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Few representative biologically-inspired examples.
Einige repräsentative biologisch inspirierte Beispiele.
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Soft robotics involves diversity of fields from Sciences and Engineering.
Die Softrobotik umfasst eine Vielzahl von Bereichen aus Wissenschaft und Technik.
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Key challenges associated with soft robotics
Die wichtigsten Herausforderungen im Zusammenhang mit der Softrobotik
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A flexible joint robotic manipulator (a) CAD model (b) Fabricated prototype
Ein Robotermanipulator mit flexiblen Gelenken (a) CAD-Modell (b) Gefertigter Prototyp
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	Figure: A flexible joint robotic manipulator (a) CAD model (b) Fabricated prototype
	Abbildung: Ein Robotermanipulator mit flexiblen Gelenken (a) CAD-Modell (b) Gefertigter Prototyp














Prominent applications of soft robotics
Bedeutende Anwendungen der Softrobotik
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Classification of soft robots with respect to (w.r.t.) various parameters
Klassifizierung von Softrobotern in Bezug auf verschiedene Parameter
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Types and illustration of soft robots w.r.t. stimulus
Typen und Illustration von Softrobotern in Bezug auf den Reiz
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Typical efficiency and power/ratio of prominent soft actuators.
Typischer Wirkungsgrad und Leistung/Verhältnis bekannter weicher Aktoren.
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	(a) A sample of a shape memory material (b) Coil made up of Nitinol.

(a) Eine Probe eines Formgedächtnismaterials (b) Eine Spule aus Nitinol.
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SMA phase transformation process.
SMA-Phasenübergangsprozess.
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SMA topologies  
SMA-Topologien  
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(a,b) Single finger – Inner and outer view (c, d) Antagonistic and triangular configurations of gripper (e, f) Bending angle profiles
(a,b) Einzelfinger – Innen- und Außenansicht (c, d) Antagonistische und Dreieckskonfigurationen des Greifers (e, f) Biegewinkelprofile
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SMA-based FFP.
SMA-basierte FFP.
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(a-h) Walking motion pattern	Comment by Kiviniemi, Leena: Only the title of this graphic requires translation.
(a-h) Bewegungsmuster beim Gehen	Comment by Kiviniemi, Leena: Only the title of this graphic requires translation.
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A common DE actuator configuration.
Eine übliche DE-Aktor-Konfiguration.
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Actuation mechanisms for a DE (a) Coulombic interactions (b) Direct coupling
Betätigungsmechanismen für ein DE (a) Coulomb-Wechselwirkungen (b) Direkte Kopplung
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DE actuator configurations (a, b) Structure and electrical stimulation of circular actuator (c, d) Structure and electrical stimulation of spring roll actuator.
DE-Aktor-Konfigurationen (a, b) Aufbau und elektrische Stimulation des kreisförmigen Aktors (c, d) Aufbau und elektrische Stimulation des Federrollenaktors.
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Acrylic DE actuator (a) Reference (b) Driving state
DE-Aktor aus Acryl (a) Referenz (b) Antriebszustand
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Shape changing of a DE actuated robotic device (a, b) Folding actuation and its profile (c, d) Unfolding actuation and its profile
Formänderung eines DE-betätigten Roboters (a, b) Faltbetätigung und ihr Profil (c, d) Entfaltungsbetätigung und ihr Profil
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A soft robotic structure actuated with DE actuators
Ein Softroboteraufbau, der mit DE-Aktoren betätigt wird
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Summary of light-driven actuators
Überblick über lichtgesteuerte Aktoren
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	Application
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Some prominent deformations of light-driven actuators
Einige markante Verformungen von lichtangetriebenen Aktoren
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Working of light-driven actuators
Funktionsweise von lichtgesteuerten Aktoren
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	Visible light
	Sichtbares Licht



Working of light-driven actuators (a) Photo-chemical (b) Photo-thermal
Funktionsweise von lichtangetriebenen Aktoren (a) Fotochemisch (b) Fotothermisch
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Micro swimming robot shown with light irradiation mechanism
Mikro-Schwimmroboter mit Lichtbestrahlungsmechanismus
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Lights driving the flagellum swing. (Scale bar = 2 mm.)
Lichter, die den Schwung der Geißel antreiben. (Maßstabsbalken = 2 mm.)
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Grab and transport an object (a-b) Schematics (c-h) Real experiment using developed prototype
Greifen und Transportieren eines Objekts (a-b) Schematische Darstellung (c-h) Reales Experiment mit dem entwickelten Prototyp
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Response of the actuator (a) to different stimulations at 10 mW/cm2 (b) to visible light
Reaktion des Aktors (a) auf verschiedene Stimulationen bei 10 mW/cm2 (b) auf sichtbares Licht
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(a) Pure force and (b) pure torque experienced by the magnetic body
(a) Reine Kraft und (b) reines Drehmoment, die der magnetische Körper erfährt
(b) 
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Navigation of magneto-driven soft micromachine corresponding to two different compound types
Navigation einer magnetisch angetriebenen, weichen Mikromaschine, die zwei verschiedenen Arten von Verbindungen entspricht
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	Flat flagellum
	Helical flagellum
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	(i) t = 0 sec.
	(i) 0 sec.
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	(ii) t = 1sec.
	(ii) t = 4 sec.
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	(iii) t = 2 sec.
	(iii) t = 8 sec.
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	(iv) t = 4 sec.
	(iv) t = 13 sec.
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	(v) t = 5 sec.
	(v) t = 20 sec.

	
	

	
	Flat flagellum
	Flache Geißel

	Helical flagellum
	Spiralförmige Geißel



















Magneto-stimulated terrestrial and swimming robots for tumors interaction
Magneto-stimulierte terrestrische und schwimmende Roboter für die Interaktion mit Tumoren

[image: ]
	3D Printing
	3D-Druck

	Field off
	Feld Aus

	On
	Ein

	Actuation by Engineering the Alignment of Magnetic Axis
	Betätigung durch technische Ausrichtung der magnetischen Achse

	Field-Induced Morphing
	Feld-induziertes Morphing



















Soft pneumatic actuator (a) Longitudinal cross section (b) Bending motion (c) Bending angle profile
Weicher pneumatischer Aktor (a) Längsschnitt (b) Biegebewegung (c) Biegewinkelprofil
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                                                                         (c)
	Bending angle (Degree)
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Soft pneumatic actuator (a) Bending position (b) Blocking force test
Weicher peumatischer Aktor (a) Biegeposition (b) Blockierkrafttest
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	Actuator
	Aktor

	Multi-axis force sensor
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A bending Pneumatic balloon actuator (PBA) moving as a result of pressurization
Sich biegender pneumatischer Ballonaktor (PBA), der sich durch Druckbeaufschlagung bewegt
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	Connector for applying pressure
	Anschluss zum Aufbringen von Druck

	Supply channel
	Versorgungskanal

	PBA
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Pneumatically-driven actuators (PBAs) (a) Initial flat shape – Top view (b) A zoomed-in view
Pneumatisch angetriebene Aktoren (PBAs) (a) Ursprüngliche flache Form – Draufsicht (b) Eine vergrößerte Ansicht
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Bicep Curl
Armbeugung
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	Bicep Curl (Bending Actuator)
	Armbeugung (Biege-Aktor)



Knee Extension
Kniestreckung
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	Straightening Actuator
	Begradigungsaktor



Neck Assistance
Nackenstütze
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	Multi-DOF Actuator
	Multi-DOF-Aktor



Forearm Supination/Pronation
Aufwärts-/Einwärtsdrehung des Unterarms
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	Knit Fabric Twisting Actuator
	Verdrehungsaktor aus Strickstoff

	Woven Contracting 
	Kontraktionsaktor aus Webstoff 












Soft gripper gripping objects in an amphibious environment (a) a sphere (b) a cup (c) a screw (d) a pack of scaphium scaphigerum, (e) a soap (f) a grape.
Weicher Greifer, der Objekte in einer amphibischen Umgebung greift (a) eine Kugel (b) eine Tasse (c) eine Schraube (d) eine Packung Scaphium scaphigerum, (e) eine Seife, (f) eine Traube.
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Pressurization and depressurization cycle to realize locomotion.
Zyklus der Druckbeaufschlagung und Druckentlastung zur Realisierung der Fortbewegung.
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Position sensing of robots: (a) Conventional rigid link (b) Soft robot    
Positionserfassung von Robotern: (a) Konventionelle starre Verbindung (b) Softroboter     
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Conceptualized illustrations showing soft robots (a, b) grasping and manipulation and (c, d) locomotion and exploration.
Konzeptuelle Illustrationen von Softrobotern (a, b) zum Greifen und Manipulieren und (c, d) zur Fortbewegung und Erkundung.


[image: ]
	Bending
	Biegen

	Twisting
	Verdrehen

	Crawling
	Krabbeln

	Locomotion
	Fortbewegung

	Strain
	Belastung

	obstacle
	Hindernis



A curvature sensor based on liquid metal elastomer
Ein Krümmungssensor auf Basis eines flüssigen Metallelastomers
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Integrated sensors: (a) Proprioceptive soft elongation (b) Proprioceptive soft bending
Integrierte Sensoren: (a) Propriozeptive weiche Dehnung (b) Propriozeptive weiche Biegung
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A differential textile-based capacitive sensor pair to estimate bending curvature and external force.
Ein differentielles, auf Textilien basierendes kapazitives Sensorpaar zur Schätzung der Biegekrümmung und der externen Kraft.
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A multi-modal sensor made up of silicone and hydrogel for sensing self-deformation and environment temperature
Ein multimodaler Sensor aus Silikon und Hydrogel zur Messung von Selbstverformung und Umgebungstemperatur
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	Ionic Hydrogel Core
	Kern aus ionischem Hydrogel



Resistive sensor to sense strain and pressure
Resistiver Sensor zur Messung von Belastung und Druck
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	Ursprüngliche Form 

	Elastic conductor
	Elastischer Leiter

	Shape
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Piezoresistive sensor
Piezoresistiver Sensor
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	Conductive nano-filler
	Leitfähiger Nano-Füllstoff
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Resistive sensors (a) Profile of resistance variation (B) Video snapshots 
Widerstandsfähige Sensoren (a) Profil der Widerstandsänderung (B) Video-Schnappschüsse 
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Capacitive sensor
Kapazitiver Sensor
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A plant-inspired capacitive tactile sensing strategy
Eine von Pflanzen inspirierte Strategie für den kapazitiven Tastsinn
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Magnetic field-based tactile sensing: (a) Schematic of unloaded sensor (b) Sensor with  applied (c) Sensor with  and  applied
Magnetfeldbasierte Tastsensorik: (a) Schema eines unbelasteten Sensors (b) Sensor mit  (c) Sensor mit  und 
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MagOne: (a) Prototype design (b) Mould (c) Fabricated elastomer (d) Prototype
MagOne: (a) Entwurf des Prototyps (b) Gussform (c) Gefertigtes Elastomer (d) Prototyp
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Fiber/waveguide-based sensing for sensing strain and pressure
Faser-/Wellenleiter-basierte Sensorik zur Messung von Belastung und Druck

[image: ]

	LED
	LED

	Fiber/waveguide
	Faser/Wellenleiter

	Tensile strain
	Zugbelastung

	Photodiode
	Fotodiode

	Pressure/force
	Druck/Kraft



Schematics of an optical sending-based approach
Schematische Darstellung eines auf optischem Senden basierenden Ansatzes
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[bookmark: _Hlk120837838](a) Open-TacTip schematic (b) TacTip mounted on the ABB robot arm with the cylinder being rolled over
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Technologies used on soft sensors
Technologien für weiche Sensoren
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Typical overall sequential approach to design control laws
Typischer sequenzieller Ansatz für die Entwicklung von Steuerungsgesetzen
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Schematic of a resistor
Schematische Darstellung eines Widerstands
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Schematic of a mass being translated on a surface
Schematische Darstellung einer Masse, die auf einer Oberfläche bewegt wird
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A single DoF rigid link manipulator
Ein Ein-DoF-Manipulator mit starrer Verbindung
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An open loop control configuration
Eine Konfiguration mit offenem Regelkreis
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A feedback loop control configuration
Eine Konfiguration mit Rückkopplungsschleife
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Example of a closed loop control system
Beispiel für einen geschlossenen Regelkreis
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Trajectory tracking (a) Step response (b) Sinusoidal response
Bahnverfolgung (a) Schrittförmige Antwort (b) Sinusförmige Antwort
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Actual VI characteristics of a Resistor  
VI-Ist-Charakteristik eines Widerstands  
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Definition of operating spaces of a continuum robotic manipulator
Definition der Arbeitsbereiche eines Kontinuum-Robotermanipulators  
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Cosserat rod approach for modeling of a soft manipulator  
Cosserat-Stab-Ansatz für die Modellierung eines weichen Manipulators  
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Jellyfish free-swimming results.
Ergebnisse des Freischwimmens von Quallen.  
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(a) PNA - longitudinal cross-sectional view (b) Relationship between pressure and bending angle (c) Illustration with variations in input pressures  
(a) PNA – Längsschnitt (b) Beziehung zwischen Druck und Biegewinkel (c) Illustration mit Variationen der Eingangsdrücke  
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	(a) Relationship between Young’s modulus and bending (b) FEA result  


	(a) Beziehung zwischen Elastizitätsmodul und Biegung (b) FEA-Ergebnis  
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(a) Relationship between channel gap and bending angle (b) FEA results 
(a) Beziehung zwischen Kanalabstand und Biegewinkel (b) FEA-Ergebnisse 
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(a) Relationship between different cross sections and bending angle (b) Fours cross sections (c) FEA results.
(a) Beziehung zwischen verschiedenen Querschnitten und Biegewinkel (b) Vier Querschnitte (c) FEA-Ergebnisse.
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Block diagram internal pressure control of a soft robotic manipulator
Blockschaltbild der internen Drucksteuerung eines Softroboter-Manipulators
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Objects used in the investigational study  
In der Studie verwendete Objekte  
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Force tracking results for the soft manipulator with a control frequency of (a) 2 Hz (b) 1 
Ergebnisse der Kraftverfolgung für den Softmanipulator mit einer Steuerfrequenz von (a) 2 Hz (b) 1 
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Experimental setup for slippery and wet object grasping
Versuchsaufbau für das Greifen von rutschigen und nassen Objekten
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Experimental results showing maximum lifting weight by the manipulators in slippery and wet environment
Experimentelle Ergebnisse zeigen das maximale Hebegewicht der Manipulatoren in rutschiger und nasser Umgebung
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Conceptual applications of soft robots
Konzeptionelle Anwendungen von Softrobotern
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Prominent applications of soft robotics
Bedeutende Anwendungen der Softrobotik
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Diverse applications of soft robots are shown in schematics
Verschiedene Anwendungen von Softrobotern (schematisch)
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Table 2. Sensing technologies for soft robotics.

Transducer mechanisms Materials (electrodes) Sensing functionality Applications Year Ref.
Resistive sensors Liquid metal Bending curvature, force Soft bending actuator 2016 [26]
Strain or bending angle Soft bending actuator 2016 [30]
Strain and curvature Soft robotics 2017 [105]
Strain and curvature Anthropomorphic hand 2011 [80]
Multidirectional bending, twist Soft robotic hand 2017 [22b]
lonic liquid Bending angle and direction Soft omnidirectional actuator 2015 [33]
Contact force, bending angle Robotic joint 2010 [106]
Strain Human movement monitoring 2017 [78a]
Curvature or elongation Soft bending and extending actuators 2017 [43]
Conductive yarn Length McKibben muscle 2015 [64]
Length McKibben muscle 2016 [37]
Bending angle and direction Soft omnidirectional actuator 2015 [34]
Helical wire Curvature Soft bending actuator 2016 [61]
lonogel (printed) Curvature, inflation, contact force Soft bending actuator 2018 [56]
Piezoresistive sensors Nanocomposite Curvature Soft bending actuator 2008 [14b]
Circumference McKibben muscle 2009 [36]
Curvature Soft bending actuator 2017 [31a]
Local strain Soft bending actuator 2017 [31b]
Bending, twisting, elongation Soft structure 2014 [22a,68]
Strain amplitude, location, direction Universal jamming gripper 2017 [58]
Pressure and curvature sensor Soft robotic finger 2018 [60]
Fabric Contact force Soft bending actuator 2016 [84]
Pressure Soft haptic device 2016 [84]
Textile Strain Soft continuum robot 2012 [14c]
Capacitive sensors Nanocomposite Deformation, triaxis force Pneumatic actuator 2016 [107]
Curvature, proximity, pressure Soft bionic hand 2017 [59,67]
Textile Curvature Sensory sleeve for soft robot 2017 [91]
Curvature, contact force Soft bending actuator 2017 [29]
Multiaxis force Bending actuator 2016 [92]
Bending and contact force Soft structure 2015 [54]
Bending angle Anthropomorphic hand 2017 [86]
Pressure sensor Anthropomorphic hand 2017 [90]
Wrinkling film Bending angle Anthropomorphic arm 2017 [88a]
lonic hydrogel Deformation/pressure Soft crawling robot 2016 [57]
Magnetic Hall sensors and permanent magnets Curvature Soft-bodied robot 2015 [42]
Tactile Robotic fingertip 2017 [45b]
Inductive Smart braid Contraction length and force McKibben muscle 2014, 2016, 2017  [38,63]
Coil Bending angle and direction Continuum robotic arm 2016, 2017 [66]
Zigzag coil Diameter Urinary catheter (balloon) 2014 [108]
Optical Optical fiber Bending angle and direction Soft omnidirectional actuator 2015 [35]
Tactile Soft omnidirectional actuator 2014 [94]
Curvature Wearable soft hand 2016 [28]
Tactile Prosthetic forefinger 2017 [95]
Waveguide Curvature, elongation, and force Soft prosthetic hand 2016 [27]
Contactless Curvature Soft-bodied robot 2011 [109]
FBG Strain for shape reconstruction Soft continuum robot 2014, 2016, 2018  [40,65]
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Table 2. Continued.

www.advancedscience.com

Transducer mechanisms Materials (electrodes) Sensing functionality Applications Year Ref.
Piezoelectric P(VDF/TrFE) Curvature Soft bending actuator 2007 [14a]

PVDF Shape reconstruction Flexible beam 2014 [41]
Pneumatic Air pressure sensor Curvature or contact pressure Soft bending actuator 2017 [62]
Ultrasonic - Length Pneumatic actuator 2016 [70]
Hybrid Optical waveguide/piezoresistive Strain and pressure Soft structure 2017 [55]

interconnections, constant conductivity under varying strains
is ideal to develop high-performance and robust sensing sys-
tems. Unfortunately, most good conductors (metals and metal
alloys) have a very poor stretchability (only 3-5%). Currently,
there are two approaches to develop stretchable conductors
(Figure 7): material approach (e.g., nanocomposite,!'% liquid
conductor,'™ conductive polymer/hydrogel,F71121 etc.) and
structural approach (e.g., bulking/wrinkling structure,*I kiri-
gami patterning,M4 textile,®® etc.). Despite the widespread
use, nanocomposite, conductive polymer/hydrogel, and con-
ductive textile have poor conductivity and there is always a
trade-off between conductivity and stretchability. Liquid metals
are good conductors and highly stretchable, but complex fab-
rication and leakage risk limit their applications. Furthermore,
the resistance of these materials varies with strain, which
will change the characteristics of the sensing device and elec-
tronics. Recently, developments in buckling metal films or
wires are promising because of the high stretchability, good
conductivity, and negligible resistance change under strain,
but it is very complex to fabricate these structures. Develop-
ments of printable stretchable interconnections were summa-
rized in this review paper.l!’ Therefore, innovations in new
stretchable conductive materials and simple fabrication and
assembly techniques of stretchable metal structures are highly
demanded.

4.3. Modeling Mechanical Sensing of a Soft Robot

Several computational techniques have been successfully used
in the design of mechanical sensors for traditional robotics, such
as microelectromechanical systems (MEMS)-based sensors that
exploit the advantages of semiconductor technologies. In this case,
they can be modeled as single component with elastic behavior and

pressure p

strain sensor

1=
€= lo

small deformations, placed over a rigid substrate, and the mechan-
ical coupling with the robot body is very limited. Oppositely, in soft
robotics, the robot body can be as soft and deformable as the soft
sensor itself, the mechanical coupling between the robot and the
sensor will change the characteristics of an embedded soft sensor.
For example, the skin of an air chamber in a pneumatic robot will
be stiffer when it is inflated, which will change the characteristics
of the strain and pressure sensor attached on it. It is challenging to
do accurate modeling given the complex behavior and large defor-
mation of these hyperelastic materials used. Moreover, in the case
of interaction between a sensorized soft robot and an object, the
contact behavior is difficult to predict through modeling as fric-
tion (that is, affected by the condition of the surfaces in contact)
plays a key role.'% In this case, due to the material characteristics,
the classical theory of Hertzian contact™”! has several limitations,
giving only approximate solutions, and complex numerical simu-
lations are needed.

Taking into account all those aspects would make the mod-
eling much more complex, involving advanced techniques with
high computational costs, and the results might not match well
with physical systems. Efforts are needed to develop more effi-
cient and reliable techniques. Soft sensors are generally consid-
ered as single components, and the mechanical coupling with a
soft substrate or with soft contacting objects has been overlooked.
In the literature, soft sensor modeling is addressed by exploiting
semianalyticall''® or numerical*! approaches. Relevant and reli-
able results have been obtained both at the micro- and the mac-
roscale, enabling the design of optimized structures.'2”

On the other hand, finite element methods (FEMs) have
been developed to simulate soft robot movements and to imple-
ment real-time control algorithms.'?!l Recently, Duriez and
co-workers provided an online open-source platform, called
SOFA,122 which is dedicated to medical simulations but can
be used for soft robotic systems as well. In particular, FEM

helical
¢ /|strain path

(oLt
R 2e 6 = 2me

Figure 6. a) Definition of a stretchable strain sensor. b) A pressure sensor using a strain sensor. c¢) A bending curvature sensor using a pair of strain
sensors. d) A twisting angle sensor using a stretchable strain sensor placed on helical path.
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