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Abstract
Novel Mechanisms of Robot Locomotion:
Variable Stiffness Actuators for Underwater and Multi-phase
Environments
A significant proportion of our planet’s surface is covered by water, and despite extensiveeffort, large areas of it remain unexplored. The research and scientific communities fora while now have shown considerable interest in the study, the protection, and the sus-tainable exploitation of the oceans’ natural resources. The demand for remote and safeaccess to aquatic andmixed environments has led to the proliferation of autonomous andremotely operated robotic vehicles that aim to negotiate these challenging conditions. Asthe field of robotics advances, themethods of locomotion evolve to achievemore efficientand agile manoeuvring, employing a variety of actuator designs and configurations.Traditionalmethods of robot locomotion are optimized for specific environmental con-ditions, withmost common strategies featuring legs andwheels for terrestrial locomotionand propellers for underwater swimming. The performance of these methods declineswhen the environmental conditions change. To mitigate the diminishing performance inthese conditions, the research community has been investigating alternative methods oflocomotion that include non-traditional actuator designs and compliant materials. Whileactuators that can dynamically adjust their stiffness and shape have been studied in awide range of applications throughout the years, there is a significant gap in underwaterrobotics.This thesis investigates the premise that hybrid and non-traditional actuation systemsthat comprise compliant parts with variable stiffness can be effective for locomotion in awide range of environmental conditions and locomotion scenarios. The hypothesis wasthat variable stiffness actuation will enable reconfigurability that can improve actuatorforce output and enable locomotion in a variety of aquatic andmixed environments, with-out increased control andmotion planning requirements. For this purpose, three actuatorprototypes were developed in order to experimentally investigate actuator morphologyand material selection. The first two prototypes consisted of actuators with compliantparts that feature non-uniform stiffness, and focused on the investigation of underwaterthrust vectoring. The experimental evaluation showed that while the non-uniform stiff-ness profile greatly improved the force output and efficiency of the actuators, it somewhatreduced the repertoire and range of locomotion patterns the robot could achieve. Basedon the findings of the first two investigations, the work expanded to locomotion in morediverse environmental conditions, studying amphibious locomotionwith variable stiffnessactuation. The third prototype relying on a material and design that allow reconfigurabil-ity of shape and stiffness, demonstratedmulti-modal locomotion in aquatic and terrestrialconditions, as well as on submerged terrain that emulates the transition between aquaticand terrestrial locomotion.This work demonstrated locomotion in a variety of aquatic and amphibious scenar-ios. Compared to most existing variable stiffness actuators for thrust vectoring and morenotably for multi-modal amphibious locomotion, the mechanical complexity as well asthe control and motion planning requirements of all prototypes presented in this thesisare significantly low. Additionally, while most implementations of amphibious locomo-tion rely on rigid and fast-moving components that can be harmful to the actuator andto the surrounding environment, this work relied on mostly soft parts and demonstratedminimal impact to the surroundings.This study can lead to further improvements in actuator performance for locomotion
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in more challenging environmental conditions. The experimental study and analysis ofthesemethods provides a deeper understanding of their benefits and limitations. This canhelp identify and further advance the technologies that are currently delaying progress inthis field, eventually increasing the operational autonomy of the robots that use them.Additionally, the demonstrated low impact motion and low disturbance of the surround-ings encourages the wider adoption of variable stiffness actuation for applications thatrequire low environmental impact. Lastly, the insights into variable stiffness actuationcan be transferable to other disciplines of robotics beyond locomotion, such as graspingand rehabilitation.
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Kokkuvõte
Robotite uudsed liikumismehhanismid:
muutuva jäikusega täiturid veealustes jamitmefaasilistes kesk-
kondades
Märkimisväärne osa meie planeedi pinnast on kaetud veega ning vaatamata ulatuslike-le pingutustele, on suured alad sellest avastamata. Uurimis- ja teadusringkonnad on jubamõnda aega näidanud üles märkimisväärset huvi ookeanide loodusvarade uurimise, kait-se ja säästva kasutamise vastu. Nõudlus ohutu kaugjuurdepääsu järele veekeskkondadesja nendega piirnevas, on viinud autonoomsete ja kaugjuhitavate robotsõidukite kiire le-vikuni, millede eesmärgiks on nendes keeruliste tingimustes hakkama saamine. Arengu-tega robootikas arendatakse ka liikumismeetoteid tõhusamaks ja agiilsemaks, kasutadesselleks erinevaid täiturmehhanismide konstruktsioone ja konfiguratsioone.Traditsioonilised robotite liikumisviisid on optimeeritud konkreetsete keskkonnatingi-muste jaoks, kõige levinumate strateegiate puhul võib esile tõsta jalgmehanismid ja rattadmaapealse ning sõukruvid veealuse liikumise jaoks. Antud liikumislahenduste efektiivsusväheneb keskkonnatingimuste muutudes. Keskkonnatingimuste muutumise mõjul vähe-neva jõudluse leevendamiseks on uuritud alternatiivseid liikumisviise, mis hõlmavad mit-tetraditsioonilisi tehnilisi lahendusi ning pehmeid materjale. Kuigi täiturmehhanisme, missuudavad oma jäikust ja kuju dünaamiliselt reguleerida, on läbi aastate uuritud paljudesrakendustes, on allveerobootikas selles osas märkimisväärne mahajäämus.Antud väitekiri uurib eeldust, et hübriid- ja mittetraditsioonilised täiturid, mis koosne-vad muutuva jäikusega ühilduvatest osadest, võivad olla tõhusad liikumiseks varieeruva-tes keskkonnatingimustes ja liikumisstsenaariumides. Hüpotees seisnes selles, et muutu-va jäikusega aktuaatorite kasutamine võimaldab ümberkonfigureerimist, mis võib paran-dada täiturmehhanismi jõudlust ning võimaldada liikumist veealustes ja mitmefaasilisteskeskkondades, tõstmata seejuures juhtimisloogika ja liikumise planeerimise keerukust. Seleesmärgil töötati välja kolm prototüüpi, et eksperimentaalselt uurida täiturmehhanismi-de morfoloogiat ja materjali valikut. Kahe esimese prototüübi näol oli tegemist pehmeteosadega täiturmehhanismidega, millel on ebaühtlane jäikus ja mille rakendamisel kesken-duti veealuse tõukejõu vektorite uurimisele. Eksperimentaalne hindamine näitas, et kuigiebaühtlane jäikusprofiil parandas oluliselt täiturmehhanismide jõudu ja tõhusust, vähen-das see mõnevõrra roboti liikumismustrite repertuaari ja ulatust. Kahe esimese uurimis-töö tulemuste põhjal laienes töö liikumisele vaheldusrikastes keskkonnatingimustes, uu-rides amfiibset liikumist muutuva jäikusega täituritega. Kolmas prototüüp, mis põhineskuju ja jäikuse ümberkonfigureerimist võimaldavatel materjalidel ja disainil, demonstree-ris multi-modaalset liikumist vee- ja maismaatingimustes, samuti märjal vesisel pinnasel,mis imiteerib üleminekut vee- ja maapealse liikumise vahel.Antud töös demonstreeriti liikumist erinevates veealustes ning amfiibsetes stsenaa-riumides. Võrreldes enamiku olemasolevate muutuva jäikusega ning juhitava tõukejõugatäituritega, eriti multimodaalse amfiibliikumise jaoksmõeldutega, on kõigi selles lõputöösesitatud prototüüpidemehaaniline keerukus, samuti juhtimisloogika ja liikumise planeeri-misenõuded tähendusrikkalt madalad. Lisaks, kuigi enamikes amfiibliikumise rakendusteskasutatakse jäiki ja kiiresti liikuvaid komponente, mis võivad olla täiturmehhanismidele jaümbritsevale keskkonnale kahjulikud, põhinesid antud töös esitatud lahendused peami-selt pehmetel komponentidel, avaldades keskkonnale seeläbi minimaalset mõju.Käesolev väitekiri loob aluse edasisteks arendusteks täiturmehhanismide jõudluse tõst-miseks liikumaks väljakutseid pakkuvates keskkonnatingimustes. Nendemeetodite ekspe-rimentaalne uurimine ja analüüs annab sügavamaülevaate nende eelistest ja piirangutest.
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See võib aidata tuvastada ja edasi arendada tehnoloogiaid, mis praegu antud valdkonnasarenguid aeglustavad, suurendades lõpuks seeläbi neid tehnoloogiaid kasutavate roboti-te tööautonoomiat. Lisaks julgustab demonstreeritud madal keskkonnale avaldatav mõjuning vähene häiringmuutuva jäikusega täiturite laiemat kasutuselevõttu rakendustes, misnõuavad minimaalset keskkonnamõju. Lõpuks saab muutuva jäikusega aktuaatorite aren-dusi üle kanda ka teistele robootika valdkondadele peale liikumise, näiteks haaramise võitaastusravi rakendustele.
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Introduction
In the past few decades, robot locomotion in unstructured and uncertain conditions hasgained considerable interest in the academic, research, and industrial robotics communi-ties. Stemming from the growing number of applications related to the exploration, theprotection and the sustainable exploitation of the planet’s natural resources, this interesthas resulted in an ever-increasing number of studies and development of robots that cannegotiate locomotion in a variety of aquatic, terrestrial and mixed conditions. This fieldaims to reduce danger to human operators and to potentially extend the operational ca-pabilities of relevant missions. Most mobile robots employ highly specialized locomotionstrategies that have been optimized for narrow operational specifications, most notablyusing wheels, tracks, or legs for terrestrial locomotion [6], and propellers or lift-basedcontrol surfaces for swimming [7]. The performance of these methods can be high intheir intended applications, but diminishes when locomotion is required in varying en-vironmental conditions with high uncertainty, such as in the transition between aquaticand terrestrial locomotion. In order to address these limitations, alternative approacheshave been introduced, featuring combinations of different actuation modalities, as wellas reconfigurable and hybrid designs. However, most of these strategies include mechan-ically complex, rigid, fast-moving parts, which can have negative effects on locomotionperformance and on their interaction with the surroundings.

A strategy often used to mitigate some of these risks is to incorporate compliant com-ponents in the robot’s locomotion system. Some of the most popular materials used forthis purpose belong to the group of rubber silicones. These materials can withstand andrecover from large strains and deformations, they demonstrate safer interaction with thesurroundings, and can store and release energy due to their elastic behaviour. While thesecharacteristics can greatly benefit an actuation system, the use of compliantmaterials canalso include drawbacks related to low positional accuracy, low force output, and challeng-ing state estimation, as traditional sensing and actuationmethods are not straightforwardto adopt when using these materials.
In this context, the goal of this work was to develop new kinds of adaptable soft ac-tuators, as well as their motion planning and control algorithms, to enhance the mobilityof underwater and terrestrial robots in environments potentially consisting of both solidsand fluids, ranging from completely submerged underwater swimming, to terrestrial lo-comotion on wet or dry granular terrains. The work to achieve this goal was driven by thehypothesis that the soft actuator’s morphology and stiffness profile can enable a passivelyor actively reconfigurable mechanism that will allow multi-modal actuation, appropriatefor locomotion in this wide range of environments. The expected outcome was that im-plementing a mechanism that can permanently or temporarily adjust the stiffness in acompliant actuator, will allow taking advantage of the benefits that are associated withusing a compliant material, while at the same time reducing the negative effects of com-pliance by selectively increasing the actuator’s stiffness.
With this purpose, this dissertation focuses on the empirical investigation of locomo-tionmethods in aquatic and terrestrial environments, using compliant actuators with vari-able stiffness. The investigation approaches the problem from different points of view ineach environmental setting, studying the effects that the actuator’s morphology and ma-terial can have to its force output and to its energetic characteristics. For this purpose, aseries of actuator prototypes were designed, fabricated and used to experimentally eval-uate different modes of locomotion in aquatic and terrestrial conditions.
While the aimwas tomaximize the proposed actuators’ force output and energetic ef-ficiency, the design process included additional criteria relating to the prototypes’ ease of
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use and fabrication. The first criterion was to increase the actuators’ force output withoutincreased motion planning and control requirements. This guideline informed the designchoices on actuator morphology andmaterial selection. The second criterion was to keepthe fabrication method simple, accessible, and low-cost. For this reason, the prototypeswere fabricated using a commercially available silicone rubber, 3D printed parts, and mis-cellaneous commonly available components.The knowledge gained from this thesis can help advance the study of underwater andamphibious locomotion with compliant and variable stiffness actuation. Specifically, thiswork provides the following main contributions:
• The design and fabrication of a series of actuator prototypes that feature a vari-
ety of stiffness profiles: constant or variable, and stiffness adjustment methods:
passive or active. Each prototype allowed to investigate the stated hypothesis froma different viewpoint, providing a more well-rounded overview of the investigatedproblem. It also allowed to identify the challenges and solutions related to designand fabrication.

• The experimental parametric analysis of each of the prototypes’ output and ener-getic characteristics over a range of kinematic inputs. This type of analysis helpedreveal the advantages of the methods, as well as their limitations.
• A simplified force model for the actuator described in [Publication II], and its
experimental validation. Despite the simplified way that the drag coefficient wascalculated, the model follows the experimental data quite closely, and can be usedfor designing model-based control strategies, as well as for simulations.

• The material model selection and parameter identification for the soft material
(silicone rubber) used throughout the thesis, and experimental validation of the
model. Given the challenges of modelling the deformation of complex shapes andhyperelastic materials with limited experimental data, the model identification andvalidation made simulations possible and allowed the design process described in[Publication III] to converge to a successful prototype.

• The actively reconfigurable actuator design described in [Publication III], and ex-
perimental proof-of-concept of multi-modal amphibious locomotion. This pro-totype can serve as a starting point for further development of variable stiffnessactuators, as well as for related technologies that can increase the operational au-tonomy of these systems, such as theminiaturization of systems that provide powerand pressure.

The main content of this thesis is divided into two parts, focusing on the investigationof locomotion using a series of actuators that demonstrate variable stiffness profiles. Thefirst part, contained in Chapter 2, provides an investigation of underwater thrust vector-ing, using variable stiffness actuation. The focus of this work was to study the effects ofpassively modifying a soft actuator’s stiffness profile and shape. For this purpose, two dif-ferent prototypes are proposed, leveraging material and design properties to study theireffects to actuator force output. The experimental evaluation of the actuator output pro-vides insight into how the stiffness profile of a compliant actuator can affect the generatedforces and energetic characteristics.The second part, in Chapter 3, expands on the findings of the work described in thefirst part, and provides an investigation of amphibious locomotion via multi-modal actua-tion. A novel actuator prototype is presented that allows shape and stiffness adjustment.
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This enables twodifferentmotion patterns for locomotion in aquatic, terrestrial andmulti-phase environments, using a rather straightforward stiffness adjustment mechanism andsimple motion planning and control schemes.The above-mentioned parts are preceded by a background literature review, in Chap-ter 1, that gives an overviewof the existing literature in soft and variable stiffness actuationfor underwater and amphibious locomotion. This helps highlight the motivation and thescientific importance of the work described in this thesis.
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1 Background
Over the years there has been a growing demand for remote access in environments withvarying levels of locomotion complexity, stemming from our need for exploration, as wellas from the always increasing number of applications that relate to the study, the pro-tection and the sustainable exploitation of natural resources. These environments rangefrom rocky or granular, dry or wet terrains, to fully submerged aquatic environments [8].This demand has triggered an increase in the development and study of robotic vehiclesthat can negotiate locomotion in these challenging environmental conditions [6].

Traditional methods of terrestrial locomotion include wheels and tracks, with leggedconfigurations gaining in popularity [6]. Aquatic locomotion counterparts include combi-nations of propellers and lift-based control surfaces or multi-thruster systems [7]. Thesemethods have a proven record of highly efficient and agile locomotion in their respec-tive applications. However, their performance declines significantly when manoeuvringis needed in unstructured, unstable environments, as well as when transitioning throughdrastically different environments. To mitigate the diminishing performance of locomo-tion in these conditions, the research community is exploring alternativemethods of loco-motion, including non-traditional hybrid designs [9, 10] and compliant materials [11, 10].
The following sections offer an overview of technologies that enable robot locomotionin aquatic and terrestrial conditions, by exploring relevant implementations from pub-lished literature. This overview contains and expands on background information from[Publications I, II, and III]. Section 1.1 gives an overview of methods for robot locomotionin aquatic environments, focusing on non-traditional bio-inspired methods. Section 1.2extends the review to cover amphibious locomotion, including reconfigurable rigid andsoft actuators that have been implemented for locomotion in mixed, i.e., aquatic and ter-restrial, conditions, to highlight the effect of using compliant components for locomotion.A review on implementations of variable stiffness actuation for locomotion in aquatic,terrestrial, and mixed conditions is given in Section 1.3, and aims to narrow down to usecases related to the topic of this thesis.

1.1 Robot locomotion in aquatic environments
Agility, energy efficiency, and stealth operation are characteristics of great importancefor robots working in aquatic environments. These attributes become increasingly im-portant when precise manoeuvring in confined spaces, stable station keeping and orien-tation control in the presence of drifting currents is needed, as well as in applicationsthat require minimal sediment disruption and low environmental impact. These require-ments are critical during missions for underwater archaeology, shipwreck exploration,submerged pipeline inspection, inspection and maintenance of offshore energy installa-tions [12], studying fish behaviour [13, 4], and many others.

Marine locomotion can be split into two main categories [14]: surface swimming,where only part of the robot is submerged, and fully submerged swimming, where theentire robot is submerged, withmethods of locomotion for robots in either category vary-ing significantly. As in this thesis the focus was on the latter category, the review in thissection reflects that choice.
1.1.1 Bio-inspired underwater locomotion
Traditional methods for underwater locomotion, namely, lift-based control surfaces andmulti-thruster configurations, show diminishing performance in the conditions describedabove. Oneof the strategies the research community uses to overcome these challenges is
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(a)

(b)

Fig. 5. Swimming modes associated with (a) BCF propulsion and (b) MPF propulsion. Shaded areas contribute to thrust generation. (Adapted from
Lindsey [10].)

Fig. 6. Thrust generation by the added-mass method in BCF propulsion.
(Adapted from Webb [20].)

(a) (b) (c) (d)

Fig. 7. Gradation of BCF swimming movements from (a) anguilliform,
through (b) subcarangiform and (c) carangiform to (d) thunniform mode.
(Taken from Lindsey [10].)

locomotion. Similar movements are observed in the sub-
carangiform mode (e.g., trout), but the amplitude of the
undulations is limited anteriorly, and increases only in the
posterior half of the body [Fig. 7(b)]. For carangiform swim-
ming, this is even more pronounced, as the body undulations

are further confined to the last third of the body length
[Fig. 7(c)], and thrust is provided by a rather stiff caudal fin.
Carangiform swimmers are generally faster than anguilliform
or subcarangiform swimmers. However, their turning and
accelerating abilities are compromised, due to the relative
rigidity of their bodies. Furthermore, there is an increased
tendency for the body to recoil, because the lateral forces are
concentrated at the posterior. Lighthill [24] identified two main
morphological adaptations that increase anterior resistance in
order to minimize the recoil forces: 1) a reduced depth of
the fish body at the point where the caudal fin attaches to
the trunk (referred to as the peduncle, see Fig. 1) and 2) the
concentration of the body depth and mass toward the anterior
part of the fish.
Thunniform mode is the most efficient locomotion mode

evolved in the aquatic environment, where thrust is generated
by the lift-based method, allowing high cruising speeds to be
maintained for long periods. It is considered a culminating
point in the evolution of swimming designs, as it is found
among varied groups of vertebrates (teleost fish, sharks, and
marine mammals) that have each evolved under different
circumstances. In teleost fish, thunniform mode is encountered
in scombrids, such as the tuna and the mackerel. Significant
lateral movements occur only at the caudal fin (that produces
more than 90% of the thrust) and at the area near the narrow
peduncle. The body is well streamlined to significantly reduce
pressure drag, while the caudal fin is stiff and high, with a
crescent-moon shape often referred to as lunate [Fig. 7(d)].
Despite the power of the caudal thrusts, the body shape and
mass distribution ensure that the recoil forces are effectively
minimized and very little sideslipping is induced. The design
of thunniform swimmers is optimized for high-speed swim-
ming in calm waters and is not well-suited to other actions such
as slow swimming, turning maneuvers, and rapid acceleration
from stationary and turbulent water (streams, tidal rips, etc.).

Figure 1.1: Classification of fish swimming modes: (a) body and/or caudal fin (BCF) propulsion, (b)median and/or paired fin (MPF) propulsion. ([18]©1999 IEEE)

drawing inspiration from nature, to develop novel, bio-inspired actuators for underwaterrobots [15, 16, 17].Bio-inspired propulsion designs for robotic underwater vehicles follow two main par-adigms, seen in Fig. 1.1. Vehicles from the first category emulate the continuously flexingfish bodies for increased propulsive efficiency [19, 20, 21, 22, 23, 24, 25] following the bodyand/or caudal fin (BCF) locomotion class [18, 26], and the second employs mechanicalanalogues of biological active appendages [16, 27]. Most of the systems in the secondcategory include either pectoral or lateral, pitching or heaving fins [16, 28, 29, 30, 31, 32,33, 34, 35, 36], based on the morphology and functionality of the fins and paddles ofmarine species that usemedian and/or paired fin (MPF) locomotion method [18, 26], andhave the potential to increase the robot’s thrust vectoring capacity and energy efficiency,while maintaining a stealthy operation [16]. Other bio-inspired underwater locomotionmethods include jet-propulsion systems, inspired by the locomotion of animals such asjellyfish, scallops, and octopus [37, 38, 39, 40].While some of the actuators for aquatic locomotion described in this section consistof only stiff components [24], and some of only soft components [25, 41], the majorityconsist of a combination of stiff and soft parts [23, 42, 33, 43, 44].
1.2 Amphibious robot locomotion
This section extends the literature review to actuators for amphibious locomotion. It in-cludes prototypes that employ rigid, soft, as well as combinations of rigid and soft com-ponents, to negotiate locomotion in aquatic, terrestrial, and multi-phase conditions. Thistopic is quite narrow as notmany implementations have been successful in demonstratingeffective locomotion in such a diverse range of conditions. For this reason, both underwa-ter and surface swimming prototypes are included here. This section uses material from[Publication III].In one of the first successful implementations of amphibious locomotion, the RHexvehicle demonstrated exceptionally agile locomotion negotiating terrains of varying com-
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plexity, using a C-shaped compliant leg design [45]. This work was instrumental in thefield of robotic amphibious locomotion, and resulted in the development of a series ofactuators and robots using appendages that resemble wheels or curved legs, and compli-ant flippers. The Aqua robot demonstrated underwater and terrestrial walking as well asswimming, using two sets of actuators: C-shaped legs andflat blades, that can bemanuallyswitched for each locomotionmode [46]. Bridging these two configurations, mechanicallyreconfigurable actuators that can dynamically switch forms between curved leg or wheel,and flat fin [47, 48, 49], have been used to investigate locomotion in a variety of aquaticand terrestrial environments. A different robot design featuring a crab-like form demon-strated a variety of gaits for underwater swimming, walking on land and on the seabedusing a combination of legs and paddles [50], featuring a total of 24 joints in its limbs.
Mechanically simpler mechanisms, that employ underactuated and partially passiveconfigurations, have also successfully demonstrated amphibious locomotion. The “ninja-legs” design, combining a circular 1-DOF leg and a flat flipper [51], and a similar actuatorcomprising a stiff fan-shaped leg and a flipper with manually variable stiffness [52] havedemonstrated locomotion on terrestrial and aquatic environments. The Whegs™design,comprising a series of legs around a rotating shaft, was used to demonstrate walking andovercoming obstacles in unstructured terrestrial environments and in surf areas, as wellas surface swimming [53, 54]. The RobotTerp quadruped [55] demonstrated the transitionbetweenwalking on land and swimming on the water surface, using stiff legs with a grate-like morphology, covered by a compliant flap, that transforms the legs into paddles andpassively optimize drag forces during swimming. A flat paddle 1-DOF mechanism with apassive elastic hinge enabled underwater walking and swimming for the PEAR hexapod[56].

1.2.1 Soft actuators for amphibious locomotion
The strategiesmentioned above have been rather successful in demonstrating locomotionin a diverse range of amphibious conditions. However, to negotiate the uncertainty ofmoving through different media, they rely on rigid, and/or fast moving parts. This canbe damaging to the environment or to the robot itself, and can generate large unwantedaccelerations in the robot’smotion. Additionally, the combination of rapid impacts of rigidactuators on granular and deformable terrains can have negative effects on locomotionperformance, resulting in reduced traction or the actuators digging into the ground, thusreducing energetic efficiency and increasing instability.

Integrating compliant parts into locomotion mechanisms can introduce benefits suchas increased safetywhen interactingwith the environment, the ability to store and releaseenergy through passive elastic components, as well as improved quality of motion whennegotiating unstructured environments [10].
In recent years there have been only a few examples of soft materials being used tofabricate completely or partially soft robots aimed at studying amphibious locomotion. Avariable stiffness material-pneumatic prototype [57] was used to investigate the dynamicswitch between leg and flipper form by adjusting the temperature and internal pressureof its components. Despite its slow transition and actuation mechanisms, this methodshows promising resultsmostly due to the decoupling of stiffness and shape. A sea urchin-inspired amphibious robot using actuated rigid spines and extensible soft legs was used toinvestigate bio-inspired locomotion patterns in aquatic and terrestrial conditions [58]. Aquadruped robot comprising groups of interconnected thin and soft McKibben actuatorsdemonstrated locomotion on wet and dry terrains, using a variety of walking and crawl-ing gaits [59]. A worm-inspired soft robot, featuring serially connected and individually
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driven pneumatic actuators, was used to investigate crawling and swimming gaits [60].A vibration-based actuator that comprises rigid and compliant parts was used to drive aminiature amphibious robot that employs a combination of legs and fins to achieve ter-restrial and aquatic locomotion [44]. An SMA-driven bistable soft actuator, leveraging asnap-through instability to rapidly transform between two states, was used for amphibi-ous locomotion [61]. Three tethered prototype robots were used to demonstrate a varietyof locomotion modes, amphibious locomotion, crawling and jumping, and crawling androlling caterpilar-like motion.The works described in this section highlight the challenges of transitioning betweenaquatic and terrestrial conditions. As each mode of locomotion has specific requirementsthat are not applicable to other modes, the transition between environments can presentchallenges that need to be addressed. For example, as shown in Section 1.1, efficient swim-ming can be achieved easilywith soft underactuated limbs performing slowmotions, how-ever the same actuators and motion patterns wouldn’t be very successful on land.
1.3 Locomotion using variable stiffness actuation
Based on the findings of the previous sections, this section explores implementations ofactuatorswith adjustable stiffness components, and how they address locomotion in eachof the target environments: aquatic, terrestrial, and mixed. As mentioned previously,most traditional robot locomotion mechanisms include rigid, and/or fast moving parts,that can be damaging to the surrounding environment, or to the robot itself, and cangenerate large unwanted accelerations in the robot’s motion.Specific to locomotion, the rapid impacts of rigid actuators can negatively affect perfor-mance, when moving on granular and deformable terrains, or on low-traction surfaces,resulting in unstable locomotion or the actuators digging into the ground. Integratingcompliant parts into locomotion mechanisms can introduce benefits such as increasedsafety when interacting with the environment and with humans [11], the ability to storeand release energy through passive elastic components, as well as improved quality ofmotion and adaptability when negotiating unstructured environments [10, 11].While using soft materials can benefit actuator systems, it also has drawbacks andchallenges [62, 63], with some of the most notable being the difficulty to achieve high po-sitional accuracy and force output, the challenge of adopting traditional sensing methodsfor position feedback, and the increased modelling and control requirements due to thenonlinear behaviour of soft materials. The research community has been investigatingvariable stiffness actuators (VSA) to address some of these challenges. The following sub-sections provide an overview of locomotion strategies for aquatic, terrestrial and mixedconditions, that use variable stiffness materials or mechanisms.
1.3.1 VSA for aquatic locomotion
Most aquatic locomotion implementations of VSA found in literature are actuators withshape or function inspired by fish locomotion. These include caudal fins actuated by fin-rays with variable stiffness, used to investigate a variety of kinematic patterns [64], bi-lateral pneumatic actuators [65, 66], as well as bistable pneumatic actuators [67], and atendon-based VSA mechanism for propulsion of a dolphin-like robot [68, 69].Additionally, undulatory motion is also investigated using VSA with active and/or pas-sive fin-rays [70, 71]. Paddle-like mechanisms using a variable stiffness stem were used toinvestigate propulsion [72, 73]. Lastly, a flea-like mechanism comprising composite andSMA materials for jumping on water surface was used to investigate locomotion on thewater surface [74].
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1.3.2 VSA for terrestrial locomotion
Terrestrial locomotion strategies with VSA include walking, crawling, and rolling using awide variety of stiffness adjustment mechanisms. An implementation of a walking mech-anismusing a spring-pulley systemwith variable pretension and spring length for adjustingthe stiffness of a leg mechanism was used to investigate biped running [75]. A compliantspine mechanism was used to dynamically modify the stiffness of the C-shaped legs of ahexapedal robot [76]. Locomotion on deformable ground was investigated using a leggedrobot with stiffness and shape change through granular jamming [77].Crawling-inspired locomotion has been investigated using a variety of technologiesandmethods, including peristalticmotions, leg-like appendages, aswell as shape-memoryalloy (SMA) materials. A combination of cable-driven reconfigurable leg-wheels and a tailwas used to investigate crawling over obstacles [78]. A spring-loaded pneumatic actuatorexploiting the bistability of snap-through was used to investigate high-speed crawlingmo-tions [67]. A robot using an internal pendulum in combination with inflatable bladders,was used to investigate crawling through vibration and hopping-based motion patterns[79]. Tendon and SMA-driven worm-like prototypes [80] and peristaltic motion SMA coilactuator [81] were used to investigate crawling. A pneumatic inchworm-like actuator wasused to achieve locomotion of a differential-drive soft robot [82]. Other examples for VSA-based terrestrial locomotion include individually jammed surface elements of a soft robot[83], as well as a cable-driven tensegrity structure [84] that achieves a rolling motion.
1.3.3 VSA for amphibious locomotion
As locomotion in aquatic and in terrestrial conditions requires vastly different motion pat-terns and actuator characteristics, the traditional rigid and soft actuation methods seemto be insufficient in most cases. In this context, VSA-based locomotion systems are be-ing investigated, aiming to find materials, designs, or motion patterns that can performwell in a variety of environmental conditions. This area of research is not well developed,however, literature shows that effort towards it is increasing.An amphibian suction-based VSA was used to investigate climbing on smooth andsemi-smooth surfaces [85]. The following strategies were used to achieve combinationsof swimming and walking motions. A hexapod robot with actuators that can operate asstiff legs, or as variable stiffness flippers, was used to investigate walking and swimming-based locomotion in a variety of terrestrial and aquatic conditions, as well as to transitionthrough mixed environments [86]. A reconfigurable fin-leg actuator for amphibious loco-motion, using an embedded heater that triggers switching between soft and stiff stateswas used to demonstrate proof-of-concept of the morphing limb [57]. A tethered vehicleusing this prototype was later used to demonstrate multi-modal locomotion in aquaticand terrestrial conditions [87].
1.4 Conclusions
This chapter provided a brief overview of the literature related to technologies investi-gated in this thesis. To summarize, the research fields of aquatic and amphibious robotlocomotion were studied, focusing on use cases employing soft and variable stiffness ac-tuation, in order to identify common technologies and strategies that have been previ-ously successful, as well as to highlight research gaps that were subsequently investi-gated in this work. This analysis gives insight into this topic, regarding its potential foruse in locomotion-related applications, as well as the challenges and limitations that itmay present. Additionally, studying the methods of design, fabrication, and control fromthese implementations, helped guide the work described in the following chapters.
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A variety of mechanisms and materials have been investigated for implementing vari-able stiffness actuators. The field of amphibious robot locomotion is still not very welldeveloped, with very few examples of variable stiffness actuators present in literature.Most of the examples in this field include early stage prototypes with limited operationalautonomy, that rely on external power, pressure and control. As the field advances, sup-plementary technologies will also mature, allowing energetic and operational autonomyto increase. This would in turn allow the development and testing of more robust andcapable locomotion systems. In this context, the design choices made in this work wereaimed at high robustness and simpler and more accessible implementation and use.Background information for specific methods that were used, as well as for the moti-vation behind design choices, can also be found in Chapters 2 and 3.
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2 Underwater thrust vectoring
This chapter discusses the development and study of actuators with variable stiffness, forunderwater thrust vectoring. The motivation to investigate these types of actuators origi-nates in the hypothesis that varying the stiffness of a soft actuator can help optimize theirforce output and energetic characteristics, without increasing the requirements for mo-tion planning and control. In this context, the investigation of twomethods of underwaterthrust vectoring using variable stiffness actuators is presented here.

The work described in [Publication I], is investigating the use of non-uniform stiffnessprofiles in soft actuators. For this purpose, a modified version of an existing soft actu-ator was developed and experimentally tested. The experimental comparison betweenthe original and the proposed actuators offers some insight into how the stiffness profileaffects the generated forces and energetic efficiency.
The work described in [Publication II] is investigating the passive adjustment of stiff-ness and shape in soft actuators for underwater thrust vectoring. A novel actuator proto-type is introduced, that passively switches its stiffness profile depending on its direction ofmotion. An experimental assessment of the actuator’s generated forces serves as proof-of-concept of the actuator’s design. The actuator’s efficacy for locomotion is evaluated viaa series of experiments. In the following subsections, the two thrust vectoring methodsare presented and discussed.

2.1 Leveraging actuator stiffness profile tomanipulate force direction and
magnitude

In this section we discuss how a soft actuator’s stiffness profile can affect the direction ofgenerated forces, as well as the energetic characteristics of motion. The work describedin this section was partially published in [Publication I]. The actuator of the U-CAT robot[88] was used as a test case.
U-CAT (Fig. 2.1) is a small-scale, low-cost, underwater robot designed for explorationof shipwrecks and underwater structures [89]. The robot was developed at the Centrefor Biorobotics, TalTech, in the context of the ARROWS project [88]. For locomotion, itemploys four individually actuated soft flippers that are arranged in a configuration thatcan achieve holonomic motion in 6-DOF [90]. This method of locomotion allows agility inconfined spaces, with minimal disturbance of sediments.
Each of the robot’s actuators can generate a force vector by oscillating around its mo-tor shaft, following a sinusoidal motion pattern. The soft fin has two planes of symmetry,

(a) (b)
Figure 2.1: The U-CAT robot: (a) CAD model of the robot (Here, the fins are illustrated in a deformedstate), (b) physical prototype.
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Figure 2.2: Illustration of generated forces on U-CAT’s fins for comparison between the original andproposed actuators ([Publication I]©2018 IEEE). (a) Original fin: the overall vector FA of the gener-ated force is in the direction of the x-axis of the fin frame {A}. (b) Proposed fin: the overall vector FAof the generated force involves components on both the x- and z-axis of the fin frame {A}, therebyincreasing the force along the x-axis of the robot frame {R}.

both parallel to its longitudinal axis. Because of this symmetry, if the motion pattern isa symmetric oscillation, the force vector is generated along the direction parallel to thefin’s longitudinal axis, and the phase-averaged force vector is generated along the direc-tion coinciding with the reference of oscillation (Fig. 2.2a). The reference of oscillation ofthe sinusoidal motion pattern can be set to any angle around the motor axis. This meansthat the generated force can be directed towards any angle on an axis normal to themotorshaft, by controlling the reference angle of oscillation. The four, independently targetedforce vectors can be used to propel the robot in any direction.
2.1.1 Fin design and fabrication
Similar to howfish swim,while actuatedwith anoscillatorymotion pattern the findeformsinto a backward-propagating wave (Fig. 2.3a,bottom), generating a force vector oppositein direction to this wave (Fig. 2.2a). We hypothesized that by changing the stiffness profileof the fin, it would result in a different bending profile during actuation. Specifically, we

(a) (b)
Figure 2.3: CAD model of the studied U-CAT fins ([Publication I]©2018 IEEE), illustrating their inter-nal structure (top) and expected deformation profile (bottom) during an oscillatory motion pattern:(a) Original fin. (b) Modified fin (rigid bar is visible near the outside edge).
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(a) (b) (c) (d)
Figure 2.4: Illustration of the fabrication process of the proposed fin: (a, b) A metal frame is assem-bled into the two part 3D-printed mould. (c) Silicone compound is mixed and poured into the mould,and allowed to set. (d) The cured actuator is removed from the mould.

selected to create a deformation profile similar to what is seen in Fig. 2.3b,bottom. Dueto the modified, non-symmetric bending profile, the generated force vector’s directionwill also change to be not parallel to the fin’s longitudinal axis (Fig. 2.2b). To investigatethis claim we introduced a rigid component to U-CAT’s soft fin (Fig. 2.3b,top). By addingthe stiff component on the fin’s edge (Fig. 2.2) we expected the wave to be propagated atan angle between the two rigid edges of the fin, diverted away from the direction of theadded rigid component, resulting in a force vector angled towards the actuator’s z axis.Fig. 2.4 shows an illustration of the fin fabrication process, using a two-part mould.Initially, a metal frame is assembled that includes an aluminium bracket that attaches tothe motor shaft, a perforated aluminium profile that allows the silicone to attach to themetal frame, and a rigid bar that will increase the stiffness in that part of the actuator.This metal frame is assembled into the two part 3D-printed mould (Fig. 2.4(a, b)). Siliconecompound is mixed and poured into the mould (Fig. 2.4c). After curing, the mould partsare separated and the actuator is removed(Fig. 2.4d).
2.1.2 Oscillatory motion pattern and controlTo generate the propulsive force, an oscillatory motion pattern was achieved by prescrib-ing a sinusoidal trajectory with amplitude A and frequency f to the motor that the actu-ator is mounted on, as:

θ(t) =
A
2

sin(2π f t)+φ , (1)
where, the offset parameter φ allows to orient the fin oscillations, and subsequently thegenerated forces, to a specific angle.Fig. 2.5 shows the control scheme employed for the actuator’s oscillatorymotion. Thisscheme was implemented in Maxon’s EPOS2 Module 36/2 as a position controller using“Profile Position Mode" [91]. This structure employs a position PID controller with a cur-rent PI controller as subordinate regulator. The input to this controller, the target position,
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Figure 2.5: Position control structure for oscillatory pattern [91, 92].
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is generated at regular intervals based on the sinusoidal motion profile described in (1).More details on the available controller functions of the Maxon EPOS2 Module 36/2 andhow the selected controller scheme was implemented can be found in Section III-A of[Publication III]. All controller gains and feedforward factors were tuned using the “regu-lation tuning wizard" in the Epos Studio software.
2.1.3 Experimental characterization of forces
The actuator’s efficacy related to generating underwater propulsive forces was evaluatedvia a series of experiments, focusing on the measurement of forces generated by in-placeoscillations around a motor shaft (Fig. 2.6). Additionally, to studying the proposed actua-tor’s force output, the original U-CAT actuator was used as a baseline of comparison forthe force and efficiencymetrics. For this reason, two sets of experiments were conducted,using both an ’original’ and the ’modified’ actuator in identical conditions.The actuator was mounted on a waterproofed BLDC motor (EC-max 30 byMaxonMo-tors) driven by an EPOS2 36/2 motor controller, as seen in Fig. 2.6a and 2.6b, and wasfully submerged in a water tank during the experiments. The data acquisition system anda diagram of the experimental setup can be seen in Fig. 2.6a.
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Figure 2.6: Experimental setup and data acquisition system ([Publication I]©2018 IEEE): (a) Diagramshowing the experimental setup and data acquisition system, (b) The modified fin prototype with itsmotor, mounted on a custom force sensor, (c) The resulting force vector FA and how it contributesto the robot’s surge.

The collected data was filtered to reduce noise, and averaged values were calculatedfor the force and current consumption. The generated force’s contribution to the robot’ssurge FRx was also calculated based on (2).
FRx = FA cos(ψ −φ) =

(√
F2

Ax +F2
Az

)
cos(tan−1

(
FAz

FAx

)
) (2)

All averaged values were calculated for a number of whole periods, to account for pe-riodic phenomena, and excluding an initial transient effect which showed increased cur-rent consumption. As the actuator base was fixed in place, and the water in the tank wasstill, the static thrust/power ratio (N/W)was used as an indirect metric of the actuator’spropulsive efficiency, based on [93].
η =

Fp

Pin
=

1
nT

∫ nT
0 Fp(t)dt

∫ nT
0 V I(t)dt

. (3)
Fig. 2.7 shows indicative results of both the original and the proposed actuator, un-der the same kinematic parameters. The top graph shows the temporal evolution of the
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Figure 2.7: Indicative experimental results with U-CAT fins, including position feedback (top), instan-taneous and mean current consumption (middle) and generated forces (bottom) along 3 primaryaxes ([Publication I]©2018 IEEE): (a) original fin, (b) modified fin

motor shaft’s angular position. The middle graph shows the instantaneous current con-sumption with blue colour, and the phase-averaged current consumption with the reddashed line. The bottom graph shows the generated forces along the three primary axes.
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Figure 2.8: Parametric study of forces for a range of amplitudes and frequencies of oscillation withoriginal and modified U-CAT fins, (adapted from [Publication I]): (a) x-axis force component, (b)
z-axis force component, (c) calculated force contribution to the robot’s surge (FRx), (d) calculatedthrust/power ratio.
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The generated force and current consumption of the two actuators follow very similarpatterns. The main difference between them is the increased output force in the z di-rection for the modified actuator, demonstrating that the generated force direction hasa different direction compared to that of the original actuator. Additionally, despite thelarger magnitude peaks seen in the lateral force component FAy, it should be noted thatthis force is symmetric around 0 and produces no net amount of force throughout theactuation cycle.Fig. 2.8 shows the aggregated results of the parametric study, for the full range ofkinematic parameters, A and f , for both the original and modified actuators. The twographs on the left (a, b) show the averaged force components along the x and z primaryaxes. They show that the modified fin generates a force vector that is not parallel to itslongitudinal axis, validating our hypothesis that the asymmetric stiffness profile woulddivert the generated force vector towards the z axis. This redirection of the force vectorshows as increased contribution to the robot’s surge force (Fig. 2.8c), as well as increasedpropulsive efficiency (Fig. 2.8d) for the surge direction.
2.1.4 Conclusion
This section presented an investigation into a soft actuator with non-uniform stiffnessprofile. The modified design and the comparison with the original actuator allowed usto investigate how a soft actuator’s stiffness profile can be used to affect the directionof generated forces. The rather simple actuation and control scheme, consisting of anoscillatory motion pattern of a single degree of freedom mechanism, enables us to focuson the generated forces and study the patterns and directions.In this case the stiffness profile of the actuator was fixed and did not allow for dy-namic changes during operation. Because of this, even though the modified fin resultsin increased surge output, the sway component would be greatly reduced, thus almosteliminating the robot’s capability to control its lateral motion. This limitation could bemitigated with a mechanism that can dynamically adjust the actuator’s stiffness profile.This way, adjusting the direction of generated force output from each actuator, could beused to improve the robot’s thrust vectoring, as well as to increase the robot’s locomotionefficiency, without sacrificing force output in other DOFs.Besides investigating the generated forces from an isolated actuator, as the one pre-sented here, it would be useful to investigate how this modification affects the robot’soverall motion quality and efficiency. As all experiments of this study were conducted us-ing a static setup in still water, it is important to investigate the locomotion capabilitiesunder non-zero inflow conditions.
2.2 Leveraging actuator morphology and material properties for under-

water thrust vectoring
This section investigates how a soft actuator’s stiffness profile can affect its generatedforces for underwater and surface swimming. This work was motivated by the hypoth-esis that using a reconfigurable design that can passively adjust its shape and stiffnesscan optimize the drag forces that an oscillatory paddle actuator generates. To investigatethis hypothesis, a novel actuator design was developed, consisting of a combination ofsoft and rigid parts. An experimental investigation of the generated forces and energeticcharacteristics of the actuator serves as proof-of-concept for this novel design. The robot
µ-CAT (micro-CAT) is used as a test case for demonstration of untethered locomotion.
µ-CAT is a small-scale, low-cost, underwater robot that features the same method of lo-comotion as U-CAT (see Section 2.1), in smaller scale and with more limited force output,

28



as well as sensing and computational capabilities. Due to its small size, it is preferred fortesting in laboratory conditions.
2.2.1 Flapped paddle concept design and fabrication
The majority of bio-inspired underwater robots that use soft or partially soft fins, employwake-induced forces that are generated when the actuator performs oscillatory motions[94], instead of drag-induced forces which are generated normal to the actuator’s surfaceand are usually unwanted. As demonstrated in literature [95, 96], and as we observedin [Publication I], while this lateral drag force component has usually a larger magnitudethan lift-based forces, especially in low inflow conditions, it is also symmetric during theactuator’s stroke cycle, and generates no net force.One strategy to harness the drag-induced forces for bio-inspired propulsion includesasymmetric gait shaping [97, 98, 99, 100, 101, 102, 103] to introduce an asymmetry in thedrag forces, between the power-stroke and the recovery-stroke of the actuation cycle.Other strategies that achieve asymmetric drag output, featuring less complex actuationmechanisms include passively opening and closing rigid flaps [104, 105], and a spring-loaded passive rowing joint [106]. The drag difference generated by these methods canbe suboptimal, due to the inertia of rigid parts and them not opening fully during therecovery-stroke. Additionally, conventional fins have also been used to generate asym-metric drag force, using skewed motion patterns [64, 107, 108, 109]. This method can bequite effective for fish-inspired robots that use the same actuator for surge and orienta-tion control. However, during fast swimming, turning motions require a significant levelof asymmetry, which can result in lower swimming speed and intermittent motion.

(a) (b)
Figure 2.9: Early prototype of the flapped paddle-fin demonstrating the working principle of the softflaps: (a) the flaps close during the power stroke, (b) the flaps open during the recovery stroke.

The actuator described in this section features a reconfigurable design that allows itto adjust the stiffness and direction of its parts, resulting in different configuration duringthe two phases of the actuation cycle: the power-stroke and the recovery-stroke. This isachieved with the use of a series of soft flaps, mounted on a thin rigid frame (Fig. 2.9).When at rest, the flaps are arranged in a cascaded configuration and slightly overlap inlength. The actuator is mounted on a motor shaft and actuated around it in a sinusoidalmotion pattern. The soft flaps are designed such that during the power-stroke, they arepressed against the rigid structure (Fig. 2.9a), forming a flat paddle that can displacewater.During the recovery-stroke, the flaps are bent away from the rigid structure and allowwater to pass through the actuator (Fig. 2.9b).The soft flaps are made of silicone rubber (Zhermack Elite Double 22) cast around athin deformable net. The net allows the thin silicone flaps to bend, without stretching,thus minimizing the drag force during the recovery-stroke, while they retain their shape
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when they are pressed against the rigid frame during the power-stroke, which maximizesdrag. A carbon fibre rod covered with cotton thread is also cast in the leading edge of theflaps. The rod is used to mount the flaps into the rigid frame. The cotton thread helps thesilicone adhere to the carbon fibre rod. Additional support wires are placed across theframe, to prevent the flaps from passing through the gaps during the power-stroke.
2.2.2 Actuator dynamic model
The forces that act on the fin during oscillations are modelled based on the rigid paddlemodel by Healey et al. [110] adapted by Georgiades et al. [111, 95]. We further simplifythe model by assuming a constant drag coefficient throughout the actuation cycle. Thissimplification makes the model significantly easier to tune for the two phases of the actu-ator’s actuation cycle. The most significant force that acts during oscillation on a paddleat low speed locomotion, is the drag force FD which is exerted in a direction collinearwith the net flow velocity U (see Fig. 2.10). U is the sum of the fluid velocity due to theoscillatory motion NV which is normal to the paddle’s surface, and the external inflow
IV. Under zero inflow velocity, FD is perpendicular to the fin’s surface. The secondarylift force FL is also exerted perpendicular to drag. At low inflow conditions however FLis appreciably small compared to FD, and is therefore not incorporated into the mathe-matical model. Moreover, modelling this force precisely is indeed a nontrivial task for theproposed actuator, and it is subsequently considered as a small residual force for controldesign.

x

y

NV

IV
U

FD

FL

Figure 2.10: Illustration of drag and lift forces acting on the flapped paddle-fin’s surface during os-cillation ([Publication II]©2020 IEEE).

The drag force FD on the actuator is calculated by dividing the effective surface’s areainto several segments along its length, and the drag force due to each segment is com-puted according to a standard form-drag (quadratic) model [94], and subsequently inte-grated along the length. Letw denote the (uniform)width of each segment that is exposedto the flow during oscillation. The width of the flap area that impedes the flow duringthe power stroke is calculated to be 6cm during the power stroke, and estimated to be
0.6cm during the recovery-stroke. This approximation is made because most of the flaparea does not impede the flow during recovery, however there is a residual drag from theframe and parts of the soft flaps near the hinges. Then, the drag force is given by

FD(t) =

0.1∫

0.03

1
2

Cdρwθ̇
2(t)s2ds, (4)

whereCd is the drag coefficient, ρ = 997kgm−3 is the fluid density, θ is the instantaneousangular displacement of the motor shaft, and ds is the incremental length. The effective
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area that generates drag, based on the actuator geometry, is set to bewithin 3cm to 10cmof its length (see Fig. 2.11b).With the actuator’s existing configuration, it is assumed that the power-stroke occurswhen θ decreases and recovery-stroke occurs when θ increases. The lateral force duringthe power-stroke is given by

FD(t) =
1
2

Cdρwθ̇
2(t)

[
s3

3

]0.1

0.03

= 9.1×10−5Cdρθ̇
2(t). (5)

Due to the reduced area of the actuator generating drag during the recovery-stroke,we obtain the lateral force by using w = 0.6cm as
FD(t) =−9.1×10−6Cdρθ̇

2(t). (6)
The components of the generated force, under zero inflow conditions, in the body-fixed frame of the force-plate are given by

Fx(t) = FD(t)sin(θ(t)), (7)
Fy(t) = FD(t)cos(θ(t)). (8)

The angular displacement is achieved using a proportional control law for the motor,with reference
θr =−A

2
sin(2π f t). (9)

2.2.3 Experimental characterization of actuator forcesThe actuator’s performance was evaluated experimentally, through a parametric study ofthe kinematic variables A and f of its oscillatory motion (9), as well as through a com-parison with an existing soft fin of similar size. For this purpose, a series of experimentswas conducted with the proposed actuator mounted on a force/torque measuring de-vice, submerged in a laboratory test tank (Fig. 2.11c). A second set of experiments wasconducted using the existing µ-CAT actuator (Fig. 2.11a). Additionally, the experimentaldata was used to validate the mathematical model presented in Section. 2.2.2.
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Figure 2.11: The flapped paddle-fin prototype ([Publication II]©2020 IEEE): a) soft fin used for com-parison, b) proposed flapped paddle-fin, c) Fin prototype mounted on force/torque test bed, d) CADillustration of the two states of the fin prototype, during power and recovery stroke.
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Figure 2.12: Still frames of the flapped paddle fin in oscillation showing the motion of flaps, closingand opening during the power and recovery stroke respectively ([Publication II]©2020 IEEE)

The collected data was filtered to reduce noise, and averaged values of the forces andcurrent consumption were calculated over a number of whole periods of steady stateoscillation. Similar to the experiments in Section 2.1.3, the ratio of surge force over con-sumed power η was used as a metric of propulsive efficiency [93] as described in (3). Inthis case the force component Fp is the propulsive force, that is Fx for the original soft finand Fy for the proposed actuator.Fig. 2.12 demonstrates the principle of operation of the soft flaps on the proposed ac-tuator, through a series of still photos during one cycle of actuation. The photographswere taken from below with the camera directed upwards towards the actuator, whichwas suspended upside-down and fully submerged in water. The photos show clearly theclosing and opening of the soft flaps during the recovery-stroke and power-stroke phasesof the actuation cycle. The angular position of the actuator in the frames has been in-verted compared to what is seen in Fig. 2.14b.
Fig. 2.13a and Fig. 2.13b show indicative results during two different runs, using theoriginal soft actuator and the proposed actuator respectively. The oscillation kinematicparameter set for each of these indicative runs was selected to demonstrate the max-

(a) (b) (c)
Figure 2.13: Indicative experimental results of flapped paddle-fin and original soft fin, including posi-tion feedback (top), generated forces and torque (middle) aswell as instantaneous andmean currentconsumption (bottom): (a) soft fin, (b) flapped fin, (c) comparison of simulated model and experi-mentally measured forces ([Publication II]©2020 IEEE)
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Figure 2.14: Parametric study of forces for a range of amplitudes and frequencies of oscillation withflapped paddle-fin (right) and soft fin (left) showing the average propulsive force component (top),and propulsive efficiency (bottom) ([Publication II]©2020 IEEE).

imum propulsive performance in each case. The top graph shows the temporal evolu-tion of the motor’s angular position, compared to the desired motion profile. The secondgraph shows the generated force vectors, with propulsive components being Fx for thesoft fin and Fy for the proposed actuator. The third graph shows the torque around thevertical axis. The bottom graph shows the instantaneous current consumption with bluecolour, and the averaged with red dashed line. The main difference here can be seen inthe pattern and magnitude of the generated propulsive force. The original fin generatesa propulsive force vector that has double the frequency of the actuation cycle. The pro-posed fin demonstrates a propulsive force much larger in magnitude, which follows thesame frequency as the actuation cycle. The minor negative force segments can be at-tributed to the small area of the soft flaps that generate drag during the recovery-stroke.Fig. 2.13c shows the results of the experimentally acquired as well as the simulatedforces based on themodel presented in Section 2.2.2. Themodel follows the experimentaldata very closely, not taking into account unmodelled wake-induced forces and minordisturbances that occur during oscillation. It should be noted here that the drag coefficient
Cd was calculated empirically using experimental data and has been averaged over thesurface area of the fin. This can also account for some of the inaccuracy of the model.Fig. 2.14 shows aggregated results of a parametric investigation into the effect of thekinematic parameters A and f to the generated propulsive forces for both studied actu-
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ators. The top graphs show the averaged propulsive force, demonstrating a rather sig-nificant increase, with the maximum average values being over three times larger for theproposed actuator than for the original fin. The bottom graphs show the averaged propul-sive efficiency, with the proposed actuator showing similar improvement. This behaviourcan be attributed to the fact that while the consumed power for both actuators is compa-rable, the proposed actuator’s generated propulsive force is significantly larger.
2.2.4 Trials with the µ-CAT robotTo investigate the quality of motion the proposed actuator can achieve, the small-scaleunderwater robot µ-CAT was used (Fig. 2.15). Four nearly identical actuators were fab-ricated and mounted on the robot’s servo-motors. A series of actuation schemes werepre-programmed into the robot’s control unit, driving the actuators to achieve a set oflocomotion primitives (Fig. 2.16) for both underwater and surface swimming. The phaseoffset φ and angular offset A0 of the motors’ oscillation pattern were selected in order todirect the averaged generated forces accordingly with each locomotion primitive.

ba

Figure 2.15: The µ-CAT robot swimming underwater using flapped paddle-fins (adapted from [Pub-lication II]): a) flaps close during power-stroke, b) flaps open during recovery-stroke

During these tests, the robot demonstrated agility and manoeuvrability, justifying thedesign choice of the actuator. A detailed description of the trials and the resultingmotionscan be found in [Publication II] and its accompanying video.
2.2.5 Discussion and ConclusionThis section presented an investigation into a partially soft actuator with a reconfigurabledesign that allows adjusting its shape and stiffness passively. The experimental investiga-
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Figure 2.16: Kinematic inputs for swimming gait trials with µ-CAT using flapped paddle-fin actua-tors. The angular offset (A0) and phase offset φ0 were pre-selected to achieve the selected locomo-tion primitives ([Publication II] ©2020 IEEE). The robot’s motion direction is indicated with yellowarrows. The individual actuator force directions are indicated with blue arrows.
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tion of the generated forces serves as proof-of-concept of the actuator’s reconfigurabledesign and provides some insight into how drag forces can be utilized for thrust vectoring.The trials using a small robot provide insight into the effects of using this actuator and helpincrease our understanding of its advantages as well as limitations.Specifically, as seen in Fig. 2.13b, while the proposed actuator generates larger forcepeaks, this increase does not come without drawbacks, as the motion pattern followsa slower stroke generating intermittent motion. This was also observed during the tri-als with µ-CAT. There can be applications where this characteristic is unwanted, and asmoother operation is required. Strategies to mitigate this side effect could include im-plementing a non-synchronised stroke pattern between the robot’s four actuators, by ap-plying a phase offset to their oscillatory motion.Additionally, the propulsive force vector can only be generated in one direction of mo-tion of the actuator, meaning the directions of power-stroke and recovery stroke are fixed.Because of this, when used by a robot like µ-CAT, the actuator’s reference of oscillationwould need to be shifted by 180◦ in order to generate an opposite force. This might notbe possible, if the robot is operating on or near the surface of the water.A drawback of the design that was observed was that in some cases the flaps did notreturn to the overlapping ‘power-stroke’ position right away, possibly due to vortices gen-erated by the fin’s motion. Modification to the actuator’s morphology, changing the de-sign or material, can be made to ensure more consistent behaviour of the soft flaps.Lastly, the actuator’s performance was quantitatively evaluated only in zero inflowconditions. It would be particularly interesting to investigate the effects of inflow to thebehaviour of the soft flaps, as well as to the motion of an untethered robot.
2.3 Conclusions
In this chapter two methods of locomotion were discussed, that rely on variable stiffnessto generate the forces required for thrust vectoring in underwater or surface swimmingscenarios. In the first case, an actuator with a permanent non-uniform stiffness profilewas used to investigate its effects to the generated force. By comparison with a similarlyshaped existing actuator with a uniform stiffness profile, we demonstrated the effects ofthis modification. The drawback of using a permanent stiffness profile is that while it mayimprove performance in some areas, it may decrease it in others. The main outcomes ofthiswork are that, the stiffness profile of an actuator can be used to improve performance,however a stiffness profile that can be adjusted online would be preferable.In the second case, a passively reconfigurable actuator was used to demonstrate howonline passive adjustment of the actuator’s shape and stiffness can be used to optimize itsforce output and energetic characteristics. The reconfigurable design allowed to use theusually dominant but unusable drag forces, without increased mechanical, motion plan-ning, or control complexity. An experimental comparisonwith an existing soft foil actuatorof similar size showed significant improvement in actuator performance. While this actu-ator has some limitations regarding the repertoire of locomotion patterns it can generate,it is providing some understanding into how this type of reconfigurable mechanism canoptimize locomotion.Specifically, the contributions of the work described in this chapter include:

• The design and fabrication of two actuator prototypes that feature two methods ofvariable stiffness, static and passively adjustable.
• The experimental parametric analysis of the actuators’ output.
• A simplified force model for the second actuator, and its experimental validation.
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3 Variable stiffness actuation for amphibious locomotion
This chapter investigates amphibious locomotion using a variable stiffness actuator. Partsof thework presented in this chapter have been published in [Publication III]. As discussedin Chapter 1, effective locomotion in unstructured environments with variable levels ofwater content, benefits from actuation systems with built-in reconfigurability and com-pliance. Specifically, while the compliant behaviour soft actuators exhibit is considerednecessary when interacting with the surroundings, selectively increasing the stiffness andchanging shape is also needed in order to adapt and generate forces required for locomo-tion in a variety of environments. For this reason, and building on the conclusions fromthe work described in Sections 2.1 and 2.2, the criteria for this investigation of amphibiouslocomotion were the actuator’s reconfigurability of shape and variability of stiffness.In this context, a novel actuator, that was described in [Publication III] is presentedas proof-of-concept of locomotion in terrestrial and aquatic conditions. The proposedactuator (see illustration in Fig. 3.1) features a reconfigurable design that enables a dy-namic switch between two forms, each of them appropriate for locomotion in differentenvironmental conditions. The actuator’s locomotion efficacy is experimentally evaluatedseparately in each locomotion setting, in terrestrial and aquatic conditions, as well as inthe interface between aquatic and terrestrial conditions. The results demonstrate thatwhile relying on two different but rather simple motion planning and control strategies,the actuator’s morphology and compliant material enable locomotion in aquatic, terres-trial, and in multi-phase environments.

Figure 3.1: Illustration of concept vehicle using the variable stiffness actuator in a variety of environ-mental conditions [Publication III]. Top Left: the fully pressurized, stiffer actuator generates tractiveforces enabling terrestrial locomotion by rotating around a motor shaft. Right: the softer actuatorgenerates propulsive forces enabling underwater swimming by oscillating around the motor shaft.The inset depicts a CAD model of both states of the actuator mounted on a motor shaft.

The design of this actuator was inspired by the fast PneuNet design described in [112].PneuNet actuators consist of a soft elastomeric part, usually silicone rubber, that containsa network of interconnected air chambers. Some implementations also include an em-bedded flexible strain-limiting element, that is used to determine the actuator’s bendingprofile [113, 114, 115]. The shape and stiffness of these actuators can be controlled by ad-justing their internal pressure, by increasing the volume of the fluid that is contained intheir internal network of chambers. Their relatively simple design and actuation, alongwith demonstrated reliability and robustness [116, 112] have made them attractive for avariety of applications. This type of actuator has been used to study grasping [117, 118],rehabilitation [119], as well as locomotion [120, 121, 116]. Other soft pneumatic actuatordesigns similar to the PneuNet have also been developed and used for locomotion, usingfabrication techniques such as silicone rubber casting [122] and 3D printing with flexible
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materials [123].The hypothesis that motivated this work was that because this design allows the dy-namic adjustment of the actuator’s stiffness and shape, it can be suitable for locomotionin a variety of different conditions, premise partly supported by [52]. More specifically, byincreasing the internal pressure of the actuator, it deforms as seen in Fig. 3.1 and Fig. 3.9a.In this state it can function as a wheel, rotating around the motor shaft. When the inter-nal pressure is kept at low levels, it can function as a paddle and can be used to generatepropulsive forces by performing oscillations around the motor shaft.
3.1 Actuator material modelling
During the initial design stages of the actuator, a simulation was used to determine its fi-nal morphology and dimensions, as well as to predict its bending behaviour. The actuatordiscussed in this chapter consists of a few rigid parts, but mostly of soft parts, made ofsilicone rubber, a flexible elastomer in the wider category of hyperelastic or green-elasticmaterials. This material was selected as it can withstand large strains with no permanentdeformation. The following subsections describe the process of obtaining the materialparameters for the model that was used in this simulation. To summarize the process, ini-tially themodel typewas selected (see Section 3.1.2), then a set of silicone specimenswerefabricated and used in uniaxial tensile tests (Section 3.1.1). The data was post processedand used to identify thematerial model parameters. Lastly, the model was validated (Sec-tion 3.1.3), to ensure its accuracy before using in simulations.
3.1.1 Uniaxial tensile tests and data processing
Five nearly identical specimens of Elite Double 22 silicone were prepared following theASTM D412 standard for Vulcanized Rubber and Thermoplastic Elastomers [124], usingthe Die D dimensions (Fig. 3.2) of dumbbell shape. While the most common method offabricating the specimens according to this standard is die cutting them from a sheet ofmaterial, in this case, for convenience, a 3D printedmould was used to cast them (Fig. 3.2)similar to the process presented in [125]. For consistent results the same process of fabri-cation was followed for all specimens. Initially, a release agent was applied to the mould,then a batch of silicone wasmixed, degassed, poured into themould, and degassed again.As a last step before curing, a flat heavy object was placed on top of the mould, to ensurethe flatness of the specimen’s top surface. Using an Instron 5866 uniaxial testing machine(Fig. 3.3d,e) and following the ASTM D412 standard, tensile tests until break were con-ducted with the five specimens, and raw data of the extension (mm) and load (N) wascollected.The process ofmodelling the deformation response thatwas used in thiswork requires
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Figure 3.2: Mould for casting dumbbell specimen for tensile test: (a) The specimen dimensions. (b)CAD model of the mould and specimen.

37



a

b

c

d e

f

Figure 3.3: Fabrication and uniaxial tensile testing of silicone specimens (Elite Double 22 by Zher-mack): (a) 3D-printed mould, (b) casting the specimen, (c) cured specimen, (d,e) specimen duringtensile test, (f) all specimens after break

true stress-strain data [125], which can be calculated from the load-extension data thatwas acquired during the tensile tests. For all specimens, the data is processed as follows.First, the engineering stress and strain are calculated from the load-extension data.The engineering stress σe is calculated as the axial load F over the surface of the speci-men’s initial cross-section A0:
σe =

F
A0

. (10)
The engineering strain εe is calculated as the change in length ∆L per unit of the orig-inal length L0 of the specimen’s middle part.

εe =
∆L
L0

. (11)
With the stretch ratio defined as:

λ =
L
L0

⇒ λ = 1+ εe, (12)
the true stress and strain can be calculated. The true stress σt is the axial load over thesurface A of the instantaneous cross-section. This calculation takes into account the vari-ability of the cross-section due to tension in the direction normal to it and the conservationof volume (AL = A0L0).

σt =
F
A
⇒ σt = σe(1+ εe). (13)

The true strain εt (or logarithmic strain) expresses the change in length δL per unit ofthe instantaneous length, and is calculated by:
dεt =

dL
L

⇒ εt = ln(1+ εe) (14)
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Figure 3.4: Uniaxial tensile test data of silicone specimens (Elite Double 22 by Zhermack): (a) rawload-extension data, (b) true stress-strain data

The raw load-extension and resulting stress-strain curves for five specimens of EliteDouble 22 silicone can be seen in Fig. 3.4. The stress-strain data is used for modelling thematerial parameters as described in Section 3.1.2.
3.1.2 Yeoh hyperelastic model
As mentioned above, the main purpose of this model is to finalize the prototype’s mor-phology by predicting its deformation under load. While development of soft robots re-lies heavily on experimental results and prototyping [126], modelling the deformation be-haviour, even for static analyses, can help reduce the development time and cost.Linearly elastic material models that can describe relatively small strains commonlyrely on two material parameters, Young’s modulus or Poisson ratio. However, pneumaticand fluidic actuators such as the one described in this work require significant deforma-tions. To address this requirement, thematerials used to fabricate these actuators demon-strate highly nonlinear stress-strain relationships, with large reversible deformations of upto 500% strain [127]. Due to these characteristics, these elastomeric materials are catego-rized as hyperelastic or green elastic materials. As linear elastic models can not accuratelydescribe thematerial behaviour of hyperelastic materials, development and use of hyper-elastic material models has been increasing in the last decades [127, 128].The deformation behaviour of hyperelastic materials’ nonlinear stress-strain relation-ship, is described by a strain energy density functionW , which is a function of the elasticstrain state.

W = f (I1, I2, I3), (15)
where W is the strain energy density, and I1, I2, I3 are the three invariants of the Greendeformation tensor, given in terms of the principal extension ratios λ1, λ2, λ3, as
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The principal extension ratios (or principal stretches) express the extent and directionto which a unit volume of the material has changed its dimensions during deformation,defined as
λi =

li
Li
, i ∈ 1,2,3 (19)

The strain energy density functionW defines the amount of elastic energy stored in aunit volume of material, at a given state of strain [128].Deriving analytical models for soft robots is rather challenging [126, 128], due to ma-terial related nonlinearities, as well as due to the complex geometries that soft fluidicactuators commonly use. For this reason an FEM model was preferred in this work. Themain criterion of model selection was the expected strain range and the available typeof data for the parameter identification [127]. Additionally, in order to utilize the strainenergy function, the material is assumed incompressible, isotropic, homogeneous, freeof hysteresis, and strain-rate independent [127, 128, 125].The true stress-strain data from specimen 3 (see Section 3.1.1) was used to modelthe material in Ansys Workbench, using a 3rd order Yeoh hyperelastic material model.This model was selected as it describes the deformation of nearly or fully incompressiblenonlinear elastic, rubber-like materials quite accurately, relying on only the first strain in-variant I1 and allows fitting various modes of deformation using only uniaxial tensile testdata [129].Assuming incompressibility of the material, the strain energy function is given by:
W (I1) =

3

∑
i=1

Ci0(I1 −3)i (20)
where C10 = 78783Pa, C20 = 16732Pa, C30 = 6618.5Pa are the material constants ob-tained from fitting the tensile test data to the 3rd order Yeohmodel. The incompressibilityparameters are Di = 0, i ∈ 1,2,3. The strain-limiting inextensible elastic layer was mod-elled using a 1st order Yeoh model with material constantC10 = 7.9MPa [130].
3.1.3 Material model experimental validation
The model parameters were validated experimentally, via a comparison between the de-formation of a simulated soft fluidic actuator and a physical prototype of the same design,

(a) (b) (c) (d) (e)
Figure 3.5: The fabrication process of a simplified variable stiffness actuator illustrated using CADmodels: (a, b) Fabrication of wax core by casting in 3D printed mould, (c) Assembly of wax coreand strain limiting fabric in actuator mould, (d) Casting silicone into mould, (e) The cured siliconeactuator.
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under the same load. For this purpose, a scaled-down, partial version of the proposed ac-tuator was fabricated, following the two-step lost-wax process described in Section 3.2,and illustrated in Fig. 3.5.

(a) (b)
Figure 3.6: Experimental model validation using simulated and physical actuator. The prototype isdeformed under 100kPa of added pressure: (b) Strain study on Ansys, (a) Physical actuator

For the validation, a 3D CAD model of the physical prototype was imported to ANSYSworkbench, and a static analysis was performed to investigate the deformation profileof the prototype, under a set of added internal pressure values. The physical prototypewas connected to a pressure measurement device and was subjected to the same setof internal pressure increases. Due to its incompressibility, water was used to increasethe internal pressure, to ensure consistent pressure is applied to the internal walls of theprototype and to the pressure sensor [112]. The prototype’s deformation was captured onvideo. An example setpoint of this process can be seen in Fig. 3.6, with the simulated andphysical prototypes deformed under 100kPa of added pressure. This comparison visuallydemonstrates the hyperelastic model’s accuracy.
3.2 Actuator design and fabrication
The model described in Section 3.1.2 was used in an iterative process of design and simu-lations to obtain the final actuator morphology. In alternating steps, The actuator’s CADmodel was modified in SolidWorks, and its deformation under load was simulated in anAnsys Workbench FEM static simulation.The following boundary conditions and simulation settings were applied:

• The external surfaces between the chambers were defined as ‘frictionless contactpairs’, to prevent the actuator geometry from penetrating itself.
• A ‘bonded contact’ was defined between the inextensible (strain-limiting) layer andthe actuator.
• The flat face surrounding the fixation bolts was defined as a ‘fixed support.
• All internal surfaces (belonging to chambers and interconnecting channels) wereused to apply the internal pressure. Pressure was applied normal to the internalsurfaces.
This process was only aimed at finding the geometry that would allow the desired de-formation, and does not optimize the actuatormorphology for dynamic phenomena, suchas thrust and tractive forces. In this context, the design parameters that were adjusted
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Figure 3.7: The fabrication process of a variable stiffness actuator (adapted from [Publication III]):(a-b) Fabrication of wax core, casting melted wax in a soft mould with 3d printed brackets and sup-port rods. (c-f) Fabrication of soft actuator, casting silicone in a 3d printed mould, around the waxcore. The prototype is finished by melting off the wax core and sealing the openings with cast sili-cone plugs.

and finalized using this process were the number and geometry of chambers, the innerwall thickness, the outer wall thickness, and the size of the gaps between the chambers.Using the finalizedmorphology parameters obtained from the FEM analysis, a physicalprototype was fabricated. A two-step, lost-wax process was followed as seen in Fig. 3.7.The fabrication process illustrated in Fig. 3.7 is as follows:
a Six thin metal rods (�.5mm) are suspended over a soft silicone mould on two 3D-printed brackets. These rods provide stability to the wax core, and serve as attach-ment points during casting the actuator. Melted wax is poured into the mould andallowed to set.
b The wax core is demoulded and cleaned of excess wax.
c An aluminium bracket with a series of bolts fastened on it, the wax core and a re-inforcement fabric are assembled into the mould. The bolts are used to fasten thecured actuator to a motor shaft. The reinforcement fabric will act as the strain-limiting layer.
d A batch of silicone is mixed, degassed and poured into the mould. While in themould, the silicone is degassed a second time and allowed to cure.
e The cured silicone actuator is demoulded, the wax is melted off at 80◦C and poursout from openings on its sides.
f After the wax and metal rods have been removed and traces of wax have beencleaned, silicone plugs and an intake silicone tube are glued in using Sil-Poxy bySmooth-On.
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Figure 3.8: The variable stiffness actuator final prototype [Publication III]. The actuator is deformedby increasing its internal pressure by 100kPa. Left: Equivalent elastic strain levels in FEM simulation.Right: The physical prototype with a fluid intake silicone tube and a pressure measurement module.

This method of fabrication is slightly more challenging compared to the traditionallypopular method of casting the top and bottom parts of the actuator separately and thenbonding them together [131, 132, 133]. This method was initially attempted but resultedin frequent failures of the bond between the two parts. As the actuator described inthis thesis has a rather large surfaces that needs to be bonded, the method described inFig. 3.7 produces more consistent results, with fewer failure points. A simulation and thefinal physical prototype can be seen in Fig. 3.8 deformedunder the same internal pressure.
3.3 Experimental evaluation of locomotion performance
The actuator’s locomotion performance in underwater and terrestrial conditions, wasevaluated via a series of experiments, performed separately for each of the two scenarios.This section describes this process and its outcomes. For both scenarios, the soft actuatorwas mounted on a waterproofed BLDC motor (EC-max 30 by MaxonMotors) driven by anEPOS2 36/2 motor controller, such that it was allowed to fully deform and rotate aroundthe motor shaft (Fig. 3.9).
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Figure 3.9: Experimental testbeds for locomotion performance evaluation of the variable stiffnessactuator [Publication III]: (a) terrestrial, (b) underwater.
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Figure 3.10: Experimentally determined first natural frequencies of variable stiffness actuator in airand in water. The grey dashed line denotes the highest actuation frequency for underwater oscilla-tions.

3.3.1 Natural frequency analysis
The actuator’s first natural frequency was investigated, as the actuation frequency rel-ative to the natural frequency can affect its force output and energetic efficiency for un-derwater swimming. The first natural frequencywas experimentally estimated using forcemeasurements after manual excitation.Specifically, a series of tests was performed, where the actuator was manually de-formed and allowed to return to rest, while measuring the generated forces, in a setupidentical to the one seen in Fig. 3.9b. A total of 30 tests were performed, consisting of 2testing environments (actuator suspended in air and in water), 3 types of excitation (de-forming the left, right, and both sides), and 5 replicates for each. A discrete Fourier trans-form algorithm was used on this data to identify the frequency components. The firstnatural frequency was found to be on average fn,air = 2.439Hz and fn,water = 1.7241Hzwhile suspended in air and in water respectively (Fig. 3.10).
3.3.2 Motion patterns and control
To achieve locomotion in the two target environments, two motion profiles were imple-mented. An oscillatory motion pattern of the undeformed actuator was used to generateforces in an underwater setting. A continuous rotation with the fully deformed actuatorwas used to generate tractive forces on sandy terrain. The motor driver hardware usedfor these experiments offers a variety of operating modes, using position, velocity andcurrent control, with predetermined controller structures for each: PID position control,PI velocity control, PI current control [92]. Additionally, both operatingmodes for positioncontrol and velocity control employ acceleration and velocity feedforward components,and a current controller as a subordinate regulator.The controller structure selection was based on the desired actuator motion pattern;profile position mode (Fig. 2.5) for oscillatory motion and profile velocity mode (Fig. 3.11)for continuous rotational motion. To achieve a paddle-like behaviour and to generatepropulsive forces underwater, the internal pressure of the actuator was kept at low lev-els, and the motor shaft was driven with an oscillatory motion pattern. The motion pat-tern and control for this motion are described in Section 2.1.2. To achieve a wheel-likebehaviour and generate tractive forces, the internal pressure of the actuator was initiallyincreased until it reached the desired deformed state, afterwhich, themotorwas driven at
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a constant angular velocity. The control scheme used for this mode (Fig. 3.11), was imple-mented as a velocity controller with “Profile Velocity Mode" in Maxon’s EPOS2 Module36/2 [91]. This structure employs a velocity PI controller with a current PI controller assubordinate regulator, and is described in more detail in Publication III and in [91, 92].
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Figure 3.11: Velocity control structure for continuous rotations [92, 91].

In both experimental scenarios, feedback controller gains and feedforward factorswere tuned in a Hardware-In-the-Loop configuration using the“Regulation Tuning Wiz-ard” in EPOS Studio software (see Section 7.4 in [92]). For tuning, the Epos Studio softwareconnects to the motor driver and actuates the motor through a series of motions using avariety of inputs, covering a spectrum of accelerations and velocities. The software per-forms an automated parameterization process that includes identification and modellingof the plant, parameter identification of the controller parameters (feedback and feed-forward), and verification of the controller (feedback and feedforward). After successfultuning, the controller parameters are written into the motor controller. To ensure themaximum performance of the resulting controllers, similar conditions were applied forthe tuning process as with the actual experiments, such as friction, inertia and gravity, bysetting up the actuator, cables, and other equipment in the same configuration.
3.3.3 Characterization of propulsive forces
The actuator’s underwater locomotion performance was evaluated via a series of experi-ments in awater tank (Fig. 3.9b), focusing on themeasurement of generated forces duringoscillatory motion. A parametric analysis was performed to investigate the effects of theoscillations’ kinematic parameters (amplitude A and frequency f ) to the generated forcesand current consumption. Post-processing included filtering noisy data and summarizingthe performance metrics by calculating averaged values of forces and current consump-tion, over a number of whole periods of steady state oscillation.To evaluate the controller performance, the amplitude tracking errorwas calculated bycomparing the average actual oscillation amplitude with the nominal desired oscillationamplitude.

Aerror = |A− (θ high −θ low)| (21)
To evaluate the actuator’s energetic characteristics, the ratio of propulsive force overthe averaged consumed power was used [93], as described in (3) in Section 2.1.3.Fig. 3.12 shows the results of the experimental evaluation of the actuator’s underwa-ter propulsive force generation. Fig. 3.12a shows indicative results from an underwaterexperiment. It can be observed in this graph that the pressure measurement follows thepattern of generated propulsive forces, which can provide a proprioceptive approach forestimating the generated forces. Examining the pressure measurement in combinationwith the motor shaft’s angular position, gives an indication of the deformation due to thedrag forces that the actuator’s outer surface is exposed to while oscillating. In the currentconsumption graph, the measurement is quite noisy in the first second, while the rest of
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(a) (b)
Figure 3.12: Experimental results of underwater force characterization with the variable stiffness ac-tuator [Publication III]: (a) Indicative results. The upper graph shows the motor’s actual positionas it follows a sinusoidal motion pattern, and the measured internal pressure of the actuator. Themiddle graph shows the temporal evolution of the instantaneous propulsive force. The dashed hori-zontal line denotes the phase-averaged value, with positive (forward) forces shaded blue and nega-tive (backward) forces shaded red. The lower graph shows the instantaneous current consumptionof the motor in blue colour and the average current consumption as a dashed horizontal line. (b)Parametric study of the full range of amplitudes and frequencies of oscillation. The crosses show themedian values of 10 replicates for each parameter set, with 25th and 75th percentiles as shaded ar-eas. The upper graph shows the evolution of thrust forces, as the amplitude of oscillation increases,for two frequencies of oscillation. The middle graph shows the median current consumption. Thelower graph shows the energetic efficiency metric as described in (3).

the graph follows the generated force peaks. This is a transient effect at the beginning ofeach underwater locomotion experiment that was observed in previous implementationswith this motor driver hardware [1], and is most probably attributable to the type of con-troller used. This noisy transient period was excluded from the calculation of the averagevalues for all measurands.Fig. 3.12b shows aggregated results of the underwater experiments, summarizing theentire sweep of experimental parameters. Two frequencies and four amplitudes of oscil-lationwere studied. While increasing the amplitude and frequency of oscillation generallyresults in increased propulsive forces, they seem to converge in the higher end of ampli-tude. This is attributed to increased amplitude tracking errors that were observed in thisexperiment set, due to velocity and acceleration limitations imposed to the controller. Ad-ditionally, while current consumption is higher for the faster experiments ( f = 1.75Hz),it is lower at A = 80◦ and A = 90◦. We hypothesize that this can be attributed to theproximity of this set to the actuator’s first natural frequency described in Section 3.3.1.Regarding the actuator’s propulsive efficiency η , while it performs worse here than theother prototypes described in this thesis that have been designed purely for underwaterlocomotion [Publication I] and [Publication II] this is an acceptable trade-off, as it enableslocomotion in a wider range of environments.
3.3.4 Characterization of tractive behaviour
The actuator’s performance for locomotion on dry andwet terrestrial conditionswas eval-uated via a set of experiments on sandy terrain (Fig. 3.9a), focusing on the measurementof the distance travelled by the actuator as it rolls on the ground. A parametric analysis
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was performed to study the effects of motor angular speed and water content in the soilto the actuator’s travelling speed and energetic efficiency.In post-processing, noisy data was filtered, and performance metrics were calculatedand summarized as averaged values, over a number of whole cycles of actuation to ac-count for periodic phenomena.The velocity of the gantry along the x-axis was estimated using backwards differentia-tion of the smoothed (10th order Savitzky-Golay filter) linear displacement.
u(t) =

x(t)− x(t −1)
τ

, (22)
where x is the gantry’s position along x at times t and t −1, and τ is the time increment.The slip ratio was used to evaluate the traction quality of the actuator based on [134]:

S =





rω −u
rω

, rω > u: accelerating
rω −u

ru
, rω < u: braking

(23)

Assuming nobraking during the range of data, the slip ratio of thewheelwas calculatedas:
s(t) =

rω(t)−u(t)
rω(t)

, (24)
where r is the deformed actuator’s radius, assuming a constant curvature, u(t) is thegantry’s instantaneous velocity along the x direction, and ω(t) is the angular velocity ofthe motor shaft.To evaluate the actuator’s energy characteristics, the Cost of Transport metric wasused:

CoT =
Pin

mgū
=

1
nT

∫ nT
0 V I(t)dt

mg
∫ nT

0 u(t)dt
. (25)

Here m = 2.15kg is the mass of the actuator assembly excluding the gantry, and g isthe acceleration of gravity.Fig. 3.13 shows the results of the experimental characterization of the actuator’s trac-tive behaviour. Fig. 3.12a shows indicative results from terrestrial experiments on sandwith 6.25% water content. The jump that occurs when the actuator rolls over its seam(e.g., at 5sec) is caused by the actuator digging into the sand, and can be corrected by in-creasing the internal pressure or further optimizing the actuator morphology. In general,with constant angular velocity of the motor, the actuator maintained a rather constantlinear speed of the gantry.Fig. 3.12b shows aggregated results of the entire parameter sweep for terrestrial exper-iments. These graphs show that increasing the motor’s angular velocity results in higherlinear velocity of the gantry, with a linear relationship for the two middle cases of wa-ter content, but not for the dry sand (0%) and the sand that was saturated with water(25%). This dependence on water content can also be observed in the slip ratio and Costof Transport metrics, where the two edge sets perform significantly worse and the 6.25%set is consistently the lowest. This behaviour is supported by Fall et al. [135] that studiedthe effect that water content in sand has on its shear modulus, explaining the tractivecharacteristics of locomotion on sand with varying water content.
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(a) (b)
Figure 3.13: Experimental results of terrestrial velocity characterization with the variable stiffnessactuator [Publication III]: (a) Indicative results. The upper graph shows the actual angular velocityof the actuator’s motor shaft. The dashed horizontal line denotes the desired angular velocity. Themiddle graph shows the temporal evolution of the gantry’s position along the rail as it moves to-wards the distance sensor, as well as the gantry’s velocity calculated based on (22). The lower graphshows the instantaneous current consumption in blue colour and the averaged as a red dashed line.(b) Parametric study of the full range of actuation speeds and water content levels. The crossesshow the median values of 10 replicates for each parameter set, with 25th and 75th percentiles asshaded areas. The upper graph shows the linear velocity of the gantry for all angular velocities andall levels of water content in the soil. The middle and bottom graphs show the slip ratio and the Costof Transport calculated based on (24) and (25) respectively.

3.4 Discussion and Conclusions
This chapter discussed the design, development and experimental evaluation of a softfluidic actuator that can enable locomotion in aquatic and terrestrial environments, rang-ing from fully submerged swimming, to wet and dry granular terrains. Locomotion inthis wide range of environmental conditions is enabled by the actuator’s built-in recon-figurable design that allows transitioning between two forms: soft paddle and wheel. Wehave experimentally evaluated our hypothesis that this design can achieve amphibiouslocomotion, by performing experiments in both target environments. Additionally, we in-vestigated conditions that resemble the transition between the two, via experiments interrestrial conditions with gradually increasing water content.

This work provided a proof-of-concept of a promising actuator design for amphibiouslocomotion. The low impact motion demonstrated during terrestrial locomotion experi-ments can be a great benefit, especially compared to most commonly found stiff-leggedamphibious prototypes, and can positively affect a robot’s quality ofmotion, as well as theinteractionwith the environment. While the actuator’s performance is suboptimal in eachindividual locomotion scenario compared to more specialized prototypes, this trade-off isacceptable as it allows the reconfigurability of shape and stiffness that enables amphibi-ous locomotion.
The limitations related to the suboptimal force generation during underwater swim-ming and the periodic phenomenon of digging into the soil during terrestrial locomotion,can be mitigated with optimization of the actuator’s morphology. This can be achievedwith the help of a dynamic model, expanding on the FEM model presented here. Addi-tionally, optimization of the motion planning and control schemes can further increase
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performance.In order for this actuator to be used as the main locomotion system of a robot, cer-tain limitations need to be addressed. The transition between the two forms is currentlyachieved by amanual adjustment of the actuator’s internal pressure. Most pneumatic ac-tuators like the one presented use external pumps or other bulky systems for providing thepressure necessary to deform [136]. An onboard mechanism that will provide fluid pres-sure would allow tether-free actuation. This will increase the actuator’s portability, andwill enable the development of experimental prototypes with more degrees of freedom,leading up to the development of a prototype that can negotiate unconstrained terrestrialand aquatic locomotion in 6-DOF.Specifically the contributions of the work described in this chapter include:
• The design of reconfigurable actuator design, its fabrication method, and experi-mental proof-of-concept of multi-modal amphibious locomotion.
• The material model selection and parameter identification for the silicone rubberused to fabricate the actuator, as well as other prototypes in this thesis, and exper-imental validation of the model.
• The experimental parametric analysis of the prototype’s output and energetic char-acteristics, for two vastly different locomotionmodes and over a range of kinematicinputs.
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4 Conclusions and future outlook
This thesis aims to further the understanding of how variable stiffness can affect a softactuator’s efficacy and performance for locomotion. Incorporating soft materials in robotlocomotion has considerable benefits, relating to safety and energy efficiency, as well aslimitations relating to challenges in positional accuracy, state estimation, and force output.This thesis explores the concept of variable stiffness, as ameans ofmitigating these limita-tions and enabling reconfigurability for improved performance of soft actuators. The topicwas investigated from three viewpoints studying actuators with different morphologicalcharacteristics in different locomotion scenarios. In each case, a prototype was designed,developed, and experimentally studied in underwater and/or terrestrial conditions.

The first investigation, described in [Publication I] and Section 2.1, focused on studyingthe effect of a non-uniform stiffness profile to the actuator’s generated forces and ener-getic characteristics for underwater swimming. This study was based on the comparisonbetween two soft actuators: an already existing soft pitching fin with a uniform stiffnessprofile, and a clone of that, which has higher flexural resistance in one of its edges. Thehypothesis was that non-uniform stiffness throughout the actuator’s body would affectits bending profile, changing the direction of the generated force towards the more rigidedge. The experimental evaluation demonstrated the expected shift in the proposed ac-tuator’s generated forces towards a more favourable direction, resulting in a higher forcemagnitude and propulsive efficiency. The main limitation of this prototype was that thechange of stiffness was permanent, which may not be optimal for the robot’s operation ingeneral. This study shows that variable stiffness is a strategy that can be used for optimiza-tion of the actuator’s output, and can be especially beneficial if coupled with a dynamicstiffness adjusting mechanism.
The second investigation, described in [Publication II] and Section 2.2, focused onstudying the effect of a dynamically changing stiffness profile and shape, on the actuator’soutput for underwater swimming. Drag forces that are generated normal to the surfaceof an oscillating paddle actuator while it moves through water, usually have a larger mag-nitude than lift forces. However, due to being symmetric throughout the actuation cycle,they generate no net force. Themotivation for this workwas the hypothesis that an actua-tor design that allows an asymmetry in the drag force generation could be used to optimizethe force output throughout an actuation cycle. For this purpose, a novel prototype actu-ator was introduced that comprises a thin rigid frame and a series of cascaded soft flaps.The experimental evaluation of the prototype demonstrated the expected deformation ofthe soft flaps due to the actuator’s oscillations underwater. The deformation and subse-quent asymmetry in the generated forces serve as proof-of-concept of the design, whichenables a non-zero net force and allows to harness the drag force for thrust vectoring. Ad-ditionally, an experimental comparisonwith amore traditional soft foil demonstrated thatthe proposed actuator generates a larger surge force with higher propulsive efficiency, asthe drag force component of the proposed actuator is dominant over the lift forces thatare commonly usedwith soft foils for thrust vectoring. This study shows that adjusting theshape and stiffness of an actuator can result to optimized locomotion performance, andthis adjustment can be achieved in a passive way, by leveraging on the materials andmor-phology of the actuator. The simplicity of motion planning and control for the proposedprototype further demonstrates the benefit of passively optimizing the drag forces.
Based on the findings mentioned above, the investigation was extended to a more di-verse range of environmental conditions, studying the use of soft actuators with variablestiffness for amphibious locomotion. Most implementations for robotic amphibious loco-motion rely on mechanically complex mechanisms, and/or mechanisms with fast moving
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rigid parts, that can cause abrupt motions and can be damaging to the environment. In[Publication III] (and described in Chapter 3), a soft fluidic actuator was proposed, featur-ing a reconfigurable design that can easily modify its shape and stiffness. The hypothesiswas that this reconfigurability would allow locomotion in aquatic and terrestrial condi-tions, with the actuator assuming a different form and performing a different motion pro-file in each case: an oscillating soft paddle for swimming and a rotating wheel for drivingon ground. To validate the hypothesis, a prototype was designed, fabricated, and usedto experimentally evaluate the performance of the actuator design. The experimental re-sults show the actuator’s ability to generate surge and tractive forces, through a paramet-ric analysis of the actuator’s output for a range of motion pattern parameters. This studydemonstrates the benefits of reconfigurability of design, which enables multi-modal loco-motion by easily adjusting the actuator’s shape and stiffness. Specifically, it highlights thata rather simple mechanism that relies on simple motion planning and control algorithms,can be used to implement two different motion patterns and generate the required forcesin two very different locomotion scenarios.The next steps of work on this topic include studying variable stiffness actuation inlocomotion scenarios with fewer motion restrictions on the actuator, and in conditionscloser to “real-world”. The prototypes described in this thesis were only evaluated in lab-oratory conditions, mostly using a single actuator and studying its output in one or twodegrees of freedom, using a static setupwithout disturbances. It would be very valuable toextend the studies described in this thesis, using experimental setups that do not restrictmotion, such as incorporating the actuator in a freely-moving robot platform and studyinglocomotion with multiple degrees of freedom. Additionally, studying locomotion underdisturbances, such as underwater thrust vectoring under flow conditions, would be veryinteresting, as it would reveal dynamic phenomena that can affect robot locomotion. Inorder to bring the studied locomotion methods from the lab to the field, energetic andoperational autonomy, as well as optimization of the actuators’ output must be ensured.Specific to the work described in [Publication III], the actuator used external sources ofpower and pressure. To enable tether-free actuation, and to increase the autonomy of avehicle using this actuator, a mechanism is needed that can provide the pressure to de-form the actuator. Lastly, simulation of soft actuators and their interactions with theirsurroundings are rather limited in a robotics context. Several attempts have been madeto simulate soft materials, however most of this work is either limited to very specifictypes of actuators and usually does not include interaction with the surroundings. Forthis purpose, further development work is needed to mature this area, and to allow dy-namic simulations of compliant materials to become part of the process of design anddevelopment of soft actuators and their control systems.To summarize, the work described in this thesis shows that designs with passive re-configurability can lead to optimization of different aspects of an actuation system with-out increasing control and motion planning requirements. Hyperelastic materials, like sil-icone rubber, are very well suited for such purposes, due to their ability to withstand andrecover from large deformations, to passively store and release energy, and to safely in-teract with their surroundings. While these characteristics are certainly desirable in appli-cations where agile locomotion with minimal impact to the environment is required, thecompliant behaviour of thesematerials can also introduce limitations relating to lower po-sitional accuracy and challenging state estimation. This thesis shows how some of thesedrawbacks can be mitigated by dynamically varying the actuator’s stiffness depending onthe desired output.
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Development and Experimental Assessment of a Flexible Robot Fin

Roza Gkliva1, Michael Sfakiotakis2 and Maarja Kruusmaa1

Abstract— Energy efficiency and motion precision are par-
ticularly important for unmanned underwater vehicles (UUVs)
undertaking complex missions. To achieve these objectives,
researchers consider different materials when designing UUVs.
In this work, we present the development and experimental
assessment of a bio-inspired flexible actuator, based on the fins
used in the Autonomous Underwater Vehicle U-CAT. The novel
aspect of the new fin design is that it allows manipulation of
the magnitude and direction of the generated thrust vector, by
increasing the flexural resistance along its front edge through a
rigid insert. The potential for using the fin as a U-CAT actuator
is assessed through the comparison of results from parametric
studies inside a water tank, run for both the here-proposed
and the original design. The results indicate that the modified
fin can generate an increased overall force, with a relatively
small increase in power consumption. More interestingly, the
overall direction of the thrust vector is better aligned with
the robot’s surge axis, at the expense of reducing the sway
motion capability. Overall, the new design holds considerable
potential for enhancing the propulsive performance of fin-
actuated underwater vehicles, while representing a simple and
robust implementation of undulating flexible propulsors.

I. INTRODUCTION
In recent years, there has been considerable interest by

the scientific, research and industrial communities, in the
development and use of unmanned robotic vehicles for
remote access in underwater environments. The demand for
energy efficiency and precise position control in the presence
of drifting currents has prompted the development of bio-
inspired solutions to replace the lift-based control surfaces or
multi-thruster systems found in more traditional UUVs [1].

Bio-inspired propulsion designs for robotic underwater
vehicles follow two main paradigms; the first emulating
the continuously flexing fish bodies for increased propulsive
efficiency [2], [3], [4], [5], and the second employing me-
chanical analogues of biological active appendages [6], [7].
Most of the systems in the second category include either
pectoral or lateral, pitching or heaving fins [8], [9], [6], [10],
[11], [12], [13], [14], [15], [16], based on the morphology
and functionality of the fins and paddles of marine species,
and have the potential to increase the robot’s thrust vectoring
capacity and energy efficiency, while maintaining a stealthy
operation [6].

A distinction within the group of bio-inspired robots can
be made, based on the properties of the materials used to

This work was supported by the ERA-NET FLAG-ERA JTC2016 partner
Estonian Research Council, in the framework of RoboCom++.

1Roza Gkliva and Maarja Kruusmaa are with the Centre for Biorobotics,
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maarja.kruusmaa}@ttu.ee

2Michael Sfakiotakis is with the Department of Electrical Engineer-
ing, Technological Educational Institute of Crete, Heraklion, Greece.
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make their actuators. While rigid actuators were the norm in
previous years, recently soft/flexible actuators are becoming
more popular. In regards to the means of actuation of these
propulsion mechanisms, in the relevant literature appears
a plethora of different designs, fully actuated and not [6],
[17]. The motivation for designing underactuated fins stems
mainly from the desire to further study the kinematics of
the fin, the generated force, and the resulting propulsive
efficiency [18]. Taking advantage of the underactuated nature
of these fins, we can study how varying the kinematic pa-
rameters affects the generated force, in regards to magnitude
as well as direction.

In this context, this paper presents the development and
experimental study of a flexible pitching fin, suitable for
underwater robot propulsion. This actuator is a variant of
the flexible fins used on the U-CAT robot [14], which was
modified so that one of the edges perpendicular to the fin’s
axis of revolution remains rigid and oscillates along with the
motor, while the other lags behind, forming an undulatory
wave that transverses the fin diagonally from the rigid-
leading edge towards the trailing edge. To assess this fin’s
efficacy, its force generating capacity and energy efficiency
was experimentally compared to that of the existing U-
CAT fins. This was done through a series of parametric
experiments, where both the existing U-CAT actuator and the
new one were placed in a laboratory water tank, fastened on a
4-axis force sensor and tested for the same range of kinematic
parameters (frequency and amplitude of oscillation).

Our findings indicate that the modified fin affords in-
creased overall force generation, at the expense of a relatively
small increase in power consumption. More interestingly,
the overall direction of the generated force vector is better
aligned with the robot’s surge axis, thereby improving the
vehicle’s forward thrust capacity; however, this also results
in a reduction of the sway motion capability. Overall, the
new design holds considerable potential for increasing the
propulsive performance of fin-actuated underwater vehicles,
and presents a simpler and more robust (albeit less versatile)
implementation of undulating propulsive appendages, com-
pared to multi-actuator designs [19], [20]

The remainder of this paper is structured as follows:
Section II presents the design of the modified fin, along
with the developed experimental setup. The results of the
parametric tests conducted to assess the performance of
the modified fin in comparison to the original design are
detailed in Section III. Lastly, discussion and conclusions
are presented in Section IV.
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Fig. 1. U-CAT robot in hovering mode using the original fins. The overall
vector FA of the generated force is in the direction of the x-axis of the fin
frame {A}.
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Fig. 2. U-CAT robot in hovering mode using the proposed fin. The overall
vector FA of the generated force involves components on both the x- and
z-axis of the fin frame {A}, thereby increasing the force on the x-axis of
the robot frame {R}.

II. EXPERIMENTAL DEVICE - DATA ACQUISITION

Fig. 1 shows a top view of the robot U-CAT in a con-
figuration developed for hovering, where all fins are facing
inwards. In this configuration, the robot uses its front fins to
move forward. The placement of the fins at an angle ψ = 30◦

to the robot’s body allows for its movement in 6 dof [21]. A
disadvantage of this configuration is the loss in surge (related
to the presence of the FRy component in Fig. 1 inset) that
occurs because the force vectors generated by the fins are not
parallel to the vehicle’s surge direction (Rx). To minimize
the drop in surge efficiency, a modified fin is proposed, that
will generate a force vector not perpendicular to its axis of
rotation, but better aligned to the surge direction (Fig. 2). The
goal is to generate some amount of force along the actuator’s
axis of rotation, in the direction away from the robot, drawing
the overall force FA outwards, decreasing the loss (FRy in
Fig. 2 inset) and increasing the fin’s contributions along the
surge axis.

Figs. 1, 2 show also the two frames of reference for all
the force vectors used in this study. The robot’s body frame
{R} has its x-axis parallel to the robot’s surge axis pointing
towards the front end of the robot. The fin’s reference frame
{A} is attached with its z-axis aligned with the fin motor
axis and the x-axis being on the RxRy plane. This frame

(a) (b)
Fig. 3. CAD of the studied fins showing the internal structure: (a) Original
fin. (b) Modified fin (rigid bar is visible near the outside edge).

(a) (b)
Fig. 4. CAD of the studied fins, illustrating their bending capabilities: (a)
Original fin. (b) Modified fin.

{A} is also used as reference for the experimental study as
seen in Fig. 5. We define the fin’s angular position θ as the
rotation around the fin’s z-axis with a starting reference of
0◦ when the fin’s longitudinal axis is parallel to the Ax-axis.

A. Fin prototype

Both the original and the modified fins consist of a flexible
silicone part (Zhermack Elite Double 22) cast around a rigid
perforated base that can be fastened to the motor’s shaft.
The modified fin also contains a rigid bar along one of
its edges (Fig. 3b). This bar differentiates considerably the
bending profile of the modified fin compared to the original
design. The modification results in an undulatory wave that
transverses the fin diagonally from the rigid-leading edge
towards its trailing edge (see Fig. 4b). It also makes the fin
heavier by 6.3%, with the original fin weighing 0.429 kg
and the modified 0.456 kg. The generated force’s direction
in pitching and undulatory fins is towards the leading edge.
Because in this case the goal was to move the generated
force’s direction outwards, the rigid bar was placed near the
outside edge of the fin.
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Fig. 5. The experimental setup.
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B. Experimental Setup

The experimental setup used for this study can be sep-
arated into two interconnected sub-systems (Fig. 5). The
first sub-system consists of a Linux computer, running ROS
(Robot Operating System [22]), sending motion commands
to the actuator’s motor controller and recording all communi-
cations data. The second sub-system consists of a Windows
computer running a custom LabVIEW Virtual Instrument
(VI), that acquires data from the test-bed sensors. In the water
tank, the actuator is attached on a custom-developed 4-axis
force plate that measures forces along the x, y and z axes,
as well as torque around the z-axis. The motor’s Hall-effect
sensors’ signals are intercepted before the motor controller
and used by a micro-controller to calculate its actual angular
position. An LTSR 6-np (by LEM USA Inc.) current sensor
configured to 3 primary turns (measuring ±2A) is used to
measure the system’s current consumption. Position feedback
and current consumption data are sampled at 1 kHz, while
the force plate data are sampled at 100Hz.

The force plate was calibrated using a set of known
weights and validated with a Lutron FG-5000A force gauge.

The motor used is the Maxon EC-max 30, a brushless EC
motor with Hall sensors, controlled by the EPOS2 Module
36/2 digital positioning controller, which is powered by a
Rohde & Schwarz HMP4040 power supply.

C. Experimental Protocol

The efficacy of the proposed actuator was evaluated
through a series of parametric experiments, performed inside
a laboratory test tank. The flexible actuator was fastened on
the force plate (Fig. 6a) and positioned in the tank. Various
combinations of kinematic parameters for the fin’s oscillation
frequency f and amplitude A were used, whose range was
specified based on actuator performance limitations identified
in previous experiments with the original fin [23]. While each
kinematic parameter set is tested, the data acquisition system
is recording the data. Both the original and the modified
versions of the fin are tested on the same set of kinematic
parameters with as close to the same experimental conditions
as possible. This allows for later comparison of the results.

FRx
FA

ψ
φ

(a) (b)
Fig. 6. (a) The modified fin mounted on the force plate, (b) The resulting
force FA and how it contributes to the robot’s surge.

ROS handles the implementation of the fin kinematics
as follows: a set of desired kinematic parameters for the
fin’s motion, amplitude and frequency, is sent over a specific
topic, where the appropriate node is listening in. There,
these parameters are used to calculate the motion profile
velocity, acceleration and deceleration, taking into account
the motor’s gearbox ratio, as well as upper and lower limits
for the motion profile’s and kinematic parameters’ values.
The motion profile settings are then sent to the motor
controller, where the control signal is generated.

Since actuator position feedback is provided by the mo-
tor’s Hall sensor, before the start of each set of experiments,
the fin has to be manually brought to the 0◦ position, i.e.,
oriented along the x-axis of {A}-frame.

In each experimental run, the LabVIEW data acquisition
VI is started first, followed by a new parameter set being
sent to the motor controller. This ensures that the start of the
experiment is captured in LabVIEW. The Labview VI runs
for a set amount of time and then stops and prompts for the
data to be saved. After that, the ROS nodes are terminated.

D. Data processing

The LabVIEW data were directly imported into MATLAB
for post processing and analysis. There, a locally weighted
linear regression (’lowess’) filter was applied to smooth the
noisy force (filter span: 10) and current consumption data
(filter span: 90). Also, the first few transient periods of
the measurements are discarded, as only the steady state
is useful for mean value calculations. Specifically, for each
measurement set, of the steady state range, 6 oscillation
periods are used for further analysis.

The force components’ timeseries were used to calculate
the magnitude of the overall force vector [N] as:

FA =
√
F 2
Ax + F 2

Az (1)

Given that the Fx and Fz components contribute to the
robot’s thrust, Fy is omitted from the overall force cal-
culations. The angle of the resulting force was calculated
according to [24] as:

φ = tan−1
(
FAz

FAx

)
(2)

The angle of the resulting force was then used to calculate
the force’s contribution to the robot’s surge, as shown in
Fig. 6. The Rx component of force (FRx) is calculated as:

FRx = FA cosφ′, (3)

where φ′ = ψ − φ, is the angle between the resulting force
FA and robot’s surge direction, and ψ = 30◦ is the actuator’s
angle to the robot’s body (Fig. 6b).

The mean consumed power [W] was calculated given the
voltage provided to the motor controller Vm = 28[V] and
the mean value of the measured current consumption, as:

Pin,mean = VmImean (4)
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Subsequently, the static thrust/power ratio [N /W] of the
fin, obtained as:

η =
FRx

Pin,mean
(5)

was used as an indirect measure of the actuator’s effi-
ciency [25].

III. RESULTS

The experiments presented here were focused on assessing
the modified fin’s force generating capacity and propulsive
efficiency. To achieve this, the processed results of the modi-
fied fin are compared to those of the original. The kinematic
parameter space considered for the desired motion patterns
involved combinations of f = [0.5 : 0.3 : 2.6]Hz and
A = [10◦ : 10◦ : 60◦]. While the motor controller achieved
accurate position control for most parameter combinations,
with position errors ranging between 0− 3%, in some cases
of combined high values of frequency and amplitude, the
position error was large enough for the experiment to be
considered not useful, so these sets were omitted for both
fins in the following analysis.

A. Individual results

Individual results demonstrating the temporal evolution of
the shaft’s position, the current consumption and the force
generated along the x, y, and z axes, by each fin for the
same set of kinematic parameters, A = 40◦, f = 1.7Hz,
can be seen in Fig. 7. In this section all force vectors are in
reference to the {A} frame (Fig. 6a).

An initial large consumption can be observed during the
first couple of periods of each experiment. This may be
related to the fact that, during this time, the actuator has
to start moving a previously still mass of water. The dashed
red line in the same graph denotes the current consumption
mean value, calculated for a number of whole periods of
oscillations during steady state. Initial transient phenomena
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Fig. 7. Individual experimental results for position feedback, current
consumption and generated forces along all 3 axes: (a) original fin, (b)
modified fin

are observed in the force measurements, where steady state
appears after less than two periods of oscillation.

For every period of the fins’ motion, in all three axes, two
peaks of force can be observed. For the FAx component,
those peaks appear in the same direction, while for the FAy

component, the peaks appear symmetrically across the 0N
line, for both fins. For the FAz component, there appears
a difference between the two fins, where in the original
fin’s case the peaks are symmetrical across the 0N line,
while for the modified fin the peaks have the same direction.
This can be explained as zero net amount of force being
generated along the z-axis for the original fin, and a non-
zero amount for the modified. This way, for the modified fin,
the FAx and FAz components of the generated force appear
to oscillate at twice the fin’s oscillating frequency f , both
generating a time-averaged non-zero net amount of force.
Also, the FAz measurements show that the fin produces
consistently asymmetrical amounts of force when moving
clockwise and counterclockwise. The FAy component of the
force can be seen to oscillate at the same frequency as the
fin in both cases. It should be noted that even though the
sway component exhibits peaks that are considerably larger
than the other two components, because it oscillates around
0N, it produces zero net amount of force.

The force and current consumption measurements are
closely linked to the angular position of the fin. All force
components are minimized when the actuator comes to a stop
in both cases, while maximum values are observed during the
accelerating part of its motion. Similar patterns are observed
in the current consumption graphs, where maximum values
appear during the accelerating part and minimum values
when it is stopped.

B. Parametric analysis

Figs. 8, 9 show the results of the parametric study for the
effect of the kinematic parameters f and A on the magnitude
of two of the three force components for both fins (as was
noted previously, the FAy component produces zero amount
of net force, so it will not be included here). These are mean
force values calculated using a number of whole periods
during the steady-state part of the time-series, as a function of
the desired oscillation amplitude, over a range of frequencies.
Fig. 10 shows mean values for the FRx component in the
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Fig. 8. Experimental results of the x-axis force component.
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Fig. 10. Calculated force contribution to the robot’s surge (FRx).

robot’s surge direction, as calculated in (3). This is the fin’s
contribution to the robot’s surge.

Both fins show similar trends when given the same kine-
matic parameters, i.e. increasing the oscillation amplitude
or frequency results in an increase of the generated force.
Comparing the two fins in these graphs, we observe that
similar amounts of force are generated along the fin’s positive
x-axis, while, in contrast to the original fin, the modified
variant exhibits a non-negligible force component in the
positive z-axis direction.

The fin’s contribution to the robot’s surge (FRx, Fig. 10)
shows a similar rising trend for increasing amplitude and
frequency in both cases, with the modified fin generating
larger amounts of force for higher values of the kinematic
parameters. The non-zero positive force along the fin’s z-
axis draws the overall force’s angle towards the robot’s surge
direction. This results in higher values of the generated forces
along the robot’s x-axis.

Fig. 11 shows the mean values for the current consumption
measurements, calculated for a number of whole periods
of oscillation. The modified fin shows higher values of
consumption, over the original fin, for combinations of high
values of the kinematic parameters. This can be attributed
(at least partially) to the increased mass of the modified fin.

Results of the mean thrust/power ratio (5), used as an indi-
rect metric of efficiency, can be seen in Fig. 12. The modified
fin exhibits comparable η values for the lower frequencies,
and significantly higher values for higher frequencies. This
demonstrates that drawing the force vector towards the surge
direction has a positive effect on the fin’s contribution to
the robot’s thrust, even though the power consumption was

10 20 30 40 50 60
A [◦]

0.2

0.4

0.6

0.8

I m
e
a
n
[A

]

Original Fin

10 20 30 40 50 60
A [◦]

0.2

0.4

0.6

0.8
Modified Fin

f = 0.5 Hz

f = 0.8 Hz

f = 1.1 Hz

f = 1.4 Hz

f = 1.7 Hz

f = 2.0 Hz

f = 2.3 Hz

f = 2.6 Hz

Fig. 11. Experimental results of current consumption.
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Fig. 12. Experimental results of the calculated thrust/power ratio.

higher in most cases for the modified fin.

IV. DISCUSSION AND CONCLUSIONS

We have presented the development of a flexible actuator
intended for underwater propulsion, and its experimental
comparison to the existing actuator of the U-CAT robot.

The assessment of the two flexible actuators shows that
changing the way the actuator bends has an effect on not
only the force output magnitude, but also on the force’s
direction. More specifically, these two fins react differently
to changes in the kinematic parameters for their motion
profile. Changing the kinematic parameters for the modified
fin, alters not only the magnitude (as in the original fin) but
also the direction of the generated force vector. This change
is not directly controllable, as those two variables are coupled
and depend on both kinematic parameters.

The comparison between the two demonstrates increased
force generation by the modified fin, combined with higher
thrust/power ratio. More specifically, the modified fin shows
an increase of 39% in its contribution to the robot’s surge
FRx, for the highest observed value of this force for both
fins (A = 60◦, f = 1.70Hz). For the same parameter set the
static thrust/power ratio η increases by 24%.

Regarding application to U-CAT, due to the robot’s an-
gled actuator configuration, the modified fins’ characteristics
would allow an increase in the generated surge force, e.g.,
for applications where forward thrust during hover mode is
required. On the other hand, use of the modified fin would
also result in a reduction of the force generated on the robot’s
y-axis, thereby diminishing the capacity for sway motion.

For this reason, future work will include the design,
development and assessment of a flexible actuator capable
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of dynamically manipulating the force vector’s angle. This
actuator will retain the advantage of 6-dof motion capability
afforded by the original actuators, with the addition of the
improved forward thrust of the here presented modified fin.
These will be incorporated on the U-CAT AUV, to study
low level control of the actuators, as well as relevant vehicle
control schemes. Finally, future work will also involve the
development of a mathematical model for the actuator, which
will assist the optimization of its overall morphology and
control design.
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A Flapped Paddle-Fin for Improving Underwater
Propulsive Efficiency of Oscillatory Actuation

Ashutosh Simha , Roza Gkliva , Ülle Kotta , and Maarja Kruusmaa

Abstract—This letter presents a novel design of an oscillatory fin
for thrust-efficient and agile underwater robotic locomotion. We
propose a flat paddle-fin comprising a set of overlapping cascaded
soft flaps that open in one half of the stroke cycle and close in the
other. Consequently, asymmetry in the lateral drag force exerted
by the fin during oscillatory actuation is passively achieved. This
enables a substantially higher degree of efficiency in force gen-
eration than conventional oscillatory fins which rely on weaker
longitudinal wake-induced forces. Experimental results show a
high degree of improvement in net thrust and propulsive-efficiency
over conventional fins. Locomotion with the proposed fin has been
demonstrated on an underwater robotic platform. Various gaits
were achieved using oscillatory actuation, via angular and phase
offsets between the actuators.

Index Terms—Biologically-inspired robots, marine robotics,
mechanism design.

I. INTRODUCTION

AUTONOMOUS Underwater Vehicles (AUVs) have been
increasingly finding application in missions requiring a

high degree of agility and endurance which has motivated a
wide range of biologically inspired designs [1]. These AUVs
can be broadly classified into jet-propulsion systems, modeled
after jellyfish, scallops, octopus ([2]–[4]), undulatory systems,
modeled after snakes and manta-rays etc. ([5]–[10]) and oscil-
latory systems modeled after fish classes such as Carangiforms,
Thunniforms and Osctraciiforms ([11]–[13]).

Oscillatory AUVs generate thrust by utilizing the wake-
induced forces due to fin oscillations [14]. At low inflow condi-
tions, these forces are significantly weaker than the drag-induced
lateral force that acts perpendicular to the fin. The lateral force
however, can not be used for locomotion as it is symmetric in
the stroke-cycle and produces zero net acceleration. For this
reason, a class of AUVs which feature asymmetry in the lateral
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force during the power-stroke and recovery-stroke half cycles
are presented in [15]–[21].

In order to achieve asymmetric drag force without complex
actuation or gait shaping involving multiple actuated joints, the
following robots have been designed. In [22], [23], the actuator
comprises rigid flaps that open and close during the power and
recovery stroke. In [24], asymmetry is achieved using a spring
loaded passive rowing joint which is swept back to offer less
resistance to flow during the recovery stroke. In [22] and [23], it
can be observed that during the recovery-stroke, the flaps are not
completely parallel to the flow as they are required to open again
during the power-stroke. This results in nontrivial drag during
recovery. Moreover, due to the inertia of the rigid flaps, some
of the energy during the power-stroke is utilized for opening
them up. Further in [24], a nontrivial drag force from the fluid is
required to sweep the fin towards the body during the recovery
stroke due to the torsional spring.

Another method of achieving asymmetric drag force with con-
ventional fins is in employing skewed actuation signals having
a faster power stroke and a slower recovery stroke. Some works
in this direction are [25]–[28]. However, increasing asymmetry
necessitates a significantly smaller duty cycle of the power
stroke, and oscillation frequency, resulting in intermittent and
slower motion.

In this letter we propose a novel flapped paddle-fin that
comprises a rigid thin frame, with cascaded flaps bending open
during the recovery-stroke and closing during the power-stroke
(Fig. 1). This design is inspired by the cascaded structure of
the feathers on a bird’s wing which overlap in a louver-like
structure [29], [30]. The flapped paddle-fin (or louvered fin) has
the following advantages over earlier designs:� Simplicity in design: The proposed fin requires simple os-

cillatory actuation without complex stroke shaping mech-
anisms, and with a single actuated joint.� Negligible recovery drag: The asymmetry in lateral force
is high as the flaps are almost parallel to the flow during
the recovery stroke, creating negligible drag.� Efficient power utilization: The negligible inertia of the
flaps allows them to open and close freely, enabling almost
total utilization of on-board power for locomotion, thereby
increasing efficiency.� Modeling simplicity: Negligible inertia and drag during
recovery and flat plate dynamics during the power stroke,
allow reliable force modeling, thereby providing potential
for accurate model based control.

2377-3766 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Flapped paddle-fin based robot (a) flaps close during power-stroke,
(b) flaps open during recovery-stroke.

In what follows we describe the mechanical design of the fin
and its mathematical model, demonstrate the fin’s efficiency by
conducting comparative experiments with a conventional soft
fin. Finally, we demonstrate how the fins can be utilized on an
AUV for generating various gaits.

II. DESIGN CONCEPT

A. Forces Due to Oscillatory Motion

The primary hydrodynamic forces that are generated from
oscillatory motion of the fin are due to drag, and the wake
effect [14], [31], [32]. The drag force is exerted on the fin by
the fluid that is laterally displaced during oscillation, and acts
perpendicular to the surface of the fin. For a conventional rigid
fin, the resultant drag-force components that are perpendicular
to the longitudinal axis of the fin average out to zero over the
stroke cycle. This force therefore produces no net thrust, and
consequently can not be utilized for locomotion. The force that
is used for locomotion is the second one, due to the wake-effect.
As explained in [14] (see Fig. 11.4), this wake-force is generated
when the fin oscillates in a nonzero inflow velocity regime. In this
case, the oscillatory motion of the fin’s trailing edge generates
a wake behind the fin, into which momentum is imparted. This
momentum that is shed off the trailing edge of the fin, and the
resulting force, are linear with respect to the inflow velocity (or
the forward swimming velocity of the robot). Kinetic energy
imparted into the wake (wake power) is given by [14] as

P =
1

2
mvw

2U, (1)

Fig. 2. Studied fins: (a) soft fin, (b) flapped paddle-fin, (c) Fin prototype
mounted on force/torque test bed, (d) CAD illustration of the two states of
the fin prototype, recovery and power-stroke.

where mv is the virtual mass per unit length of the fin tip, w
is the perpendicular velocity of the tail segment, and U is the
forward swimming speed (or inflow velocity).

From the above discussion, it is evident that the wake-power
is not significant at low swimming speeds. However, the lateral
forces, though producing no net thrust, have a much higher
magnitude, compared to the force corresponding to the above
mentioned wake-power. This is observed in several other oscil-
latory fins (see for e.g. Fig. 8 in [33] and Fig. 7 in [34]).

B. Design and Fabrication

In order to generate highly asymmetric drag forces, the lou-
vered fin is designed such that during the power-stroke, passive
flaps are pressed against a rigid structure and form a flat paddle,
and during the recovery-stroke the flaps are bent away from
the fin structure, allowing water to flow through. The proposed
fin (Fig. 2b) consists of a rigid frame and a series of flexible
flaps. The flaps are assembled on the rigid frame in a cascaded
configuration and slightly overlap in length.

Each flap is manufactured by casting silicone (Zhermack Elite
Double 22) in an open rectangular mould. A flat surface is used
to apply even pressure to the top of the mould. This results in
curing a thin light-weight silicone sheet of uniform thickness.
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Fig. 3. Representation of drag and lift forces acting on the fin’s surface during
oscillation.

Before casting, a carbon fibre rod that has been covered in thread,
is placed in the mould in a depression near one of the edges. The
thread provides a rough surface for better adhesion between the
silicone and the carbon fibre rod. This rod is used to mount
the flap on the rigid frame and functions as the leading edge of
the flap, and is constrained from rotating. The stiffness of the
flap near the leading edge prevents it from folding over in the
recovery stroke. Moreover, before casting, a piece of thin net is
placed throughout the surface of the mould. This gets embedded
in the silicone and adds to the flap’s structural stability. The
rigid frame is made of two copper-clad PCB strips on each side
soldered on a brass tube. Additional support wires are placed
across the frame, to prevent the flaps from passing through the
gaps during the power-stroke.

The proposed fin has been compared with a conventional soft
fin (Fig. 2(a)), which consists of a flexible silicone part cast
around a brass tube used for mounting on the motor shaft.

III. MODELING OF FORCES OF FLAPPED PADDLE-FIN

The significant force that acts during oscillation on the flapped
paddle-fin at low speed locomotion, is the drag force FD which
is exerted in a direction collinear with the net flow velocity U ,
which is the sum of the normal fluid velocity due to flapping
NV and external inflow IV as indicated in Fig. 3. Under zero
external flow condition, FD is perpendicular to the fin’s surface
i.e. in the lateral direction. A secondary force FL is also exerted
perpendicular to drag. At low inflow conditions however FL

is appreciably small compared to FD, and is therefore not
incorporated into the mathematical model. Moreover, modeling
this force precisely is indeed a nontrivial task for the asymmetric
fin, and it is therefore subsequently considered as a small residual
force for control design.

The drag force on the fin is calculated by dividing the fin’s
surface into several segments along the length of the fin, and
the drag force due to each segment is computed according to
a standard form-drag (quadratic) model [14], and subsequently

integrated along the length. Let w denote the (uniform) width
of each segment that is exposed to the flow during oscillation.
The width of the flap area that impedes the flow during the
power stroke is calculated to be 6 cm during the power stroke,
and estimated to be 0.6 cm during the recovery-stroke. This is
because most of the flap area does not impede the flow during
recovery, however there is a residual impedance from the frame
and parts of the flaps near the hinges. We denote the drag
coefficient in water as Cd, the density as ρ = 997 Kg/m3, and
the instantaneous angular displacement of the fin by θ(t). The
flap area in the fin is calculated to be within 3 cm to 10 cm of
its length. Let ds denote the incremental length. Then, the drag
force is given by

FD(t) =

∫ 0.1

0.03

1

2
Cdρwθ̇2(t)s2ds. (2)

It is assumed that the power-stroke occurs when θ decreases and
recovery-stroke occurs when θ increases. We obtain the lateral
force during the power-stroke as

FD(t) =
1

2
Cdρwθ̇2(t)

[
s3

3

]0.1

0.03

= 9.1 × 10−5Cdρθ̇2(t). (3)

During the recovery-stroke we obtain the lateral force by using
w = 0.6 cm as

FD(t) = −9.1 × 10−6Cdρθ̇2(t). (4)

The components of the force in the body-fixed frame of the
force-plate is obtained (under zero inflow conditions) as

Fx(t) = FD(t) sin(θ(t)),

Fy(t) = FD(t) cos(θ(t)). (5)

The angular displacement is achieved by using a proportional
control law for the motor with reference

θr = −A

2
sin(2πft). (6)

IV. EXPERIMENTAL SETUP

The efficacy of the flapped paddle-fin was initially assessed
via a series of experiments using a force/torque measurement
device (Fig. 2c) in a laboratory test tank. This device measures
forces along the primary x, y and z axes as well as torque around
z. Combinations of two variables, amplitude A and frequency f ,
of the actuator’s oscillatory motion (6) were tested. The ranges
of each parameter were determined based on motor’s saturation
limits. Also recorded were time-series of the motor’s angular
position, as well as the current consumption of the actuator.

During post-processing, smoothing is applied to noisy data
using a Lowess smoothing technique and mean values of the
forces and current consumption are calculated over n = 8 cy-
cles of steady state oscillation. The ratio of surge force over
consumed power η is used as a metric of propulsive efficiency
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Fig. 4. Frames of the oscillation cycle showing the motion of flaps during the power and recovery stroke.

Fig. 5. Comparison of simulated model and experimentally determined forces.

([35]) as

η =
1

nT

∫ nT

0 Fp(t)dt
∫ nT

0 V I(t)dt
. (7)

Here Fp is the propulsive force which is Fx for the soft fin
and Fy for the flapped-fin. V is the constant voltage, I(t) is the
current consumption, and T is the time-period of oscillation.

V. RESULTS AND DISCUSSION

A. Flapped Paddle-Fin on Testbed

A series of frames of the flapped paddle-fin during one cycle
of oscillation can be seen in Fig. 4. Here it can be observed
that the flaps open completely during the recovery-stroke, with
negligible impedance to the flow.

Fig. 5 shows the temporal evolution of the experimentally
determined as well as the simulated forces based on the model in
section III. The model closely follows the experiment, apart from
the fact that there is a slightly larger experimental longitudinal
force Fx. This is due to the residual unmodeled wake-induced
forces that occur during oscillation. On the other hand, the actual

Fig. 6. Individual experimental results for position feedback, generated forces
and torque as well as current consumption: (a) soft fin, (b) flapped paddle-fin.

lateral force is slightly smaller than the simulated value as the
stroke velocity increases. This can be attributed to the fact that
the drag coefficient Cd decreases while the flow has a positive
velocity away from the fin. For our model, Cd was empirically
calculated from (3) and (4) using force measurements. We
assume that Cd has been averaged over the surface area of the
fin. We also assume that, under no external flow conditions,
the angle of attack of the flow is independent of the angular
position (may depend only on angular velocity), as flow near
the surface of the fin acts perpendicular to it, independent of
the angular position, consequently so is Cd. However there is a
dependence on the flow velocity, or angular velocity of the fin,
and we assume a square-law relationship, allowing us to factor
out Cd as a constant from the integral (2).

Fig. 6 shows experimental results of two different runs, one
with the soft fin and one with the flapped paddle-fin. The
amplitude and frequency for both fins were selected from the
two actuators’ data sets to demonstrate the maximum propulsive
force in each case (the lateral force Fy for the flapped-fin and
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Fig. 7. Experimental results of the average propulsive force component.

Fig. 8. Experimental results for propulsive-efficiency.

longitudinal force Fx for the soft fin), within the limitations of
the motor. It can be seen in Fig. 6 a that Fy is appreciably greater
than Fx, but averages to zero due to symmetric drag while Fx is
significantly asymmetric since the soft fin is optimized for wake
forces. On the other hand, in case of the flapped-fin, the lateral
force Fy is highly asymmetric due to negligible recovery drag,
and contrary to the soft fin, Fx in this case primarily contains
the projected component of the lateral drag-force, and negligible
wake forces, and is therefore not significantly asymmetric. Next,
it can be seen that the torque M , measured around the axis of
rotation of the actuator, which is the moment due to the forces
generated from actuating the fin, is also asymmetric for the
flapped paddle-fin and symmetric for the soft fin. Moreover, the
plot of the current consumption I shows only a slight increase
in mean current consumption during steady state for the flapped
paddle-fin over the soft fin, while achieving significant increase
in thrust.

Fig. 7 compares the average propulsive force between both
fins. The range of parameters were chosen to be within the
motor saturation limits. It can be seen here that the net thrust
is significantly higher in case of the flapped-fin, and increases
quasi-linearly with amplitude for higher frequencies.

Fig. 8 compares the propulsive efficiency of both fins. It can
be seen that along with net thrust, the propulsive efficiency of
the flapped-fin also increases. This can be attributed to the fact
that the consumed power for both fins is comparable, but in the
case of the conventional soft fin, most of the power is wasted in
the lateral force component. On the other hand, the flapped-fin
utilizes this dominant force, resulting in simultaneous increase
of thrust and efficiency, without the need of trading them
off.

Fig. 9. Angular offset (A0) and phase offset φ0 for underwater swimming
gaits. The robot’s motion direction is indicated with yellow arrows. The indi-
vidual actuator force directions are indicated with blue arrows.

B. The μ-CAT Robot Trials

Locomotion using the flapped paddle-fin has been studied on
an AUV actuated by four servo-motors (see attached video [36]).
Actuation schemes based on vectoring the mean thrust of each
fin via differential variation of phase offset φ0 and angular offset
A0 of oscillation have been heuristically developed in order
to achieve basic locomotion gaits as illustrated in Fig. 9 and
explained as follows.� Surging (heave up): The four fins are synchronized in

angular offset and phase of 0◦. All fins generate force in
the direction normal to their surface at the angular offset
point (A0), and towards the front of the robot. These forces,
combined with torque during the power-stroke, cause a
surge forward, as well as pitch up, allowing the negatively
buoyant robot to surface.� Surging (heave down): The robot fins are synchronized
with an angular offset of 180◦ and zero phase offset. All
fins generate force in the direction normal to their surface
at the angular offset point (A0), and towards the back
of the robot. These forces, combined with torque during
the power-stroke, cause the robot to surge backwards and
down.� Surging (bounding): Both the rear and front fins gen-
erate forward thrust forces, with a direction normal to
their surface at the angular offset point (A0), as well as
a pitching moment that tends to rotate the robot around
its lateral axis. The rear fins have a phase offset of 180◦.
Because of the phase offset between the front and rear
fins, the moment’s frequency is double of that observed
in ”surging (heaving up)“ and ”surging (heaving down)”
but reduced in magnitude. This enables the robot to surge
smoothly as the front fins engage the power-stroke while
the rear fins recover and vice-versa. On the other hand, if
the phase offset is zero, the robot moves intermittently, as
demonstrated in the previous two surging gaits.� Yawing right: The fins on the left of the robot have an
angular offset (A0) of 180◦ and those on the right side, 0◦,
and the phase offset is zero. This creates a difference in the
forces on either side, resulting in zero net thrust force and
a clockwise moment.� Turning right (banking): The fins on the right have an
angular offset (A0) of 0◦ vectoring the force forward, while
the fins on the left side have an angular offset of −45◦,
thereby vectoring the force downwards. This creates a
clockwise yaw-torque as well as a roll-torque to the right,
allowing the robot to bank right.

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on May 02,2022 at 15:49:24 UTC from IEEE Xplore.  Restrictions apply. 
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VI. CONCLUSION

The flapped paddle-fin mechanism showed that the lateral
drag during the recovery stroke was indeed negligible, thereby
enabling a high degree of asymmetry in lateral force. By ex-
ploiting the asymmetry in the lateral force with the proposed
fin, thrust as well as propulsive efficiency were significantly
improved over conventional fins. A mathematical model for the
forces during the power and recovery stroke was developed
for the proposed fin, and it was shown to closely follow the
experimental data. This is beneficial for future model-based
control as the forces have a simple, closed-form expression for
oscillatory actuation. The proposed fin was finally mounted on
an underwater robotic platform, and several basic locomotion
gaits were achieved using phase and angular offset control of
each fin. The robot demonstrated appreciable agility and ma-
neuverability, thereby justifying the fin design. Further avenues
for research include studying the fin dynamics in varying flow
conditions, and determining the optimal fin structure and design
parameters.
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Soft Fluidic Actuator for Locomotion in
Multi-Phase Environments

Roza Gkliva and Maarja Kruusmaa

Abstract—This letter presents the design, development, and ex-
perimental assessment of a soft fluidic actuator that can enable
locomotion in a variety of aquatic and terrestrial environments.
Most actuation strategies for amphibious locomotion rely on rigid,
fast moving components to generate thrust and tractive forces. Our
prototype, comprising soft materials, and relying on simple motion
planning and control strategies, demonstrates two gaits, that we
employ for locomotion in two vastly different scenarios, underwater
swimming and moving on granular terrain with varying levels
of water content. By adjusting its internal pressure, the actuator
dynamically varies its stiffness and shape, and transitions between
wheel and soft paddle form. Experimental results of locomotion in
controlled laboratory conditions serve as proof-of-concept for the
proposed actuator’s efficacy. Using two different motion patterns
and control schemes, we show that this prototype achieves both
thrust and tractive forces.

Index Terms—Amphibious locomotion, hydraulic/pneumatic
actuators, soft robot materials and design.

I. INTRODUCTION

TRADITIONAL methods of terrestrial locomotion include
wheels and tracks, with legged configurations gaining in

popularity [1]. Aquatic locomotion counterparts include com-
binations of propellers and lift-based control surfaces or multi-
thruster systems [2]. These methods have a proven record of
highly efficient and agile locomotion in their respective ap-
plications. However, their performance declines significantly
when manoeuvering is needed in unstructured, unstable envi-
ronments, as well as when transitioning through drastically dif-
ferent environments. To mitigate the diminishing performance
of locomotion in these conditions, the research community is
exploring alternative methods of locomotion, including hybrid
designs [3], [4] and compliant materials [4], [5]. In this work, we
use these two strategies to develop and study actuation methods
for locomotion in aquatic and terrestrial environments, as well as
through multi-phase environments such as shore zones (Fig. 1).
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Fig. 1. Illustration of a concept vehicle using the proposed actuator. Top left:
the fully pressurized, stiffer actuator generates tractive forces enabling terrestrial
locomotion by rotating around a motor shaft. Right: the softer actuator generates
propulsive forces enabling underwater swimming by oscillating around the
motor shaft. Inset: CAD model of the actuator in both states.

A C-shaped compliant leg design, was used to demonstrate
exceptionally agile locomotion, enabling the RHex vehicle to
negotiate terrains of varying complexity [6]. This work was
instrumental for the development of a series of actuators and
robots, aimed at studying amphibious locomotion using ap-
pendages that resemble wheels or curved legs and compliant
flippers, by manually [7] or dynamically [8]–[10] switching
between curved leg or wheel, and flat fin.

Mechanically simpler mechanisms, that employ underactu-
ated and partially passive configurations, have also successfully
demonstrated amphibious locomotion. A design combining a
circular 1-DOF leg and flat flipper [11], and a similar actuator
comprising a stiff fan-shaped leg and a flipper with manually
variable stiffness [12] have demonstrated locomotion on terres-
trial and aquatic environments. A design comprising a stiff leg
with a grate-like morphology, covered by a compliant flap that
transforms the leg into a paddle and passively optimizes drag
forces during swimming, allowed the RoboTerp quadruped to
transition between walking on land and swimming on the water
surface [13]. A flat paddle 1-DOF mechanism with a passive
elastic hinge enabled underwater walking and swimming for
the PEAR hexapod [14].

The strategies mentioned above include rigid, and/or fast
moving parts, that can be damaging to the environment or to the
robot itself, and can generate large unwanted accelerations in the
robot’s motion. The combination of rapid impacts of rigid actua-
tors on granular and deformable terrains has additional negative
effects on locomotion performance, resulting in reduced traction
or the actuators digging into the ground. Integrating compliant
parts into locomotion mechanisms can introduce benefits such
as increased safety when interacting with the environment,
the ability to store and release energy through passive elastic

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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components, as well as improved quality of motion when negoti-
ating unstructured environments [4]. Completely or partially soft
robots have been developed to study amphibious locomotion. A
variable stiffness material-pneumatic prototype [15] was used
to investigate the dynamic switch between leg and flipper form
by adjusting the temperature and internal pressure of its compo-
nents. Despite its slow actuation, this method shows promising
results mostly due to the decoupling of stiffness and shape. A
sea urchin-inspired amphibious robot using actuated rigid spines
and extensible soft legs was used to investigate bio-inspired
locomotion patterns in aquatic and terrestrial conditions [16]. A
quadruped robot comprising groups of interconnected thin and
soft McKibben actuators demonstrated locomotion on wet and
dry terrains, using a variety of walking and crawling gaits [17].
A worm-inspired soft robot, featuring serially connected and
individually driven pneumatic actuators, was used to investigate
crawling and swimming gaits [18].

In this letter we propose a 1-DOF, reconfigurable, soft fluidic
actuator (Fig. 1). Comparing to previous implementations of
actuators in similar environments, our prototype employs a
rather simple mechanism that allows to dynamically modify its
shape and stiffness. Its morphology and compliant material, in
combination with simple control and motion planning strategies,
enable locomotion in aquatic, terrestrial, and in multi-phase
environments. The reconfiguration of the actuator’s shape and
functionality is achieved by varying its internal pressure. Its
locomotion performance was evaluated via a series of experi-
ments in controlled laboratory conditions. To our knowledge,
this is the first soft fluidic actuator of this kind to be used
for amphibious locomotion. The compliant material and its
simplicity of actuation can lead to more widespread usage of this
type of actuator, especially in applications where less invasive
presence is required.

The contributions of this work include the development of an
actuator with the following characteristics:� Flexibility of locomotion: We provide experimental

proof-of-concept for locomotion in aquatic, terrestrial and
mixed environments.� Simplicity of reconfiguration and actuation: The actua-
tor transitions between its two states by simply varying its
internal pressure, enabling a variety of locomotion modes.
Actuation relies on 1-DOF rotational or oscillatory motion
patterns.� Simplicity of design and fabrication: 3D-printed moulds,
wax, and a commercially available composite silicone are
the main components used for fabrication.

In what follows we describe the actuator concept, including its
design and fabrication (Section II), the experimental evaluation,
including test rigs, experimental protocols, as well as motion
patterns and controllers that were implemented (Section III).
Experimental results and a discussion on the efficacy of the
proposed prototype are in Section IV.

II. ACTUATOR CONCEPT AND FABRICATION

The design of this concept actuator was inspired by the fast
PneuNet design described in [19]. PneuNet actuators consist of

Fig. 2. Deformation due to pressure increase of 100 kPa. Left: equivalent
elastic strain levels in a FEM simulation (Ansys), Right: the physical actuator
with a fluid intake tube and a pressure sensing module.

a soft elastomeric part that contains a network of interconnected
air chambers and optionally include flexible strain-limiting el-
ements that affect the actuator’s bending profile [20], [21].
Their shape can be controlled by adjusting the internal pressure.
Despite their relatively simple design and actuation, their reli-
ability and robustness [19], [22] have made them attractive for
a variety of applications. They have been used mainly to study
grasping [23], rehabilitation [24], as well as locomotion [22],
[25], [26].

We hypothesize that because this design allows the dynamic
adjustment of the actuator’s stiffness and shape, it is suitable for
locomotion in a variety of different conditions, premise partly
supported by [12]. By increasing the internal pressure in the
actuator, its internal cavities expand. Due to a non-extensible
fabric embedded in its flat side, it is constrained from elongation
and is deformed as seen in Figs. 1 and 2. With increased internal
pressure, in its cylindrical shape, and wrapped around the motor
canister, it is stiffer and can better withstand radial and tangential
forces. This makes it appropriate to function as a wheel and
generate tractive forces by rotating around the motor shaft.

When the internal pressure in the actuator is kept at levels
that do not cause deformation, it can be used to generate propul-
sive forces by performing oscillations around the motor shaft,
functioning as a pair of bilateral paddles. Splitting the actuator
vertically into two halves, and examining each half separately
as an individual paddle, we can look into the actuation cycle’s
reciprocating motion consisting of two phases: a power phase
and a recovery phase. During the recovery phase, the force that
is applied to the actuator’s external surface, because of the
motor’s oscillatory motion pattern, causes the paddle to bend
towards its smooth side. During the power phase, the segmented
geometry on the other side of the actuator prevents bending in
the other direction. We hypothesize that this asymmetry will
result in a positive net force throughout the actuation cycle, that
can be used to generate thrust forces while submerged.

A. FEM Static Analysis

A nonlinear FEM simulation was used to predict the actuator’s
bending behaviour and to determine the morphology and di-
mensions appropriate for the experimental validation described
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Fig. 3. The fabrication process: (a) metal rods (�.5mm) are suspended over a soft mould on two 3D-printed brackets. These rods provide stability to the wax
core, and serve as attachment points during casting the actuator. Melted wax is poured into the mould. (b) After setting, the wax core is demoulded and cleaned of
excess wax. (c) An aluminium bracket with a series of bolts attached to it, the wax core and a reinforcement fabric are assembled into the mould. The bolts are
used to fasten the cured actuator to a motor shaft. (d) Silicone is mixed, degassed and poured into the mould. (e) After a second degassing and curing, the silicone
actuator is demoulded, the wax is melted off at 80◦C and pours out from openings on its sides. (f) After the wax and metal rods have been removed and traces of
wax have been cleaned, silicone plugs and an intake silicone tube are glued in using Sil-Poxy by Smooth-On.

TABLE I
PROTOTYPE SPECIFICATIONS

in this work. For this analysis we used a hyperelastic model of
the actuator’s material, the actuator’s geometry from a 3D CAD
model, and a set of boundary conditions described below. The
results included the equivalent elastic stress and strain, and the
total deformation.

To characterize the material, we ran tensile tests with speci-
mens made of Elite Double 22 silicone compound by Zhermack
(Badia Polesine (RO), Italy). We used an Instron 5866 uniaxial
testing machine and followed the ASTM D412 standard [27] for
Vulcanized Rubber and Thermoplastic Elastomers. To simulate
the actuator’s behaviour in Ansys a 3rd order Yeoh model was
used, as it can describe deformation under large strains using
limited data [28]. Assuming incompressibility of the material,
the model takes the form:

W (I1) =

3∑

i=1

Ci0(I1 − 3)i. (1)

Here, I1 = λ2
1 + λ2

2 + λ2
3 is the first invariant of the three

principal stretch ratios, and C10 = 78783Pa, C20 = 16732Pa,
and C30 = 6618.5Pa are the material constants obtained from
fitting the tensile experiment data to the 3rd order Yeoh model.
For the purpose of the simulations, the density of the material
was experimentally estimated as ρ = 1164 kg /m3.

The model was verified using a scaled-down partial version
of the actuator and comparing to simulated results. To deter-
mine the simulation boundary conditions, the actuator’s internal
pressure was measured while it was pressurized until it reached a
desired point of deformation after which it was allowed to return
to rest. Due to its incompressibility, water was used to increase
the internal pressure [19], to apply a consistent pressure on the
internal walls of the actuator and on the pressure sensor.

To generate the final design of the actuator, the model was used
in an iterative process of design and simulation cycles [29], using
SolidWorks to modify the CAD model and Ansys Workbench

TABLE II
SENSORS FOR DATA ACQUISITION

to run FEM simulations. The following settings and boundary
conditions were used in a static structural simulation in Ansys
Workbench [29], [30]. a) The external surface surrounding the
fixation bolts was defined as a “fixed support”. b) All internal
surfaces were used to apply pressure, normal to these surfaces.
c) The external surfaces between the chambers were defined
as “frictionless contact” pairs, to prevent the actuator geometry
from penetrating itself. d) The contact between the inextensible
layer and the hyperelastic material was defined as a “bonded
contact”.

The inextensible elastic layer was modelled using a 1st order
Yeoh model with material constant C10 = 7.9MPa [31]. The
aim of this process was to find a geometry that can achieve the
desired deformation without failing under load. The number and
geometry of chambers, the wall thickness, as well as the gap
size between chambers, were modified to achieve the desired
bending profile [30]. The inextensible layer thickness and total
length of the actuator were constant, and were determined by the
thickness of the strain limiting fabric and by the radius of the
motor canister respectively. While this design borrows its main
features from the original PneuNet actuators, it differs in using
a fixation point and fluid intake in the middle of the actuator, as
well as using three parallel networks of chambers, compared to
the traditional single network configuration. A simulation and
the prototype of the final design can be seen in Fig. 2 deformed
under 100 kPa of added pressure.

B. Prototype Fabrication

The fabrication of the actuator follows a two-step lost-wax
casting process. During the first step (Fig. 3(a), (b)), a wax core
is created, that will be used to create the actuator’s internal cavity
network. During the second step (Fig. 3(c)–(f)) the wax core is
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Fig. 4. Experimental testbeds. a: terrestrial, b: underwater.

used in a 3D-printed mould, to cast a soft actuator. The final
specifications of the actuator can be seen in Table I.

This method of fabrication may be slightly more challenging
compared to the traditionally popular method of casting the top
and bottom parts of the actuator separately and then bonding
them together [32]. However, in this case, it produces more
consistent results, with fewer failure points.

III. EXPERIMENTS

To validate our hypothesis regarding the suitability of the actu-
ator for locomotion in underwater and terrestrial conditions, we
ran experiments separately for these two scenarios, as described
in the following subsections. For both scenarios, the soft actuator
was mounted on a waterproofed BLDC motor (EC-max 30 by
Maxon Motors) driven by an EPOS2 36/2 motor controller,
such that it was allowed to fully deform and rotate around the
motor shaft (Fig. 4, and accompanying video). Two different
combinations from an array of sensors (Table II) were employed
in the two test rigs. The data acquisition was performed by a
Windows PC running Matlab scripts and a multi-rate Simulink
model under Real-Time Desktop in external mode. Sampling
rates were chosen to minimize data acquisition latency.

To achieve locomotion in aquatic and terrestrial environments,
two motion profiles are required. A continuous rotation of the
fully deformed actuator will allow it to generate tractive forces
when on ground. An oscillatory motion of the actuator in its low
pressure state can generate thrust forces when fully submerged.
The motor driver used in these experiments offers a variety of
operating modes with different controller structures [33]. For
each motion an appropriate control scheme was implemented as
described in following sections. All controller gains and feed-
forward factors were tuned using the “regulation tuning wizard”
in the Epos Studio software.

A. Characterization of Blocked Swimming Force

The actuator’s efficacy related to generating underwater
propulsive forces was evaluated via a series of experiments in a
water tank (Fig. 4(b)), focusing on the measurement of forces
generated by in-place oscillations.

The oscillatory motion was achieved by prescribing a sinu-
soidal trajectory with amplitude A and frequency f (Table III)
to the motor that the actuator is mounted on. Fig. 5 shows the
control scheme employed for the actuator’s oscillatory motion.
This scheme was implemented in Maxon’s EPOS2 Module 36/2

TABLE III
EXPERIMENT PARAMETERS

Fig. 5. Control structure for position control (oscillations) and velocity control
(rotations). Orange colour denotes scheme-specific functions.

as a position controller using “Profile Position Mode” [34]. This
structure employs a position PID controller with a current PI
controller as subordinate regulator. At a constant rate, a target
position is generated based on the sinusoidal motion profile.
The target position is applied to the trajectory generator, which
generates a position demand value that is used as input to a po-
sition control function. The profile position trajectory generator
parameters include the type of motion profile, a velocity profile
and an acceleration/deceleration profile that are calculated based
on the target position. To protect the motor from high current,
velocity and acceleration limits are imposed. The position con-
troller accepts the position demand value and the actual position
of the motor shaft. The position control parameters include
velocity and acceleration demand values calculated based on
the desired A, f , the maximum allowed tracking error, as well
as PID controller gains and feedforward factors for velocity and
acceleration. The controller output is a current demand value
that is fed to the current controller.

For each experiment, the actuator’s internal pressure was
initially increased by 5–10 kPa, to ensure that the internal
chambers maintain their shape, not allowing the actuator to bend
backwards. Water was used to increase the internal pressure, to
maintain constant buoyancy. Then the actuator was mounted
on a force sensor that was suspended over a tank of water,
such that the actuator was fully submerged and oriented with
its large side normal to the x-axis (Fig. 4(b)). The ranges of A
and f were determined empirically, based on position tracking
performance, and motion profile limitations described above.
The experiment and data acquisition ran for a number of whole
periods of actuation, with 10 replicates per A, f combination.
The internal pressure of the actuator was measured but not
actively controlled.

Post-processing included smoothing of noisy data and cal-
culating evaluation metrics as described bellow. The noise in
the current and force data was filtered out using a 10th order
Savitzky-Golay filter. A Hampel filter was used to remove
outliers in the current measurements. To summarize the results
of the experiments, averaged values were calculated using a
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number (n = 7) of whole actuation periods. To evaluate the con-
troller performance, the amplitude tracking error was calculated
by comparing the average actual oscillation amplitude with the
nominal desired oscillation amplitude.

Aerror = |A −
(
θhigh − θlow

)
| (2)

To evaluate the actuator’s energetic characteristics, the ratio
of propulsive force over the averaged consumed power was
used [35], for a number n of whole periods T .

η =
Fp

Pin

=
1

nT

∫ nT

0 Fp(t)dt
∫ nT

0 V I(t)dt
. (3)

Here, Pin is the averaged consumed power calculated using
the measured current consumption I(t) and a constant voltage
V = 24V, and Fp(t) is the instantaneous propulsive force.

The actuator’s first natural frequency has been experimentally
estimated using force measurements after manual excitation, and
found to be fn,air = 2.439Hz and fn,water = 1.7241Hz while
suspended in air and in water respectively.

B. Characterization of Terrestrial Velocity

The actuator’s efficacy for locomotion in dry and wet terres-
trial conditions was evaluated via a set of experiments on sandy
terrain (Fig. 4(a)), focusing on the measurement of the distance
travelled by the actuator as it rolls on the ground.

To achieve a wheel-like behaviour and to generate tractive
forces, the internal pressure of the actuator is increased until
it reaches the desired deformed state, and a constant angular
velocity is commanded to its motor. The control scheme used for
this purpose (Fig. 5), is implemented as a velocity controller with
“Profile Velocity Mode” in Maxon’s EPOS2 Module 36/2 [34].
This structure employs a velocity PI controller with a current PI
controller as subordinate regulator. A target velocity is sent to the
profile velocity trajectory generator, which generates a velocity
demand value that is used as input to a velocity control function.
The profile velocity trajectory generator parameters include
profile acceleration and deceleration values calculated based on
a desired acceleration threshold. The velocity controller accepts
the velocity demand coming from the trajectory generator as well
as the actual angular position of the motor shaft. The velocity
control parameters include the velocity controller gains and the
feedforward factors for velocity and acceleration. The output is
a current demand value that is sent to the current controller along
with the current measurement.

Our study includes the transition between aquatic and terres-
trial locomotion, such as when a robot would traverse a littoral
zone to move from land to water and vice versa. The sand-
water-air environment as a three-phase system is appropriate for
investigating locomotion in such multi-phase environments, due
to the effects of water content to the shear modulus of sand [36].
To address this aspect, the experiment variables included a sweep
of actuator angular velocities, as well as varying levels of water
content to investigate moving through a multi-phase environ-
ment (Table III), with 10 replicates per combination. These
parameters were selected based on the hypothesis that they affect
the actuator’s efficacy and can demonstrate its ability to generate

tractive forces in dry and wet conditions, and to examine the
multi-phase conditions between the two locomotion scenarios
described in this work. The range of the parameters was de-
termined based on visual observations of the water content in
the experimental tank, as well as based on limitations of the
experimental setup, e.g., limited space for wet sand experiments.

For each experiment, the actuator was mounted on a gantry
that slides on a linear guide with reduced friction, allowing
motion in 2 DOF: translation along x and rotation around x.
Initially, the actuator, mounted on the motor shaft and resting
flat on the terrain, was deformed until it achieved “wheel sta-
tus,” by increasing its internal pressure. Then, the motor shaft
was actuated to follow a rotational motion pattern, causing the
deformed actuator to rotate. The traction forces between the
actuator and the soil cause the gantry to move linearly along x.
The experiment and data acquisition ended when the gantry had
travelled a predetermined distance. The constant pressure to de-
form the actuator was applied by adding air with a bicycle pump.
As pressure did not fluctuate throughout hours of experiments,
active control was not necessary.

In post-processing, noisy data was filtered and performance
metrics were calculated and summarized as averaged values.
The velocity of the gantry along the x-axis was estimated using
backwards differentiation of the smoothed (10th order Savitzky-
Golay filter) linear displacement.

u(t) =
x(t) − x(t − 1)

τ
, (4)

where x is the gantry’s position along x at times t and t − 1, and
τ is the time increment.

Assuming no braking during the range of data, the slip ratio
of the wheel was calculated based on [37], as:

s(t) =
rω(t) − u(t)

rω(t)
, (5)

where r is the deformed actuator’s radius, assuming constant
curvature and ω is the angular velocity of the motor shaft.

To evaluate the actuator’s energy characteristics, the Cost of
Transport metric was used:

CoT =
Pin

mgū
=

1

nT

∫ nT

0 V I(t)dt

mg
∫ nT

0 u(t)dt
. (6)

Here, m = 2.15 kg is the mass of the actuator assembly,
including the actuator, and all hardware that are moved by it,
and excluding the gantry that is balancing on the rail, g is the
acceleration of gravity, and u(t) is the gantry’s instantaneous
velocity along the x direction. Averaged values were calculated
over a number n of full periods T or rotation, to account for
periodic phenomena in the actuator’s motion.

IV. RESULTS AND DISCUSSION

The experiments presented here were focused on the evalua-
tion of the actuator’s locomotion performance in two drastically
different environments, by measuring blocked swimming forces
in an aquatic environment and locomotion velocity while travers-
ing sandy terrain. Additionally, we hypothesized that modifying
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Fig. 6. Indicative underwater force experiment. The upper graph shows the
motor’s actual position, as it follows a sinusoidal motion pattern, and the
internal absolute pressure of the actuator. The middle graph shows the temporal
evolution of the instantaneous thrust force. The dashed horizontal line denotes
the phase-averaged value, while positive (forward) forces are shaded blue
and negative (backward) forces are shaded red. The lower graph shows the
instantaneous current consumption of the motor in blue colour and the average
current consumption as a dashed horizontal line.

the terrain conditions by varying the water content of sand
will give us some understanding of the actuator’s behaviour in
the transition between terrestrial and aquatic locomotion. The
following subsections offer a description of the experimental
results and a discussion on the two locomotion modes. Gen-
eral discussion on the actuator’s performance can be found in
Section V.

A. Swimming Forces

Fig. 6 shows indicative underwater experiment results.
Examining the pressure measurements in combination with
the motor shaft angular position, we observe that the pressure
measurement can provide an indication of the actuator’s
deformation under drag forces that apply pressure to its external
surfaces as a result of its own motion in water. This pattern,
compared to the pattern of generated thrust forces, shows a
correlation between the angular position and velocity of the
motor, the internal pressure, and the magnitude and direction of
the thrust force. More specifically, while positive force peaks
develop during the faster motion of the actuator, when the
actuator stops and changes direction of motion, negative forces
are generated. During this stop of motion, the elastic behaviour
of the material causes the actuator to momentarily return to its
original undeformed state, potentially causing these negative
forces. This correlation between measured pressure and thrust
force could offer a proprioceptive approach for estimating the
generated forces. There also seems to be a slight asymmetry in
the high and low peaks of the pressure graph, as well as incon-
sistencies in the duration of the positive and negative forces.
These may be attributed to manufacturing inconsistencies, how

Fig. 7. Aggregate results of underwater experiments. Two frequencies and four
amplitudes of oscillation were studied. The crosses show the median values of 10
replicates for each parameter set, with25th and75th percentiles as shaded areas.
The upper graph shows the evolution of thrust forces, as oscillation amplitude
increases, for two frequencies of oscillation. The middle graph shows the median
current consumption. The lower graph shows the energetic efficiency metric as
described in (3).

the actuator is mounted in the test rig, or to waves reflecting off
the walls of the test tank and interfering with the measurements.

Fig. 7 offers a summary of the results of the entire sweep of
experimental parameters. The upper graph shows that increasing
both oscillation parameters generally results in increased thrust
forces. The reduced current consumption during faster oscilla-
tions (f = 1.75Hz) can be attributed to the tested frequency
being close to the actuator’s first natural frequency. However,
while higher frequency shows a higher thrust force trend in the
lower amplitudes, the two datasets converge at higher ampli-
tudes, due to increased amplitude tracking error at the (90◦,
1.75Hz) parameter set, caused by velocity and acceleration
limits set to the motion controller.

The efficiency metric η, shows that this actuator performs
worse than previous prototypes designed exclusively for aquatic
locomotion [38], [39], mainly due to reduced force generation.
While further optimization of the actuator’s morphology, motion
planning and control can improve this metric, we recognize that
the reduced performance is a trade-off that enables locomotion
in terrestrial conditions.

B. Terrestrial Velocity

Fig. 8 presents indicative terrestrial experiment results. It is
evident that a constant angular velocity of the motor generates
a somewhat constant linear velocity of the gantry. A jump that
occurs when the actuator is rolling over its seam (e.g., at 5 sec
on Fig. 8) can be corrected with higher internal pressure or with
optimizing the actuator dimensions.

Fig. 9 presents a summary of the terrestrial locomotion exper-
iments. These graphs show that increasing the motor’s angular
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Fig. 8. Indicative terrestrial locomotion experiment in sand. The upper graph
shows the actual angular velocity of the actuator’s motor shaft. The dashed
horizontal line denotes the desired angular velocity. The middle graph shows
the temporal evolution of the gantry’s position along the rail as it moves towards
the distance sensor, as well as the gantry’s velocity calculated based on (4). The
lower graph shows the instantaneous current consumption in blue colour and
the averaged as a red dashed line.

velocity results in higher linear velocity of the gantry. The gantry
velocity is also dependent on the water content level, with the
two edge cases (0% and 25%) achieving lower speeds with
a nonlinear relationship and the two middle sets (6.25% and
12.5%) achieving consistently higher speeds following a rather
linear relationship. This dependence on water content appears
also in the middle and bottom graphs, with the two edge sets
having a higher slip ratio and Cost of Transport, and the 6.25%
set consistently lowest. This behaviour is supported by Fall et al.
in [36] that showed that some water in sand increases its shear
modulus, but too much water decreases it back to levels of dry
sand. As a qualitative confirmation of this, we observed visually
(see accompanying video) that in loose soil, either dry sand or
very wet sand, the actuator can more easily dig itself into the
soil if it finds resistance along its direction of motion.

V. CONCLUSION

We have presented the design and development of a soft fluidic
actuator that can enable aquatic and terrestrial locomotion, from
fully submerged swimming to negotiating wet and dry granular
terrain. This wide range of locomotion is achieved by using
a design and a compliant material that allow the actuator to
transition between two shapes: paddle and wheel, by modifying
the actuator’s internal pressure.

Our hypothesis regarding the proposed actuator’s locomotion
performance was evaluated via a series of experiments in the two
target environmental conditions. We also investigated condi-
tions that resemble the transition between aquatic and terrestrial
locomotion, by gradually increasing the water content of the soil.
The experiments and data analysis justify the actuator design
and choice of material, and serve as proof-of-concept. While

Fig. 9. Aggregate results for terrestrial locomotion experiments. The crosses
show the median values of 10 replicates for each parameter set, with 25th and
75th percentiles as shaded areas. The upper graph shows the linear velocity of
the gantry for all angular velocities and all levels of water content in the soil.
The middle and bottom graphs show the slip ratio and the Cost of Transport
calculated based on (5) and (6) respectively.

the performance in either locomotion scenario is suboptimal, we
accept this trade-off, as the same design choices allow the easy
reconfigurability of shape and stiffness that enables amphibious
locomotion. Regarding locomotion on deformable and granular
terrains, compared to most stiff-legged amphibious prototypes,
this actuator demonstrates relatively low impact motion and does
not disturb the terrain as much. This can be very beneficial
to a robot’s locomotion characteristics, when e.g., exploring
areas with fragile ecosystems where low environmental impact
is necessary, or when performing data collection where high
accelerations can affect data quality.

We hypothesize that a third mode of locomotion, surface
swimming, can be achieved by this actuator, using a combination
of the two modes described in this letter, i.e., rotating around
the motor shaft with low internal pressure, while on the water
surface. This mode of locomotion demonstrated in previous
literature [40] was not experimentally investigated in this work,
but will be part of our future work.

More importantly, we aim to further investigate the transi-
tion between locomotion modes, extending the experimental
setups to allow more degrees of freedom, including uncon-
strained underwater and terrestrial locomotion. This will allow
investigation of dynamic transitions between modes, such as
underwater to surface swimming, surface swimming to ter-
restrial locomotion, etc. Currently, the transition between the
actuator’s two forms is achieved by either manually increasing
the volume of its internal fluid, or using a bulky pump system.
To increase portability and autonomy of the actuator, a mecha-
nism will be developed that will allow the controlled transition
between the two forms. Additionally, optimization of motor
kinematics and motion planning will be investigated to improve
performance.
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