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Abstract: This paper outlines the outcomes of a multidisciplinary initiative aimed at creating flexible 10 

arms that leverage key aspects of soft-bodied sea animal anatomy We designed and prototyped a 11 

flexible arm inspired by nature, while focusing on integrating practical engineering technologies 12 

from a system perspective. The mechanical structure was developed by studying soft-bodied ma- 13 

rine animals from the cephalopod order. Simultaneously, we carefully addressed engineering chal- 14 

lenges and limitations, including material flexibility, inherent safety, energy efficiency, cost-effec- 15 

tiveness, and manufacturing feasibility. The design process is demonstrated through two successive 16 

generations of prototypes utilizing fluidic actuators. The first one exhibited both radial and longi- 17 

tudinal actuators, the second one only longitudinal actuators, thus trading-off between bio-inspira- 18 

tion and engineering constraints. 19 
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 21 

1. Introduction 22 

Underwater manipulators are essential for tasks like sea floor exploration, marine 23 

sample collection, and debris retrieval, which are critical across disciplines such as biol- 24 

ogy, ecology, and the offshore industry [1], [2]. Traditional rigid-body manipulators, 25 

while effective for heavy mechanical tasks, are large and cumbersome, limiting their 26 

adaptability for delicate operations like biological sampling [3], [4]. Human divers often 27 

perform such tasks at depths of 0-30 meters, but prolonged underwater work poses sig- 28 

nificant physical and mental strain [5]. Soft robotic arms, inspired by natural soft-bodied 29 

animals, offer a solution by providing adaptable and safe interactions with the environ- 30 

ment [6], [7], [8]. These robots are increasingly favored for their ability to operate in un- 31 

structured environments and handle fragile objects, making them ideal for delicate un- 32 

derwater tasks [9], [10], [11], [12], [13]. For example, this robotic arm can be deployed in 33 

pipeline inspections where flexible manipulators can better access narrow spaces that 34 

rigid robots cannot. 35 

A new area of robotic research has focused on the development of soft robotic sys- 36 

tems; among the different robotic technologies proposed, it is worth mentioning octopus- 37 

inspired arms by Laschi et al. [14] [15], soft grippers for coral reef sampling by Galloway 38 

et al. [16], origami-based soft grippers by Teoh et al. [17] and other bio-inspired robotic 39 

solutions [18], [19], [20]. Despite these advances, the control of soft robotic manipulators, 40 

particularly underwater, remains challenging due to a strongly nonlinear behaviour, en- 41 

vironmental disturbances, and actuators constraints. Researchers have explored various 42 

control strategies [21], [22], [23]. Thuruthel et al. proposed a model-based reinforcement 43 

learning algorithm [24], Hyatt et al. proposed a neural network-based predictive control 44 

model for pneumatic soft manipulators [25]. Li et al. developed a reduced-order control 45 
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model using the orthogonal decomposition algorithm [26]. Additionally, an automatic 46 

seafood collection system featuring a reinforcement learning-based controller was pro- 47 

posed in [27]. 48 

The integration of bio-inspired design and engineering in robotics requires a holistic 49 

approach, where control systems and mechanical structures are co-developed. This design 50 

philosophy, known as embodied design, contrasts with classical approaches that separate 51 

mechanical design and control. Such an approach is highlighted in [28]. While continuum 52 

robots offer significant advantages, challenges remain in balancing the desired flexibility 53 

targets with engineering constraints like power efficiency, manufacturability, and relia- 54 

bility [29]. 55 

Several studies have compared the performance of rigid and flexible robotic arms, 56 

highlighting their respective advantages and limitations. 57 

Rigid robotic arms, while offering high precision and load-bearing capabilities, often 58 

face challenges in terms of flexibility and adaptability in dynamic environments [30]. On 59 

the other hand, flexible robotic arms, as explored by [31], provide greater adaptability and 60 

the ability to handle delicate tasks but suffer from increased complexity in control and 61 

reduced power efficiency. Recent advancements have sought to merge the benefits of both 62 

approaches, with several works focusing on optimizing the control strategies and power 63 

consumption of flexible systems [32]. Our design aims to build on these insights by offer- 64 

ing a balance between flexibility and efficiency while reducing control complexity, which 65 

positions it as a competitive alternative to both traditional rigid arms and more complex 66 

flexible systems. This comparative analysis, as illustrated in the accompanying table, un- 67 

derscores the practical advantages of our design in terms of energy efficiency, control sim- 68 

plicity, and durability. 69 

Soft robotics has drawn significant inspiration from octopus biomechanics due to the 70 

creature’s unparalleled dexterity, adaptability, and fluid movements. Several studies have 71 

focused on developing bioinspired robotic arms with soft, flexible structures that mimic 72 

the octopus’s ability to grasp, manipulate, and navigate confined spaces as describe above. 73 

Building on these previous efforts, we propose here hydraulic actuation and struc- 74 

tural optimization. Unlike traditional tendon-driven systems, our design employs a mi- 75 

cro-hydraulic actuation mechanism that enhances force output while maintaining flexi- 76 

bility. 77 

The aim of this work is to develop a concept for flexible robotic arms designed for 78 

soft underwater tasks, balancing bio-inspired principles with engineering requirements. 79 

The paper is organized as follows: Section II outlines the design requirements of the arm. 80 

Section III describes the arm design and prototypes. Section IV explores the actuation and 81 

dynamic performance. Finally, Section V presents the conclusions and discusses potential 82 

directions for future work. 83 

2. Design Requirements 84 

Designing continuum robotic arms presents the challenge of replicating a soft, nearly 85 

continuous structure using engineering techniques. The key requirements for devel-oping 86 

such a flexible robotic arm can be summarized as follows: 87 

• Soft mechanical parts: ensuring the softness of actuators and other materials 88 

is crucial in the design.  89 

• Actuators and their layout should be designed to replicate the muscular sys- 90 

tem of soft-bodied, dexterous creatures, with the number of actuators chosen 91 

to balance dexterity (such as the ability to bend) and practical engineering 92 

constraints. 93 

• Straightforward control algorithms. 94 

• Ability to function underwater. 95 

• Energy-efficient actuation. 96 

• Inherent safety features. 97 

• Ease of assembly and reliability. 98 
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Two prototypes were developed during this project using an iterative approach to 99 

identify the design that best satisfies all the requirements. After an initial assessment of 100 

the underwater soft biological muscle functions in relation to the arm's needs, it was con- 101 

cluded that, although many underwater cephalopod species (e.g., octopuses, squids, cut- 102 

tlefish) possess complex muscular structures (Figure 1) [32], including longitudinal, ra- 103 

dial, and oblique muscles, and exhibit hydrostatic (i.e., iso-volume) properties, it was nec- 104 

essary to simplify these structures when using soft engineering materials. Consequently, 105 

only the longitudinal and radial muscle groups were considered, as the oblique muscles, 106 

responsible for twisting motions, were deemed unnecessary for a manipulator arm. 107 

 108 

 109 

Figure 1. Schematic view of the octopus arm anatomy showing longitudinal muscles (L) and trans- 110 
verse muscles (T) and oblique muscles (O).  111 

While radial muscles could theoretically assist longitudinal muscles in achieving 112 

bending motions, in a robot with a dominant longitudinal axis, radial muscles would need 113 

to be significantly smaller. The additional mechanical connections, wiring, and power re- 114 

quirements would outweigh the potential benefits of including them, as demonstrated 115 

experimentally by the prototypes. 116 

 117 

3. Arm Design 118 

The design of the robotic arm is informed by the anatomical and morphological anal- 119 

ysis previously discussed. To replicate the actuation anatomy and morphology of the 120 

boneless animals, our approach involves approximating such continuum structure using 121 

a finite set of fluidically-activated artificial muscles capable of extension and contraction. 122 

The biological structures have hyper-redundant sets of muscles (e.g. 4 radial and 4 longi- 123 

tudinal muscles, as depicted in Figure 2). As the fourth muscle is kinematically redundant, 124 

the design concept has revolved around connecting a series of flexible segments, each 125 

equipped with 3 longitudinal and 3 radial muscles, all positioned at 120° intervals within 126 

the same plane [33]. 127 

 128 

 129 

Figure 2. Kinematic equivalent of a cephalopod anatomical structure (shown with an ultrasound 130 
image). 131 
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Figure 3 illustrates the geometric layout of two such segments, with only the longi- 132 

tudinal muscles shown. This configuration results in an axisymmetric geometry. 133 

 134 

 135 

Figure 3. Arm geometrical structure using 3 muscles. In the example two segments are present. The 136 
red lines represent longitudinal muscles and the grey line at 120° the radial muscles.  137 

Each muscle in the system is designed to be independently controllable, allowing for 138 

precise and flexible manipulation of the arm. The segments are capable of sequentially 139 

increasing their stiffness, which enhances the arm’s adaptability to different tasks and en- 140 

vironmental conditions. If m represents the number of degrees of motion (DOM) per seg- 141 

ment and n represents the number of segments, the arm will have a total of mn DOM. This 142 

relationship defines the arm's movement capabilities at both the segment and system lev- 143 

els. The exact number of degrees of freedom (DOF) can be determined by considering the 144 

kinematic constraints imposed by the muscle interconnections, which dictate the possible 145 

configurations of the arm. 146 

To optimize the arm’s design, we aim to establish design relationships that help de- 147 

termine the appropriate dimensions of the arm. This involves analysing the mathematical 148 

properties of the muscular hydrostat (iso-volume) behaviour, a characteristic of biological 149 

muscles, with the goal of leveraging this property during the design phase. The ability of 150 

biological muscles to change their shape and stiffness while maintaining constant volume 151 

is key to achieving efficient force generation and precise movement control. 152 

Focusing on a muscle unit composed of one longitudinal and one radial muscle (Fig- 153 

ure 3), we consider a radial plane that intersects the rotation axis. This configuration al- 154 

lows us to understand the deformation behaviour of the muscles under different condi- 155 

tions. 156 
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 157 

Figure 4. Muscular hydrostat principle concept (left) and equivalent actuators (right) 158 

 159 

If L0 and R0 represent the initial lengths of the longitudinal and radial muscles, re- 160 

spectively, and the longitudinal muscle stretches by ΔL while the radial one contracts of 161 

the quantity ΔR, the new lengths are determined by (Figure 4): 162 

 163 

𝑅 = 𝑅0 − 𝑢33 = 𝑅0 − 𝛥𝑅       (1) 164 

 165 

𝐿 = 𝐿0 + 𝑢11 = 𝐿0 + 𝛥𝐿       (2) 166 

 167 

The lengthening of the longitudinal muscle and the shortening of the radial muscle 168 

are both influenced by the control pressures applied to each muscle. Therefore L = L(P1) 169 

and R=R(P2), where P1 and P2 represent the control pressures for the longitudinal and ra- 170 

dial muscles, respectively. L(P1) is considered a monotonically increasing function, reflect- 171 

ing the extension of the longitudinal muscle, while R(P2) is a monotonically decreasing 172 

function, representing the contraction of the radial muscle. 173 

The condition of hydrostaticity implies that the volume V remains constant. This can 174 

be expressed mathematically as: 175 

 176 

𝜋𝑅2(𝑟)𝐿(𝑧) = 𝑉       (3) 177 

 178 

The property of volume conservation leads to the following expression: 179 

 180 

𝜋𝑅2(𝑃2)𝐿(𝑃1) = 𝜋[𝑅(𝑃2) − 𝛥𝑅(𝑃2)]
2[𝐿(𝑃1) + 𝛥𝐿(𝑃1)] = 𝑉   (4) 181 

 182 

hence 183 

 184 

𝛥𝐿(𝑃1) =
𝐿𝛥𝑅(𝑃2)[2𝑅(𝑃2)−𝛥𝑅(𝑃2)]

[𝑅(𝑃2)−𝛥𝑅(𝑃2)]
2       (5) 185 

 186 

The expression above links the extension or contraction of the longitudinal muscle to 187 

the corresponding contraction or extension of the radial muscle, ensuring volume conser- 188 

vation. This relationship reflects the fundamental principle of muscular hydrostatics, 189 

where the volume of the muscle system remains constant even as the individual muscles 190 

change in length.  191 
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This principle governs the behaviour of the muscular hydrostat, ensuring that the 192 

system behaves in a manner consistent with biological muscle properties, where volume 193 

is preserved despite changes in shape and stiffness. 194 

 195 

4. Arm Prototype 196 

Two distinct prototypes were developed to explore and validate the design concepts for 197 

the fluidically-actuated flexible arms for underwater applications. These prototypes were 198 

designed to test different configurations and assess their performance in various opera- 199 

tional conditions. 200 

The first prototype, was a Longitudinal and Radial Muscle Prototype, that incorporates 201 

both longitudinal and radial muscle elements, which allows for a more complex and bio- 202 

logically inspired structure. This design enables a range of movement and flexibility by 203 

utilizing both types of muscle actions to manipulate the arm's shape and stiffness.  204 

The second prototype, the Longitudinal-only Muscle Prototype, simplifies the design by 205 

focusing solely on the longitudinal muscle element. This configuration was chosen to ex- 206 

amine the performance of a less complex structure while maintaining the essential func- 207 

tionality of the system. 208 

By comparing the two prototypes, we aim to evaluate the advantages and trade-offs of 209 

each design in terms of flexibility, control, energy efficiency, and overall effectiveness for 210 

soft manipulation tasks, particularly in underwater or other challenging environments. 211 

 212 

4.1. Longitudinal and Radial Muscle Prototype 213 

The first prototype, which integrates both longitudinal and radial muscles, was developed 214 

to replicate the muscular hydrostat properties found in cephalopod arms (Figure 5). This 215 

design effectively combines the elongation of longitudinal muscles with the contraction 216 

of radial muscles to achieve the desired motion and flexibility. Each segment of the pro- 217 

totype is equipped with four degrees of freedom (DOF), leading to a total of 16 DOF for 218 

the entire structure. This multi-degree-of-freedom configuration allows for complex and 219 

adaptive movements, enabling the arm to simulate the dexterity and versatility of biolog- 220 

ical systems. 221 

To facilitate the integration of both muscle types, custom nylon bolts were fabricated us- 222 

ing a rapid prototyping machine. These bolts were designed with precision to include a 223 

hole at the top, through which fittings were attached to 1-mm hoses that supplied air or 224 

water to each muscle. The use of air in preliminary tests provided a controlled environ- 225 

ment to assess the basic functionality of the prototype, while water was employed in sub- 226 

sequent underwater tests, conducted in a water tank, to simulate real-world conditions. 227 

The fluid delivery was managed through either an external compressor for the air or a 228 

compact hydraulic pump for the water, ensuring that each muscle received the necessary 229 

actuation force to perform its intended function. 230 

This design approach not only ensured the practical integration of the muscle systems but 231 

also provided a testing platform for evaluating the performance of fluidically-actuated 232 

continuum arms. The combination of longitudinal and radial muscle actions in a single 233 

prototype represents a first step toward mimicking the versatility of natural systems while 234 

addressing the engineering challenges posed by the complexity of fluid-actuated robotics. 235 

 236 
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Radial Longitudinal

 237 

Figure 5. First generation arm prototype with longitudinal and radial muscles in water, and corre- 238 
spondence with cephalopod anatomy 239 

In the first prototype, the use of shorter longitudinal muscles resulted in minimal bending, 240 

with the continuum section achieving only a 5° change in angle. Additionally, the radial 241 

muscles, which were set to operate in contraction mode, caused the change in length to be 242 

limited to 25% of their original length. This limitation led to a negligible effect on the 243 

bending of the arm, thereby reducing the overall contribution of the radial muscles to the 244 

desired movement. Given these observations, the decision was made to exclude the radial 245 

muscles from the subsequent prototype. 246 

While radial muscles provide advantages in biological systems by working synergistically 247 

with longitudinal muscles to facilitate more complex movements, their contribution in 248 

this context was found to be minimal compared to the increased engineering complexity 249 

they introduced. By removing the radial muscles, the space previously occupied by them 250 

became available for other design improvements, allowing for enhanced flexibility and 251 

greater elongation of the structure. This change streamlined the design, leading to a sim- 252 

pler yet more effective system, better suited for the next iteration of the prototype. 253 

 254 

4.2. Longitudinal Muscle Prototype 255 

The second-generation prototype (Figure 6) was developed without radial muscles. Con- 256 

sequently, this prototype consists of three segments, each equipped with three expanding 257 

Pneumatic Muscle Actuators (PMA) mounted on a plastic supporting structure. 258 
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The design includes shorter PMAs in the lower continuum sections that gradually extend 259 

towards the tip. This approach was chosen to mitigate sagging observed in the lower sec- 260 

tions when operating in air, caused by the weight of the segments above. 261 

The prototype was tested in both air and water, with muscle actuation driven by water 262 

supplied from a compact external pump. The results indicated a significant improvement 263 

over the previous prototype. 264 

This new prototype consists of three segments, each equipped with three expanding 265 

PMAs mounted on a plastic supporting structure. The design incorporates shorter PMAs 266 

in the lower continuum sections, gradually extending toward the tip of the arm. This con- 267 

figuration was specifically chosen to address issues observed in the previous prototype, 268 

such as sagging in the lower sections when operating in air. The sagging was caused by 269 

the weight of the segments above, and this new design aims to distribute the load more 270 

evenly, improving overall performance. 271 

The prototype was tested in both air and water environments, with muscle actuation 272 

driven by water supplied from a compact external pump. The testing in both conditions 273 

allowed for an assessment of the arm's performance. The results of the tests indicated a 274 

significant improvement over the first-generation prototype, demonstrating enhanced 275 

elongation, and greater overall flexibility. This second prototypes marked an important 276 

step in refining the design, and the improvements achieved with the second-generation 277 

prototype laid the groundwork for further optimization in future iterations. 278 

 279 

 280 

Figure 6. Second generation arm prototype: Underwater bending test (a) prototype at rest; (b) pro- 281 
totype bending 282 

Tests were conducted to evaluate the achievable extension of the second-generation pro- 283 

totype. These tests demonstrated an extension of up to 40%, indicating a significant im- 284 

provement in performance over the previous design. The extension was normalized rela- 285 

tive to the muscle length at rest. The results were plotted against the muscle input pres- 286 

sure, as shown in Figure 7, illustrating the relationship between the applied pressure and 287 

the resulting extension. 288 

 289 
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 290 

Figure 7. Longitudinal muscle extension vs. water pressure (red dots are measured data and blue 291 
line simulated ones) 292 

Following the extension tests, bending tests were conducted to evaluate the flexural capa- 293 

bilities of the second-generation prototype. During these tests, one muscle of the proto- 294 

type was subjected to increasing water pressures, with pressure increments up to 2 bar. 295 

The lengths of all three muscles were measured at each pressure level to assess their    296 

behaviour and the corresponding bending response of the continuum structure. These 297 

measurements allowed for a detailed analysis of how the muscles' elongation affected the 298 

overall curvature and flexibility of the arm. The results from these bending tests provided 299 

valuable data on the arm's ability to achieve controlled, precise bending, which is crucial 300 

for its performance in dynamic environments, such as underwater applications. 301 

Although much is understood about the neurophysiological control strategy of the octo- 302 

pus, it remains essential to translate this knowledge into a practical controller for a man- 303 

made prototype. Drawing from biological insights, tasks that are typically computation- 304 

ally intensive in traditional control approaches are simplified and assigned to the distrib- 305 

uted system within the arm's peripheral nervous system (PNS). The central nervous sys- 306 

tem (CNS) only needs to send basic movement commands and the target muscle position, 307 

while the PNS handles the conversion of this information into the actions of the individual 308 

actuating elements [34]. 309 

The incorporation of AI, particularly machine learning algorithms, into the control system 310 

enables real-time adaptive learning, allowing the system to optimize and fine-tune the 311 

behavior of the peripheral nervous system (PNS) by continuously refining the mapping 312 

between central nervous system (CNS) commands and actuator responses based on sen- 313 

sory feedback, thus improving the efficiency and flexibility of the robotic arm’s move- 314 

ments over time. 315 

Closed-loop feedback with pressure sensors and vision tracking can refine control, but 316 

has limited impact due to our bioinspired design and reliance on passive dynamics. For 317 

instance, pressure sensors enhance force regulation. But since our soft materials naturally 318 

adapt to fluid redistribution, the need for precise control is reduced. Vision tracking aids 319 

motion correction, yet our octopus-inspired geometry and inertia-driven movements al- 320 

ready ensure smooth, efficient actuation. While feedback improves precision, our system 321 

inherently achieves stability and adaptability through its soft structure and passive me- 322 

chanics, reducing reliance on active corrections. 323 

 324 

 325 

 326 

 327 

 328 
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5. Actuator Design and Performance Assessment 329 

5.1. Actuation Design 330 

Considering the needs for flexibility, built-in safety, cost efficiency, energy effectiveness, 331 

and ease of assembly, the decision was made to design and develop the actuating muscles 332 

(both longitudinal and radial) using custom-engineered braided PMAs. [35]. Originally 333 

designed for pneumatic applications, these actuators can also be effectively utilized with 334 

water, taking advantage of water's higher compressibility to achieve a faster dynamic re- 335 

sponse. The PMAs feature a braided, flexible outer shell that encases an inner containment 336 

layer, typically made of rubber or an elastomeric material. While PMAs are primarily in- 337 

tended to operate in contraction mode, with the maximum theoretical contraction occur- 338 

ring at a braid angle of 54.7˚, they can also function in an expansion mode. In this mode, 339 

starting from a compressed state, a small gap forms between the inner rubber layer and 340 

the braid. When pressurized, the actuators expand similarly to their contraction mode, 341 

stabilizing at the same 54.7˚ braid angle. 342 

In terms of mechanical design, higher reliability can be achieved with stronger materials 343 

composing the actuator and also with redundancy inserting a fourth actuator that can be 344 

automatically connected in case of failure of the three actuators. Such redundancy is also 345 

present in nature, as octopus has actually 4 longitudinal muscles. Another point of failures 346 

are valves, that can get stuck. This can be monitored with limit switches on the valve 347 

themselves. 348 

In the muscle system developed for the robotic arms, each muscle is individually regu- 349 

lated by pressure through a series of compact 3-way valves (Figure 8), which are con- 350 

trolled via an RS232 connection. This configuration allows for precise muscle actuation 351 

control and provides flexibility in dynamic environments. From a fluid dynamics stand- 352 

point, a PMA functions in pressure-control mode, unlike conventional linear cylinders, 353 

which typically operate in flow-control mode. Pressure-control mode, which is often uti- 354 

lized in systems such as ABS brakes and other force-controlled applications, is more en- 355 

ergy-efficient because it relies on the compressibility of fluid within a flexible chamber, 356 

rather than the movement of a mechanical part like a piston. This contributes to a more 357 

energy-efficient system overall, aligning with the project's goals of optimizing energy us- 358 

age and enhancing system performance. 359 

 360 

 361 

Figure 8. Pressure-regulator used in the experimentation, showing pressure regulators and switch- 362 
ing valves connected to each actuator 363 

In the prototype incorporating both radial and longitudinal muscles, elongation is 364 

achieved by simultaneously contracting the radial muscles and relaxing the longitudinal 365 

ones. This coordinated action allows the arm's length to increase while maintaining its 366 

structural integrity and hydrostatic properties (constant volume). Conversely, in the 367 
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prototype with only longitudinal muscles, elongation is achieved solely by actuating the 368 

longitudinal muscles. In this case, as the radial diameter decreases due to the absence of 369 

radial muscle contraction, the arm compensates by increasing its length to uphold the 370 

principle of constant volume. 371 

Control of the muscles is managed independently via a system of 3-way valves, with each 372 

valve regulating the inflow and outflow of its respective muscle. The supply pressure is 373 

delivered through a main line, with pressure levels for the longitudinal and radial muscles 374 

adjusted independently using dedicated pressure regulators. This modular control system 375 

ensures precise and efficient actuation tailored to the specific requirements of the task. 376 

Bending is achieved through selective activation of one or more longitudinal muscles, 377 

which contract to induce curvature at the desired location. In the case of the prototype 378 

with radial muscles, bending is further refined by the co-contraction of radial muscles in 379 

the segments above and below the intended bend point, enhancing stability and control. 380 

For the longitudinal-only prototype, bending is accomplished solely through the selective 381 

contraction of longitudinal muscles. 382 

This bio-inspired control strategy eliminates the need for complex, computationally inten- 383 

sive model-based algorithms, offering a simpler and more practical solution for real-time 384 

application. By focusing on independent muscle control this approach provides a robust 385 

and energy-efficient method for soft manipulation in underwater environments. 386 

 387 

5.2. Dynamic Performance 388 

We analyzed the dynamic performance of the muscle-actuated system, recognizing that 389 

inspection tasks do not require a rapid response time. We used first air than water. Alt- 390 

hough air is not representative of an underwater application, it was easier to use for pre- 391 

liminary testing at laboratory level. 392 

The dynamic behaviour of the muscle system can be modelled as a first-order system, 393 

with the pneumatic muscle represented as a capacitance C which is directly influenced 394 

by the stiffness of the working fluid, and the pressure losses from valves, hoses, and fit- 395 

tings modelled as an equivalent resistance R (Figure 9). The system's dynamics can thus 396 

be expressed as: 397 

 398 

 399 

Figure 9. Muscle-actuation and its electric equivalent. 400 

 401 

𝑃𝑠 − 𝑃 = 𝑅𝐶
𝑑𝑃

𝑑𝑡
       (6) 402 

 403 

In order to find an analytical expression for the capacity we need first to introduce the 404 

bulk modulus that quantifies the resistance of a fluid to compression. In pneumatic and 405 

hydraulic systems, the compressibility of the fluid is key in determining the resonant fre- 406 

quency, particularly in high-pressure conditions or rapid pressure changes. This com- 407 

pressibility causes the fluid to act like a spring, restricting system response. Essentially, 408 
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air or water in the system can be seen as a spring. The bulk modulus BB is defined as the 409 

inverse of the volumetric change rate ΔV/V resulting from a pressure variation ΔP. 410 

To derive an analytical expression for C, we introduce the bulk modulus, B, which quan- 411 

tifies a fluid resistance to compression. This property is particularly critical in hydraulic 412 

systems, as fluid compressibility significantly impacts system resonance, especially under 413 

high-pressure conditions or during rapid pressure changes. In essence, water within the 414 

system acts as a spring, restricting the speed of response. The bulk modulus B is defined 415 

as: 416 

 417 

𝐵 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐ℎ𝑎𝑛𝑔𝑒

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛
= −𝑉

𝛥𝑃

𝛥𝑉
     (7) 418 

 419 

by differentiating (7) with respect to time, with some simple calculations we can obtain 420 

the expression of the fluidic capacity: 421 

 422 

𝐶 = 𝜌
𝑉

𝐵
       (8) 423 

 424 

In theory water is much faster than air, however often times this is not the case, especially 425 

at lower pressure. In fact the theoretical bulk modulus assumes no air is present in the 426 

fluid, which is rarely achievable. Even minor air entrainment significantly lowers the ef- 427 

fective bulk modulus, reducing the system bandwidth compared to its theoretical value. 428 

While water still offers a higher bandwidth than air, the actual performance is influenced 429 

by the nonlinear dynamics of system components. Consequently, the bandwidth cannot 430 

be fully characterized in an open-loop configuration by simply applying a chirp signal to 431 

the valve solenoids, as it varies with the input amplitude. 432 

To assess the system dynamic behaviour, the pressure response to a square wave voltage 433 

input was experimentally measured. The tests revealed a response time of 500 ms for a 434 

single muscle. Although this response time is slower than the theoretical maximum, it 435 

remains adequate for inspection tasks, where speed is not a critical parameter. These find- 436 

ings underscore the role of fluidic properties, air entrainment, and nonlinear system dy- 437 

namics in shaping the performance of hydraulic muscle-actuated systems. 438 

Altough for lab testing we used pneumatics, for underwater applications hydraulics is 439 

mandatory. Hydraulic and pneumatic actuation each offer distinct advantages and trade- 440 

offs. Hydraulic system delivers significantly higher force output since liquids are incom- 441 

pressible, making it ideal for tasks requiring strong grasping and lifting. 442 

Our micro-hydraulic approach optimizes energy use while maintaining compactness. 443 

Pneumatic systems, though simpler, operate with a compressible flow, leading to effi- 444 

ciency losses due to higher leakage and compression inefficiencies. 445 

 446 

6. Conclusions and Future Work 447 

This paper has introduced two fluidically-actuated continuum arm concepts specifically 448 

designed for soft manipulation tasks in underwater environments. After exploring the 449 

relevant biological background and examining nature’s strategies for movement and 450 

adaptability, we established high-level design requirements that effectively integrate bio- 451 

inspiration with engineering considerations. The first concept features both radial and 452 

longitudinal actuators, closely mimicking the complex structure found in biological sys- 453 

tems. The second concept, designed with only longitudinal actuators, simplifies the bio- 454 

logical model to accommodate engineering constraints while still aiming to preserve es- 455 

sential functionality. 456 
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We successfully prototyped and controlled two distinct arm configurations, evaluating 457 

their elongation and bending capabilities under various conditions. These experiments 458 

demonstrated the potential of fluidic actuation for soft and adaptable robotic manipula- 459 

tion, showcasing their versatility for underwater tasks. The results indicate promising 460 

pathways for further enhancement, particularly in terms of efficiency and control. 461 

Future work will focus on refining the design, emphasizing mechanical robustness and 462 

resilience to the harsh conditions of real marine environments. This includes testing pro- 463 

totypes in more complex underwater scenarios, enhancing their durability, and improv- 464 

ing their performance. Moreover, we plan to explore additional capabilities such as au- 465 

tonomous navigation and multi-functional task execution, which will expand the range 466 

of applications for these soft robotic arms. Ultimately, the integration of advanced mate- 467 

rials and further optimization of the control systems will bring us closer to achieving prac- 468 

tical, deployable robotic solutions for underwater exploration, inspection, and manipula- 469 

tion tasks. Future research will highlight the use of simulations to accelerate testing, the 470 

exploration of cost-effective materials, and improved fluid supply mechanisms. Specifi- 471 

cally, we will investigate using computational fluid dynamics (CFD) models to refine ac- 472 

tuation efficiency. 473 
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