I stand

with Mecmesin Basic Force Gauge load cell) at a controlled displacement of 1 mm.min−1,
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where also a steel rod of diameter 6 mm served as an indenter. The force-dependent induced

reflections in the waveforms were quantified by a series resistance and a shunt capacitance

for the liquid metal and solid metal lines, respectively. In the pressing force orientation test,

the experiment was repeated after rotating the lines around the axial direction in 30° incre-

ments. For characterizing the response to pressure position, 1 m-long triangular liquid metal

transmission lines were manually compressed at predetermined positions using the steel rod

at a force that induced a reflection of amplitude 0.1 V, and the respective waveforms recorded.

For the test involving multiple pressure points, vices were used to compress a 1 m-long line

at positions 33 cm and 66 cm at a force magnitude that induced 50 mV reflections in the

waveform, which was used to calculate the distributed resistance. The spatial resolution of the

pressure sensing was assessed by applying two pressure points resulting in 50 mV reflections

with the vices on a 6 m-long triangular line. The position, corresponding to the distance from

the interrogated line end to the first pressure point, and the spacing between the two pressure

points were varied. The position-dependent spatial resolution was defined as the spacing

for which the corresponding resistance distribution exhibited a valley between the two peaks

equal to 70 % of the higher of the peaks.

Stretching response test. Triangular liquid metal transmission lines of length 1 m were elongated

in a custom linear translation stage and the waveforms recorded for controlled displacements.

For the localized strain test, the 1 m-long lines were locally compressed by custom clamps at

positions 33 cm and 66 cm at a force magnitude that resulted in 50 mV reflections. The line

sections were selectively stretched by hand and the waveforms recorded.

Twisting response test. Triangular liquid metal transmission lines of length 1 m were clamped

on either end in an extended configuration to maintain a constant end-to-end distance.

One line end remained fixed while the other one was rotated around the axial direction by

controlled amounts of up to 100 revolutions. The waveforms were recorded continuously

during the entire test.

Bending response test. A 4 cm-long section of triangular liquid metal transmission lines of

length 1 m was placed in between two parallel plates, forming a bend. The plates were

approached to one another in controlled increments, resulting in bending radii of the lines

from 12 to 2 mm, and the waveforms were recorded.

Electronic textile

Assembly. A 10 m-long triangular liquid metal transmission line was placed in a serpentine

pattern with a spacing of 3 cm on a stretchable fabric of size 50 cm x 50 cm. The line loops

were fixed in place using Velcro strips that were glued on two sides of the fabric. The line was

interfaced through a wire-to-BNC adapter on one end and left in open circuit configuration on

the other end. A custom square wave generator in conjunction with a standard oscilloscope

(Tektronix MDO3014) were used to interrogate the line. The recorded waveforms were trans-

ferred to a PC, where they were processed in real time by an algorithm (MathWorks MATLAB)

79



Chapter 4 Soft transmission lines as distributed probes of multimodal deformations

to extract the variable line length and distributed resistance. Since the propagation speed is

known for the dielectric SEBS, no calibration for the localization of stimuli is necessary.

Testing. For approximating the spatial resolution, the line was locally compressed in 25 cm

steps for the entire length, and the overlap of distributed resistance peaks assessed. For the

pressing test, fingers were firstly placed at arbitrary positions along the line without applying

pressure to underline that the sensor only reacts to a mechanical deformation rather than

changes in its environment. Afterwards, pressure was progressively increased by the fingers,

demonstrating the continuity in pressure location and magnitude measurement. For the

stretching test, metal rods were fixed on two sides of the textile orthogonally to the line, and

pulled apart and brought back together. The captured waveforms were continuously recorded

and processed at an average frequency of 7.4 Hz, enabling real-time deformation visualizations

in the electronic textile during all the tests.

80



5 Soft robotic fibers with optical, elec-
trical, and fluidic functionality

Thus far, we have investigated several strategies for mechanical sensing in soft functional

fibers. In this Chapter, we address actuation to generate targeted movements with the fibers.

Coupled with sensing, the actuation functionality promotes the resulting fibers to capable

robots.

5.1 Motivation

Soft robots hold great potential in applications involving the human body because they can

safely conform and interact with fragile and dynamic environments [3]. In such compliant

and deformable robotic systems, movement is enacted by one of numerous possible actuation

mechanisms, based on tendons [147], pneumatics [148], hydraulics [149] , shape memory

effects [150], or electrical [151] or magnetic [152] activation — each with their own strengths

and weaknesses [1, 153–155]. To accomplish meaningful tasks, actuation is often coupled with

additional functionalities, such as sensing [81], imaging [156], optical [157] or electrical [158]

transmission, and drug delivery [159].

Multi-functional soft robots are particularly promising in tubular form to act as steerable

catheters and endoscopes in minimally invasive procedures [160–162]. However, creating the

soft multi-material assemblies, which are necessary for dexterous movement and embedded

functionality [1, 153], at relevant diameters (< 3 mm) and lengths (>300 mm) is a feat that

cannot be accomplished to date, neither by conventional extrusion-based techniques [163,

164], nor by approaches adopted from macroscopic soft robotics relying on molding [165],

stereolithography [166], 3D printing [167], and manual processing [168].

We hypothesized that such high-aspect-ratio materials constructs could be realized by the

thermal drawing process, which is conventionally employed for the fabrication of optical fibers

and typically yields fibers of diameter 125 µm and length 1000 km [8]. Beyond simple optical

fibers, advancements in process technology have resulted in the scalable manufacture of fibers

incorporating intricate microstructures and a myriad of materials [6]. Recently, the breadth
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of compatible materials has been extended to soft thermoplastic elastomers [9], acting as an

enabling technology for fiber-based sensors [15, 16] and energy harvesters [99]. However, the

potential of thermal drawing as a platform for soft robotics has thus far remained untapped.

In this Chapter, we present soft robotic fibers with diameters as thin as 700 µm that can

accurately accomplish extensive 3-dimensional motion driven by fiber-embedded tendons.

Fabrication via thermal drawing enables direct incorporation of active elements in precise ar-

chitectures within the thermoplastic-elastomer-clad fibers, including optical guides, metallic

wires, and microfluidic channels, giving rise to a wide range of functionalities beyond mere

actuation. The soft robotic fibers can perceive their environments and autonomously adapt to

changes thereof, as well as probe electrical properties, and deliver fluids and mechanical tools

to spatially distributed targets.

5.2 Design, fabrication, and actuation mechanism

Our fabrication and actuation concept is illustrated in Figure 5.1a. The thermal drawing

process relies on the viscous flow of material under heat and tension to convert a macroscopic

materials assembly, termed preform, into a long fiber. In the process, the cross-sectional

design is maintained from the preform to the fiber and is merely uniformly scaled down — at

ratios of 10 to 30 in this work. At the level of the macroscopic preform, complex geometrical

features are readily realized using standard compression molding, such as holes that become

microchannels in the fibers. We selected poly(styrene-b-(ethylene-co-butylene)-b-styrene),

SEBS, as the supporting cladding material of the fibers, which is distinguished by its process-

relevant rheological profile (Figure 1.3a), and its elastomeric properties in applications (100 %-

modulus = 1.7 MPa, elongation at break 470 %, see Figure 1.4a). By extending the thermal

drawing process with a feeding mechanism, inert 1-dimensional elements, such as optical

guides or metallic wires, can also be integrated in the fiber. Their placement within the fiber

architecture is dictated by specifically arranged holes in the preform. During the process, the

holes shrink alongside the whole cross-sectional structure, allowing the surrounding material

to capture the fed element within it and pulling it along.

Based on this materials and fabrication platform we explored a variety of different fiber designs

(Figure 5.1b). However, they all share the structural feature that enables actuation in the fibers:

three lumens, arranged at 120° angles, each hosting a tendon consisting of a nylon line or

metallic wire with diameters of 70 to 200 µm. Note that the tendons can be incorporated

during thermal drawing using the feeding mechanism for large required fiber lengths, or

inserted in the lumens in post-processing for smaller sections. To assure free translation of the

tendons within the lumens at minimum friction, we introduce ethanol as a lubricant. By fixing

the tendons at the distal fiber end and concertedly pulling on them at the proximal end, the

fibers bend in a controlled fashion with two degrees of freedom. We qualitatively demonstrate

the range of bending angles and directions using a fiber of diameter 1.5 mm and length 80 mm

(Figure 5.1c). Moreover, we illustrate the adaptability of the fibers, as well as their mechanical
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compatibility with the human body, arising from the softness and deformability of SEBS, by

having a robotic fiber of diameter 700 µm safely wrap around a finger (Figure 5.1d).

5.3 Peripheral control unit

Actuation of the soft robotic fibers is driven by three embedded tendons. To accurately control

the bending angle and bending direction of the fibers, the three tendons are fixed at the distal

end of the fibers and pulled by specific amounts. This translation as well as the interfacing

with the diverse additional embedded functionalities are accomplished with the peripheral

control unit. Its design can be separated into hardware and software. Both parts are shown in

Figure 5.2.

On the hardware side, the proximal end of the robotic fiber is clamped in a dedicated vise.

From the vise, the tendons are led into a distributor element, which contains three Teflon-

coated channels, one for each tendon. The purpose of the distributor is to spatially separate

the tendons, which are very close in the thin fibers and thus difficult to actuate individually.

From the distributor, each tendon is fixed to the arm of a servo motor. The servo motors

are fixed on rails and can thus be translated, allowing the tension of the tendons at the zero

position to be controlled. The three servos are interfaced to a microcontroller, which allows

the angle to be precisely set. The motion commands are sent to the microcontroller via a PC.

Besides controlled translation of the tendons, the control unit also serves as an interface to

additional functionalities in the fibers. For optical functionality, photoemitters and detectors

are included, which allow optical guides from the fibers to be inserted. The control unit

includes three differently colored LEDs (red, green, blue) as well as a photodarlington, each

embedded into suitable electronic circuits and continuously addressed by the microcontroller.

For electronic functionalities, the unit also features a wire terminal, into which individual

thin wires can be inserted. The lines from the terminal can be connected to a dedicated

electrometer for electrical characterization. Finally, fluidic functionality is supported by

syringe tips that can be inserted in the microchannels of the fiber at the proximal end. On

the other side, the syringe tips are connected to a syringe for manual injection and suction

or a peristaltic pump for automized fluidic tasks. To analyze experiments in the aftermath, a

camera is also connected to the control unit.

The actuation and additional functionalities are coordinated by the PC, which runs a custom

graphical user interface. The program is written in Python 3 and includes the modules Numpy,

Matplotlib, Serial, Tkinter, and OpenCV for multi-dimensional array operation, real-time

plotting and visualization, communication with the microcontroller, providing a graphical

user interface, and recording images and videos, respectively. The actuation controls are

eased by the implementation of a kinematic model, which is discussed below. The movement

of the robotic fiber can be instructed using different ways: (i) The absolute arm angles for

each servo can directly be input. (ii) In addition to unique values, each servo can also be

instructed to execute a servo angle ramp, where starting and end position as well as step size
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Figure 5.1 – Soft robotic fibers fabrication, structure, and actuation. a) Schematic of the fabrication
technique and the actuation driven by integrated tendons. b) Optical micrographs of several produced
fiber cross-sections. The SEBS fiber structure features three lumens to host the tendons and can
integrate optical guides, metallic wires, or microchannels. c) Merged sequence of photographs of a soft
robotic fiber, illustrating the range and complexity of motion. d) Photograph of a soft robotic fiber of
diameter 700 µm that wraps around a finger through actuation. e) Schematic of the fiber configuration,
parameterized by its length, bending angle θ and bending direction α. The configuration is set through
the controlled displacement of the tendons∆li, and defines the end effector position p. f ) Bending angle
ramp with constant bending direction angle, shown as a comparison of set and true bending angle as
well as a merged sequence of photographs. g) Optical microscope of the cross-section of a soft robotic
fiber integrating a light guide that emits red light. h) Photograph of the robotic fiber emitting light out
of the distal end onto a screen. i) Schematic of the light projection, parameterized by the center of the
lit disk on the screen u. j) Merged sequence of photographs of predefined motion patterns executed
by the soft robotic fiber. k) Optical micrograph of the cross-section and sequence of photographs of
different configurations for a fiber integrating two sets of three tendons, where one set is terminated
halfway along the length and one at the end point. l) Another strategy of high-degree-of-freedom
motion, achieved by inserting a thinner robotic fiber within a larger.
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Figure 5.2 – Peripheral control unit. a) Experimental setup to control and interface with the soft robotic
fibers. b) Screenshot of the graphical user interface.

and step time are set. (iii) The desired bending angle and bending direction of the robotic

fiber can be input, which are automatically converted to servo angle instructions. (iv) With the

keyboard direction buttons the fiber can be intuitively moved in the desired direction, based

on cartesian or polar coordinate systems according to user preference. (v) Previously planned

trajectories can also be executed. The trajectories are input as sequences of bending angle

and bending direction in the form of a text file. Upon initiation, the program consecutively

runs through the coordinates in the sequence, automatically enacting the planed trajectory.

(vi) The fiber can also be controlled without specific user input. In this case, the proximity

sensor signal is used as a feedback in a closed-loop controller. Depending on the implemented

controller, such as on-off control using a threshold value, the fiber autonomously adjusts its

configuration based on the measured signal.
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Regardless of the chosen actuation control, the graphical user interface displays essential

information of the system to the user in real-time. This includes a bar chart of the absolute

servo arm angles, a 3-dimensional visualization of the current fiber configuration, and a bar

chart of collected signals, such as photodarlington voltage in the proximity sensing device.

Finally, the software also features the possibility of saving all collected data, including time,

set servo angles, set fiber configurations, measured signals, and a synchronized video stream

from the camera.

5.4 Kinematic model and motion control

At the heart of the controls system lies our kinematic model, formulated upon the constant-

curvature approximation. With this framework, the high dimensionality of the soft robot is

reduced to a 3-dimensional configuration space, parameterized by the fiber length l, bending

angle θ, and direction angle α (Figure 5.1e). In the kinematic model, the four operation spaces

are decomposed and sequentially mapped: (i) the actuator space specific to the setup, (ii) the

joint space with the variables tendon displacements ∆li , (iii) the configuration space, and

finally (iv) the task space, described by the 3-dimensional coordinates of the end effector p.

The model is presented in its inverse form, as in most application we aim at calculating the

inputs to achieve a set end effector position.

The first mapping consists of relating the task space, parameterized by the end effector coor-

dinates p = (px , py , pz ), to the configuration space defined by the parameters fiber length l ,

bending angle θ, and bending direction α, as defined in Figure 5.3a. It can be expressed as

[169]:

α= arctan

(
py

px

)
(5.1)

θ = arccos

1− p2
y

pz ·sin2(α)

p2
y

pz ·sin2(α)
+1

 (5.2)

The second mapping relates the configuration space to the joint space, parameterized by

the displacements of the three tendons ∆li with i = 1,2,3. As a robot-dependent mapping,

the structural parameters eccentricity e and tendon angle φi , shown in Figure 5.3b, must be

included [170]:

∆li = e ·θ ·cos
(
α−φi

)
(5.3)

In practical experiments, we extended this ideal case by two terms. First, we included an

additional term to avoid tendon slacking, which causes a compression of the fiber and thus a

slight shortening of length, but does not alter the bending angle or bending direction. Second,
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Figure 5.3 – Kinematic model and motion analysis. a) Schematic outlining the 3-dimensional bending
of the fiber. The end effector coordinates p depend on the bending angle θ and bending direction α.
The configuration of the fiber is set by controlled displacements of the tendons ∆li at the proximal
end. b) Schematic of the fiber cross-section. How much each tendon must be pulled depends on the
structural parameters of the fiber, including the eccentricity e. The bending direction α is indicated
to emphasize that the tendon displacements depend on their placement in the fiber relative to the
bending direction. c) Schematic to outline the relationship between tendon displacement and set servo
arm angle βi through the setup parameters arm length ai and servo distance from tendon distributor di.
d) Sequence of images of the soft robotic fiber as the bending angle is continuously increased. The two
extremities of the soft robotic fiber are selected as objects that are tracked throughout the experimental
video. A circle is fitted based on the coordinates of the two points. As shown, it corresponds to the
curvature of the fiber. e) Additional curvature ramp with a maximum bending angle of 540°.

we added a correction factor fi for each tendon to account for slightly different zero positions

during setup. The correction factor was obtained through a one-angle visual calibration,
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typically at a bending angle of 90°.

∆li = fi ·
(
e ·θ ·cos

(
α−φi

)+e ·θ)
(5.4)

The third and final mapping connects the joint space to the actuator space, which depends on

the setup geometrical parameters servo arm length ai and servo distance di , and yields the

servo arm angle βi , shown in Figure 5.3c:

βi = arccos

(
a2

i +d 2
i −

(
li ,0 +∆li

)2

2 ·ai ·di

)
(5.5)

where li ,0 is the initial length of the tendon segment between the distributor element and the

point on the servo arm where the tendon is fixed. It depends on the initial servo arm angle

setting:

li ,0 =
√

a2
i +d 2

i −2 ·cos
(
β
) ·ai ·di (5.6)

With these three mappings, the coordinates of the end effector are converted to the direct

inputs of the peripheral control units in the form of the arm angles of the three servos. We

firstly validate our inverse kinematics in a 1-dimensional experiment, where a bending angle

sequence at constant bending direction is input into the system. In parallel, we capture the

true bending angle with a camera and computer vision. As shown in Figure 5.1f, the soft

robotic fiber follows the set bending angle ramp closely. Based on the visual analysis, we

also find that the constant-curvature approximation holds (Figure 5.3d). A hysteresis effect

is observed on the return path, which is a common occurrence in soft systems due to the

material’s viscoelastic nature. The highest deviation between set and true bending angle is

observed close to the initial configuration, where the bending angle is zero and the tension of

the tendons is at a minimum. Note that in this experiment, we limited the bending angle to a

maximum of 270°, which we deem beyond requirements of most applications, although our

robotic fibers can bend to significantly larger extents, as high as 540° (Figure 5.3e).

Next, we validate our controls in two dimensions by varying the bending direction in addition

to the bending angle. We employ a soft robotic fiber equipped with an optical guide at its

core (Figure 5.1g) and aim to deliver light to spatially predefined areas. Light from a source

connected at the proximal end is emitted out of the distal end onto a screen (Figure 5.1h).

Thus, the inverse kinematics are extended by an additional level consisting of the coordinates

of the center of the light spot u (Figure 5.1i). In the experiment, we compile a sequence of u

coordinates into a script similar to a G-code, which is commonly employed for the controls

of CNC machines or 3-D printers. The list is input into the system in the form of a text file,

upon which the robotic fiber automatically executes the trajectories, successfully tracing the

shape of predefined letters (Figure 5.1j). The shown images are created by superimposing the

frames of a video of the experiment by areas of highest intensity. Note that the small bright

spot, visible besides the light projected onto the screen, is caused by the scattering interface at
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the light guide’s emitting end.

In a concluding remark regarding motion control, we present two strategies for increasing

the degrees of freedom, currently limited to bending about two axes in the basic fiber design.

In the first approach, the cross-sectional structure is altered to include six rather than three

lumens, allowing two sets of three tendons to be distributed in the structure (Figure 5.1k). By

terminating the first set of tendons halfway along the length and the second at the fiber end,

the fiber is essentially separated in two segments that can each be separately actuated. In

the second approach, a thinner basic robotic fiber is introduced within a larger robotic fiber

featuring a large lumen at its center (Figure 5.1l). In addition to decoupled bending of both

fibers, the thinner fiber can be advanced and retracted within the larger fiber, adding another

translational degree of freedom. These examples illustrate the complexity of motion that can

be achieved as well as the modularity of our soft robotic fibers.

5.5 Proximity sensing with soft robotic fibers

An important ability in robots is the perception of their surroundings, particularly so in

medical robots where the environments are fragile and dynamic. We seek to accomplish

exteroception in our soft robotic fibers through optical displacement sensing. We introduce

three parallel optical guides in the core of the fiber, which are decoupled from one another

(Figure 5.4a). The sensor configuration consists of one guide connected to a light source and

one to a photodetector at the proximal end, acting as transmitting and receiving lines (Figure

5.4b). The intensity of light reflected at an obstructing surface depends sensitively on the

distance and decreases monotonically beyond a peak at approximately 0.5 mm (Figure 5.4c).

Based on a spectroscopic analysis (Figure 5.5a, b), we found an optimum in measurement

sensitivity and range at a wavelength of approximately 650 nm, which corresponds to one of

the attenuation minima of PMMA light guides. At this wavelength, distances can be measured

at submillimeter resolution up to 18 mm. In subsequent experiments, we employed an

LED with peak wavelength 645 nm and a photodarlington to improve the practicality of

the device and increase the signal collection and analysis rate. We also tested the sensor in

deionized water and water with an absorbing agent (Figure 5.5e, d). Besides a shift of the

intensity-distance curve, which can be resolved by recalibration upon operation in a medium

of different refractive index, the sensor performance remains unchanged.

We introduce the measure of proximity as an exteroceptive feedback to close the control loop,

setting the stage for autonomous movement and obstacle avoidance. In a first experiment, we

implement an on–off algorithm whereby the bending angle is increased when a threshold value

of reflected intensity is exceeded due to near-impact proximity of an obstacle, and reduced

again when the condition is not met. As shown in Figure 5.4d, stages 1-4, the soft robotic

fiber adjusts its configuration according to the continuous measure of reflected intensity,

successfully avoiding contact, as well as returning to its initial position when the disturbance

is removed. Note that the oscillation close to the threshold could be resolved through more
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Figure 5.4 – Proximity sensing with soft robotic fibers. a) Optical micrograph of the cross-section of
a fiber integrating three optical guides, each emitting a differently colored light. b) Schematic of the
working principle of the proximity sensing. c) Intensity of received light as a function of distance to
the reflecting obstacle. d) The continuously measured intensity is used as a feedback signal to control
the configuration of the robotic fiber. The experiment is shown by a sequence of photographs, as well
as a plot of the measured photodarlington voltage and set bending angle and direction as function
of experiment time. The encircled numbers relate the photographs to the corresponding times in
the plot. e) Schematic of the fiber motion pattern to scan over the surface of an unknown object.
f) Comparison between the true objects, shown as 3-dimensional models that are printed, and the
reconstructions obtained trough the proximity signals and fiber configurations during the scan. The
fiber scan reconstructions are color-coded by the z-coordinate, defined in panel (e). g) Measured
proximity signals for three exemplary radial scan orientations as indicated on object iii in panel (f).
h) Photograph of the fiber facing the hole in the object, which was autonomously executed based
on collected proximity signals. A metallic guide wires is manually advanced through one of the fiber
lumens right into the targeted hole.
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advanced controllers, such as a PID. In a second test, we increase the complexity of the task

by introducing an obstacle that cannot be avoided through 1-dimensional bending. We take

advantage of the omnidirectional bending capability of our robotic fibers and extend the

algorithm by an additional condition: When an increase in bending angle causes a decrease in

proximity rather than the expected increase, the step is reversed threefold and the bending

direction is altered. Also in this case, the robotic fiber could autonomously find a configuration

to avoid an impact with the approaching obstacle (Figure 5.4d, stages 5-8).

Next, we show that the soft robotic fibers can also act as imaging devices, where the proximity

signals are used in conjunction with the known fiber configurations to reconstruct the 3-

dimensional spatial surroundings. To obtain a large number of sample points, we plan a radial

scanning sequence that is automatically executed by the fiber (Figure 5.4e). For each fiber

position, we implement the measure of distance in the forward kinematic model to compute

the spatial coordinates of a point on the obstructing surface.

This is done by recording the photodarlington voltages for specific distances of a reflecting

white surface to the tip of the robotic fiber. An example of a calibration curve is shown in

Figure 5.5e.

We find that the relationship between the measured voltage V and the distance d can be best

described using a function of the form:

d = a0 + a1

V
+ a2

V 2 + a3

V 3 (5.7)

The parameters ai , i = 0,1,2,3 are found by fitting the function to the calibration data. Based

on this calibration curve, a distance can be directly calculated from a measured photodarling-

ton voltage signal.

Next, we must determine the kinematic relationship between, on one hand, the coordinates u

of the targeted point on the reflecting surface, and, on the other hand, the measured distance

and set fiber configuration. We first derive in two dimensions using the schematic shown in

Figure 5.5f:

u =


l
θ · (l −cosθ)+ sinθ ·d

0
l
θ · sinθ+cosθ ·d

 (5.8)

We extend the expression to three dimensions by applying the rotation matrix around the
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z-axis by the bending direction angle:

u =

cosα −sinα 0

sinα cosα 0

0 0 1

 ·


l
θ · (l −cosθ)+ sinθ ·d

0
l
θ · sinθ+cosθ ·d



=


cosα ·

(
l
θ · (1−cosθ)+ sinθ ·d

)
sinα ·

(
l
θ · (1−cosθ)+ sinθ ·d

)
l
θ · sinθ+cosθ ·d


(5.9)

Using this expression, every set of configuration angles and distance, which is determined

using the intensity of reflected light and the calibration curve, yields the coordinates of a point

on the surface. Finally, all the points from the scan are plotted, resulting in the 3-dimensional

reconstruction.

To test our 3-dimensional mapping concept, we print three objects with defined geometries

and initiate the scanning protocol upon them (photographs of all objects are shown in Figure

5.5g). As shown in Figure 5.4f, the computed representations based on the fiber scans closely

match the true shapes. The spatial resolution of recorded points on the surface is limited by

the area defined by the overlapping acceptance cones of the two light guides, which is why

sharp features of the objects appear washed out. The resolution could be improved through

light guides with smaller numerical apertures as well as different numbers and arrangements

of emitting and receiving guides. Additionally, a source of error is the discrepancy of set fiber

configuration to true configuration. Nonetheless, with our first-generation device, particular

areas of interests in the surroundings are readily identified and can be used as reference points

for autonomous task completion. We demonstrate this capability with the cup-shaped object,

which features a hole. The intensity values collected for radial scans in three orientations are

shown in Figure 5.4g. In contrast to the other two orientations, the intensity profile obtained

for the path crossing over the hole exhibits a distinctive minimum. Once the scan is completed,

the robotic fiber automatically moves to the position of minimum intensity, as it was instructed

to do before the experiment. The resulting fiber configuration provides an ideal access for

subsequent navigation and manipulation, which we illustrate by manually advancing a guide

wire through one of the lumens of the fiber directly into the targeted opening (Figure 5.4h).

Note that in this scheme of identifying and implementing an optimum configuration, unlike

the imaging concept, the fiber simply recreates a previous configuration with specific settings

and it thus irrelevant how closely the true configuration matches the set position.
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Figure 5.5 – Additional analysis of proximity sensor. a) Spectrum of the reflected light for different
distances of the fiber tip to the reflecting surface. The wavelength 650 nm is indicated as a dashed line.
b) Spectrum of derivative of intensity with respect to distance for different distances. The negative peak
for each curve is indicated by a solid marker. c) A reflective surface is translated respective to the fiber
tip in different media. The shown voltage of the photodarlington corresponds to the reflected light
intensity from a red LED. d) Photograph of the three different media. e) Calibration curve obtained
by fitting a function to the data obtained from a calibration experiment. f) Schematic outlining the
relevant geometrical parameters to calculate the coordinates u on the surface of an object from the
measured distance d and fiber bending angle θ. g) Photographs of all 3-dimensionally printed objects
employed in the experiments of the proximity sensor.
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5.6 Electrical probing and fluidic delivery

In addition to optical guides, the soft robotic fibers can also host metallic wires to electrically

stimulate and record spatially distributed targets. As shown in Figure 5.6a, we integrate three

super-elastic Nitinol wires of diameter 76 µm at the center of the fiber. The wires are connected

to an electrometer on the proximal end and left exposed at the distal end of the fiber. Thus, if

the fiber tip comes in contact with a conducting surface, the circuit between two of the three

wires is closed and samples can be electrically characterized through current measurements.

To test this functionality, we aim at electrically probing two different conductive hydrogels with

admittivities, 1.1 mS.m-1 and 0.3 mS.m-1. Rather than relying on predetermined trajectories,

we demonstrate our manual control technique, where the movement of the robotic fiber is

instructed directly by a user via the direction keys of the computer keyboard. As illustrated

in Figure 5.6b, the fiber readily bends from the initial configuration towards any desired

point on the samples. Moreover, sufficient force can be applied to create a stable electrical

contact, as underlined by the current that is measured in parallel. Indeed, the measured signal

corresponds to the conductivity of the sample.
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Figure 5.6 – Electrical and fluidic functionality in soft robotic fibers. a) Optical micrograph of the
cross-section of a fiber integrating three metallic wires. b) Sequence of photographs and measured
current during an electrical probing experiment. The robotic fiber comes consecutively in contact
with two different samples, thus assessing the electrical properties. c) Optical micrograph of the cross-
section of a fiber integrating seven microchannels at its center. d) Sequence of photographs of the
fluidic experiment. The robotic fiber sucks fluid out of the first vial, and pumps it into a second vial.
Subsequently, it pumps a different liquid into a third vial.
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As a final functionality, we incorporate several fluidic channels in the soft robotic fibers that

can be addressed individually. Through the use of pumps connected at the proximal end, the

channels can serve as tools for the targeted delivery or suction of fluids. We demonstrate this

capability with a soft robotic fiber that integrates seven differently sized channels (Figure 5.6c).

In the fluidic experiment shown in Figure 5.6d, we rely once again on the manual controls to

move the robotic fiber and accurately address several spatially distributed vials. In a first step,

we use one of the channels to suck fluid out of one of the vials and deliver it to the vial next

to it. Subsequently, with one of the other channels, we fill a third vial with a separate fluid to

highlight the multiplexing capability.

5.7 Conclusion

The thermally drawn thermoplastic elastomer-based fibers set the stage for soft robotic devices

with extreme aspect ratios and integrating multiple materials. Complex and accurate motion

is achieved by a tendon-driven mechanism and additional modular functionalities are evoked

by embedded light guides, electrical wires, or fluidic channels. The soft robotic fibers are

particularly promising in minimally invasive procedures, where they can perceive, image,

and autonomously adapt according to their spatial environments, as well as probe electric

properties and deliver fluids and tools to spatially distributed targets.

5.8 Experimental section

Soft robotic fiber fabrication and preparation

To fabricate the preform, granules of the cladding material poly(styrene-b-(ethylene-co-

butylene)-b-styrene) (SEBS Kraton), were filled into custom steel molds, which featured

the desired outer shape as well as interior mold cores. The material was compression-molded

at 0.5 bar, 180 °C for 6 h. Next, the preforms were thermally drawn into fibers using a custom

draw tower at a set middle-zone-temperature of 200 °C and at a feed speed of 1 mm.min-1

and take-up speeds ranging from 100 to 900 mm.min-1, resulting in diameter scale-down

ratios of 10 to 30. For fibers featuring additional functional elements such as optical guides, a

feeding mechanism was employed as an extension to the thermal drawing process. Before

starting the process, the 1-dimensional elements were introduced in designated holes within

the preform. The significant decrease in size of the cross-section during the process, led to the

fed elements being caught within the narrowing holes by the flowing cladding material and

being continuously unspooled. Fed elements included tendons (bend-and-stay multipurpose

304 stainless steel wires, super-elastic nitinol wire, or clear nylon line, McMaster-Carr), optical

guides (optical grade plastic optical fiber unjacketed, Edmund Optics), electric wires (bend-

and-stay multipurpose 304 stainless steel wires, super-elastic nitinol wire, McMaster-Carr),

and Teflon tubing (high-temperature tube sleeving, McMaster-Carr). The fabricated fibers

were assessed using optical microscopy (microscope, Leica). In fiber post-processing, the
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fibers were first cut into suitable segment lengths. The tendons and other functional elements

were exposed at the ends through a solvent (toluene, Sigma-Aldrich) or mechanical treatment.

On one end, the tendons were fixed by tying knots or applying epoxy glue. On the other end,

the tendons and other functional elements were interfaced with the peripheral control unit.

Finally, a drop of ethanol was applied on the tip of the fiber, where it was sucked into the

lumens of the tendons by capillary effect, acting as a lubricant during actuation.

Motion characterization

The soft robotic fibers were fixed and actuated with the peripheral control unit. For the

1-dimensional bending, a camera (C270, Logitech) was orientated perpendicularly to the

bending direction of the fiber. During the bending angle ramp, the time, set bending angle,

and camera images were continuously recorded. In post-processing, the video feed was

analyzed using computer vision (OpenCV in Python), where the coordinates of the two fiber

extremities were extracted, yielding the fiber’s true bending angle. To characterize the motion

in 2 dimensions, a soft robotic fiber with a light guide at its center was employed, where the

light guide was connected to a red light-emitting diode (IF E96E, Industrial Fiber Optics) at the

proximal end. Light emitted out of the distal end of the light guide was projected onto a screen.

The experiment, consisting of executing planed trajectories, was recorded by a camera (RX100,

Canon). The cumulative light path was visualized in post-processing using frame blending by

maximum intensity in video editing software (Premiere Pro, Adobe).

Proximity sensor characterization

A soft robotic fiber featuring three light guides at its center was used for proximity sensing

experiments. In the spectroscopic analysis, one light guide was connected to a white light

source (HL-2000, Ocean Optics) and another light guide to a photodetector (USB2000+VIS-NIR-

ES, Ocean Optics). A white surface orthogonal to the fiber was displaced in a controlled fashion

and the spectrum of reflected light recorded at every increment at a constant integration time

of 1000 ms. In subsequent experiments, a practical light source (IF E96E, Industrial Fiber

Optics) and photodetector (IF D93, Industrial Fiber Optics) were employed. For testing

different media, the fiber tip was submersed in a beaker, which was displaced in a direction

parallel to the fiber using a translation stage. In the obstacle avoidance test, 3-dimensionally

printed objects of white polylactic acid were displaced relative to the fiber and the measured

intensity signal and set fiber configuration were continuously recorded. For the fiber scanning

experiment, 3-dimensionally printed objects were kept at a constant distance while the fiber

moved atop them. The scan involved a bending angle step size of 2° and range of 2° - 34° and a

bending direction step size of 10° and range of 0° - 360°, resulting in a total 612 points that can

be used for the reconstruction of the shape. For the experiment involving the guide wire, a

fiber was used where one of the light guides was mechanically extracted and replaced by a

stiff metallic wire (spring-back multipurpose 304 stainless steel wire, McMaster-Carr). Once

the scan procedure was completed and the fiber automatically moved to the desired position
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angled at the targeted hole, the steel wire was manually moved forward, penetrating the hole.

Electrical probing test

The electrical probing experiment was performed using a soft robotic fiber featuring three

metallic electrodes at its center (super-elastic nitinol wire, McMaster-Carr). The wires were

mechanically exposed at both extremities. On the proximal end, the wires were interfaced to an

electrometer (HF2LI lock-in amplifier, Zurich Instruments), where two wires were connected

conjointly at the first pole and the third wire at the second pole. The current was continuously

recorded under an electrical stimulation of frequency 100 kHz and amplitude 1 V, while the

fiber motion was conducted using the keyboard control. The tested samples consisted of

conductive hydrogels composed of gelatine-glycerol, where the conductivity was tuned by

a controlled amount of polypyrrole resulting in two types of samples with admittivities 1.1

mS.m-1 and 0.3 mS.m-1.

Microfluidic channels test

The fluidic experiment was performed using a soft robotic fiber featuring seven channels

distributed in the cross-section. On the proximal end, the two of the channels were connected

by inserting syringe tips, leading through tubing to syringes. Water with differently colored

dyes was used as an illustrative fluid. The fiber motion was conducted using the keyboard

control, and fluid suction and delivery was achieved by manually operating the syringes.

97





Conclusion

In this Thesis, the fabrication of soft multi-material fibers with the thermal drawing technique

was studied. Based on this materials and processing platform, several mechanical sensors

and actuators in fiber form were developed, which featured innovative materials, structural

designs, and transduction mechanisms. Indeed, the soft devices could effectively solve a

diverse set of tasks in biomedical applications and human-machine interaction.

The material class of thermoplastic elastomers constitutes the foundation of the work, based

on which the soft fiber-based devices are developed. It was found that several thermoplastic

elastomers exhibit the necessary rheological profile for the thermal drawing technique, more

specifically the predominantly viscous rather than elastic thermomechanical behavior. In

contrast to glasses and thermoplastics, which were until recently the only process-compatible

material groups, thermoplastic elastomers can reversibly deform to large extents (100s of

percent of strain) under low loads (on the order of kPa to MPa). Most importantly, they can be

co-processed with other materials that have particular properties of their own. The focus was

set on electrical materials in particular, including conductive polymer composites as well as

solid and liquid metals. In terms of processing, composites retain their structural integrity

during the drawing and can be placed on surfaces, whereas both solid and liquid metals

must be fully enclosed by viscous materials. As for electrical properties, it was found that

polymer composites have higher resistivities, on the order of 10Ω.m, and feature pronounced

piezoresistive behaviors that can, at extreme strain levels, lead to the irreversible loss of

conduction. Solid and liquid metals with resistivities on the order of 10-7 Ω.m, however, are

conductive enough to guide currents and voltages at high frequencies where wave phenomena

are observed. Moreover, liquid metals follow faithfully and reversibly all deformations applied

to the enclosing material. In conclusion, diverse multi-material assemblies of thermoplastic

elastomers and functional materials can be realized within fibers with the thermal drawing

process.

Several concepts of mechanical sensing and actuation were explored by relying on such

multi-material fibers. The functionalities were evoked by leveraging the various materials’

properties, their arrangement in fiber-internal structures, as well as the interfacing with

peripheral devices that could interact with the fibers in specific ways. In terms of sensing, a

special emphasis was put on the amount and the quality of information that could be extracted

from the fibers. Since the fibers act as distributed sensors, adapted schemes were developed
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to obtain information not only about the presence and intensity of an applied stimulation,

as is the case in typical 0-dimensional sensors, but also about its type and location along

the fiber, as well as the distinction between multiple simultaneously applied stimuli. While

this is a significant challenge that often necessitates the exclusive selection of one mode of

deformation to be measured, or the loss of one piece of information in favor of another, it

also represents an opportunity because a single fiber-based sensor with few contact points

can provide an immense wealth of information. When considering actuation, the mechanism

triggering the movement must be adapted to the high-aspect-ratio nature of the fibers. Special

emphasis was put here on the interaction of integrated actuation and sensing, which converts

the fibers to capable robots when suitable control schemes are employed.

In the following, we summarize the specific fiber-based devices that were developed:

Pressure-sensing fibers. The fibers integrate an asymmetric elastomer architecture that features

several electrodes separated by an air gap. Compressive loads on the meter-long fibers result

in the selective contacting of the electrodes within the deformed fiber structure, triggering pro-

nounced electrical signals at distinct pressure levels. Thanks to advanced mechanical analysis,

involving a hyperelastic material model and finite-element analysis, the fiber microstructure

is tailored to respond in a predictable and reversible fashion to different pressure ranges

and locations. This developed pressure-sensing concept enables the facile functionalization

of large surfaces, demonstrated by a fiber-augmented gymnastic mat for the monitoring of

human body position, posture, and motion.

Stretchable nanocomposite fibers. A polymer nanocomposite is engineered based on the

rheological, mechanical, and electrical requirements originating from the thermal drawing

technique as well as application in electromechanical sensing. Embedded in a thermoplastic

elastomer cladding, the resulting nanocomposite fibers are found to be soft and stretchable,

as well as electrically conductive, a property that can be tuned by the processing tempera-

ture when the fiber incorporates a process-supporting spine. Along with the intricate multi-

material cross-sectional designs, the programmable resistivity and linked piezoresistivity

make the thermally drawn nanocomposite fibers a versatile platform for mechanical sensors.

This potential is demonstrated with several fiber-based devices, which are each targeted at a

specific mode of mechanical stimulation and rely on a different sensing scheme. They include

a robotic fiber with an integrated bending mechanism that is monitored with a piezoresistive

feedback signal, a pressure sensing fiber based on a variable path length of the electrical

current, and a stretch sensing fiber based on measures of capacitance.

Transmission line fibers. The elastomeric fibers integrate specifically arranged liquid metal

conductors and have the length and cross-sectional integrity necessary to guide signals at

radio frequencies, enabling interrogation by electrical time-domain reflectometry. The re-

flected electrical waves, triggered by multimodal deformations of the fiber structure, yield

a large amount of information about the applied stimulation. This unprecedented physical

mechanism enables multiplexed measurements of the mode, magnitude, and position of
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multiple simultaneous pressing and stretching events. By integrating a single soft transmission

line with a single interface port into a larger fabric, the technique can be used to create an

electronic textile that can decipher convoluted mechanical stimulation.

Soft robotic fibers. Both actuation and sensing schemes are combined, resulting in robotic

fibers that can accurately accomplish extensive 3-dimensional motion driven by fiber-embedded

tendons. Additional modular functionalities are evoked by embedded light guides, electrical

wires, or fluidic channels. The soft robotic fibers can perceive, image, and autonomously

react according to their spatial environments, as well as probe electrical properties and deliver

fluids and tools to spatially distributed targets.

As was shown in these works, the use of soft material in functional fibers does indeed enable a

wide range of methods for sensing and actuation, most of which would not have been possible

with hard materials. Additionally, as demonstrated by the various prototypes, the soft fibers

are ideally suited to safely interact with the human body, opening the door to numerous

applications in the biomedical domain and human-machine interactions. However, the

concepts developed in this Thesis must be optimized according to the targeted application and

some bottlenecks remain to resolved. First, regarding the manufacturing, the soft materials

can still not be processed at the scale of hard materials, neither in terms of minimum fiber

diameter nor maximum length from one draw. However, thermoplastic elastomers provide

an opportunity to lessen this inferiority because the rheological properties can be tuned by

polymer synthesis techniques, for instance by altering the ratio of hard to soft segments or

the polymer chain lengths. Likewise, the critical parameters related to the viscous flow of the

composites were identified, which can be used as waypoints for changes in formulation and

preparation of nanocomposites specifically for the thermal drawing process. Additionally,

the process technology is far from optimized and detailed heat transfer and flow mechanics

analyses should result in improved yields. Functional fibers with diameters and lengths

comparable to standard fibers employed in the textile industry would ease the augmentation

of textiles. Secondly, considering the design and mechanism, it was found that it is difficult to

realize a one-size-fits-all solution and generally concessions must be made in terms of the

stimulation that is to be captured or generated. However, the design freedom is immense

and specialized fibers can be combined if additional complexity is desired. An ever-present

drawback of the soft materials in deformable devices was their viscoelastic nature, which

introduced a hindering hysteresis behavior in sensing and actuation applications. However,

it can often be circumvented by changes to the design, by limiting the range of stimulation

in applications, or, as was recently shown [81], the use of advanced computational methods,

such as machine learning. Finally, regarding the implementation and application, the main

difficulty arises from the necessity of interfacing the fibers with peripheral devices. However, by

selecting the right strategy for functionality, the number of contact points can be significantly

reduced, comparing favorably to existing methods of arrays of 0-dimensional devices. A

particularly interesting direction for future work is the detailed investigation of the interplay of

sensing and actuation. Particularly when coupled with dedicated peripherals and optimized

control algorithms, which reduce the required supervision for accomplishing desired tasks,
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the technology could lead to truly ‘smart’ fibers and textiles.
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