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1. Introduction 
 

This document addresses the design and the development of components for the final prototype 

for the LAMPETRA project (tasks from 4.2 to 4.6). The work done within this WP is focusing on 

the identification of commercial components or on the developing of ad-hoc technologies useful 

and necessary in order to have soft bodied robots for adaptive interaction with the environment with 

high energy efficiency and truly bioinspired. 

 In particular, in this deliverable the following modules of the robotic platform are described: 

 

• mechanical structure; 

• wireless system for power transfer; 

• proprio sensory system; 

• artificial, waterproof and compliant skin; 

• tail design and fabrication; 

• other electronic components. 

In the following sections the development of these components is presented. 

2. Mechanical structure 
 

In order to develop a high-efficiency, wireless system, the first problem to solve has been to 

maintain muscle-like behaviour (therefore compliant and back-drivable) while also achieving high 

energy efficiency. A new technology has been developed based on a servomotor and minimizing 

mechanism thanks to the exploitation of permanent magnets. Actuators performance in bioinspired 

robotics is nowadays far from those achieved by natural muscles. The main limitations are. In order 

to overcome main limitations of commercial actuators used in the field of the bioinspired robotics 

(high inertia, low adaptability, low efficiency and low possibility to control the stiffness) SSSA 

developed a new kind of magnetic actuator. It is based on tree main ideas: 

 

• Use of direct magnet interaction in order to produce the actuation forces with a less power 

consumption. 

• Change of the actuation forces by modifying the magnetic orientation. 

• Introduction of an energy recovery system, using the conservative nature of the magnetic 

interaction. 

 

The magnetic actuator allows coupling two subsequent segments of the robot with a “contact-

less transmission” of mechanical power. This compliant actuation is characterized by a very high 

efficiency in both direct and reverse motion, which is not-trivial to achieve in small dimensions. 

This let to exploit passive dynamics during the undulatory swimming motion. The frequency of this 

cycling motion can be tuned to match the natural frequency of the system (ωs), by dimensioning 

structural stiffness with suitable elasticity. Virtually, ωs be further adjusted by controlling the 

position of the magnets using two motors per actuated segment, thus achieving variable stiffness. In 

the prototype, only one motor per segment was used, by focusing on a preferred swimming mode. 

The work Wm needed by the motors during the cycle accounts only for the forward propulsion and 

for counteracting losses, while most of the energy Ecr needed for decelerating the masses at every 

cycle is stored and reused for actuating the direct motion of the subsequent cycle. 
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2.1. Prototype description 
 

The final artifact prototype has been developed with ad-hoc technologies in order to have a 

robotic platform with good performances and highly bio-inspired. The 91-cm long robot has a high 

number is composed of 21 segments (55mm in diameter) of which 10 are active and a new kind of 

muscle like actuation system (already tested in the previous prototype) based on the use of direct 

magnet interaction for producing actuation forces with small energy losses. Power is supplied by 

ten battery packs (each made of four 3.6 V lithium batteries in parallel, 1120mAh for each pack) 

and can swim for about five hours at circa 0.5 body length per second using approximately 10 W. 

(Figure 1). Batteries are integrated on the bottom of the passive vertebras, in order to achieve more 

flexibility. The artificial notochord is implemented by means of two harmonic steel wires. 

 

 
 

Figure 1: New vertebras technology of final prototype already tested in the previous prototype 

 

The figure below (Figure 2) shows the structure of an actuated vertebra. 

 

 

Figure 2: Actuated vertebra 
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The main structure of the vertebra is a polymeric frame, produced using a 3D printing (3D 

Systems Technology, US), which houses all the components (numbers are in reference to figure 3): 

 

1. screws; 

2. volume augmentation (acrylic resin); 

3. upper part of the vertebra (designed to lock the segment board and for wiring); 

4. artificial notochord (harmonic steel wires, ø = 0,7mm). Differently from the previous 

prototype the notochord is not composed by a wire that runs along the whole body of the 

artefact: each vertebra is connected to nearest ones with small sections of harmonic steel 

(21 mm long). This provides greater ease in the replacement of damaged components.; 

5. stretch sensors board; 

6. roller bearings, to minimize the friction during the magnet orientation; 

7. bearing magnet (Ergal 7075); 

8. permanent magnets (neodymium N48, cylindrical shape, radial magnetization); 

9. bearing magnet with transmission shaft (Ergal 7075); 

10. DC motor with encoder for controlling the magnet orientation (motor has a nominal 

power of 0,26W and the encoder has 8 lines per revolutions in order to achieve a 

precision of 0,15 degrees in the magnet orientation) 

11. gear system gear system to transmit the motion from the motor shaft to the magnets; 

12. mechanical bumpers (designed in order to dump the contact between adjacent vertebras 

and to avoid to stress the DC motors due to excessive magnetic torque as described as 

follow). Compared to the previous prototype bumpers are made of a silicone rubber with 

better mechanical properties and are directly embedded in vertebras: these two 

adjustments have been necessary in order to avoid problems due to the deformation and 

the detachment of the shock absorber 

13. main vertebra structure (acrylic resin); 

 

2.2. Working principle 
 

The working principle of the novel magnetic actuation is shown in figure 3. The straight 

configuration is guaranteed by the balancing of the magnetic forces between the left and the right 

side of adjacent modules. By modifying magnet orientation it is possible to produce a magnetic 

interaction between modules (in figure 3 the interaction between left magnets produces a left 

bending of the segment). Vertebras are linked through two steel wires that provide bending stiffness 

for the whole system and guarantee transmission of travelling waves. The system possesses a high 

mechanism efficiency thanks to contactless force transmission and to minimal number of gears. 

 

   

Figure3: Schematic of the working principle based on the rotation of the permanent magnets (N=North magnetic pole; 

S=South magnetic pole) 
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3. Proprioceptive system 
 

The final prototype of the LAMPETRA robot will be equipped with sensors allowing a 

proprioception system: 

 

• intra-vertebral distance sensors (optical); 

• vision system; 

 

Each sensor will be described in the next subparagraphs. 

 

3.1. Intra-vertebral distance sensors 
 

These sensors (in Figure 4 a detail of their positioning on the robot) will provide information 

about the angular position of each vertebra as regard to the others nearest vertebras. 

We decided to implement a flexible strain sensor based on optical properties and not on 

electrical ones in order to avoid problems and noise due to electromagnetic interference. 

Morover, with respect to their electrical counterparts, optical sensors have higher resolution, 

speed and sensitivity. 

 

 

Figure 3: Possible configuration and arrangement for the distance sensor. 

 

Optical sensors are distributed along the whole body of the robot in order to have information 

about the angular position of all vertebras. Signals generated by sensors are sent wirelessly to the 

pc, acquired, displayed on the dedicated interface (Figure 5) and elaborated for controlling the 

artefact in closed loop. 
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Figure 4: Snapshot of interface area dedicated to display sensor acquisition. 

 

3.1.1. Working principle 

 

When the robot swims, the reciprocal position of the vertebras will change and with it, also the 

shape of the flexible link. So, the optical information recorded by the receiver will vary 

consequentially at the stretching or at the compression of the transparent path and this will give an 

information of the degree of displacement for each segment. In particular, when the receiver will 

move away from the transmitter we will record a decreasing of the signal, instead when they come 

closer the signal recorded will be higher (Figure 6). 
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Figure 6: Change of the shape of the optical transmission channel due to the reciprocal movement 

of the transmitter (TX) and the receiver (RX). 

 

 

In order to avoid the optical noise from the environment (we should remember that the skin is in 

transparent material, so the internal architecture of the robot is not screened from the external light) 

and to guarantee a good optical transmission, the optical path is covered by a black silicone rubber 

coat. 

 

 

3.2. Vision system 
 

Vision system provides optical information needed for goal directed locomotion (object tracking 

and obstacle avoidance). 

The solution actually implemented on the artefact represents both an upgrade and a different 

solution to the visio-locomotion integration. In this case, the system is constituted by two 2D 

CMOS cameras that send the video streams to an external workstation. This choice gives to the 

artefact more degree of freedom concerning the image processing and consequently the possibility 

to develop a wide range of possible tasks. The external workstation allows access to high 

computational power for video processing, makes easier both to supervise the video streams and to 

make software modifications, overcoming the previous system limitations by adding new features. 

In particular, the system is constituted by: two small commercial cameras and two wireless 

transmitters produced by MISUMI ELECTRONICS Company. The first element, shown in Figure 

7, works at 2.8V (25fps standard PAL video format). 
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Figure 7: Colour CMOS Camera Module CLVCPCP8 

 

Figure 8 shows the wireless transmitter, that is the second element of the chain embedded within 

the robot head. The transmitter works at 5V and the transmission frequency is 2.4GHz. The overall 

consumption of 280mA. 

 

 
Figure 8: MISUMI wireless module: MST-AD001 

 

 

Figure 9 illustrates a CAD draw explosion in which the cameras, transmitters and head structure 

are visible. The complete vision subsystem is constituted by other three external parts: video 

receivers, a frame Grabber and an external workstation. The limitations of the previous system 

(CMOS linear sensor), such as the limited processing power and the difficult access to the vision 

information, are overcome with this architecture. This second approach, currently on the artefact 

delegates the video stream processing to an external workstation. The main advantages of this 

solution are: the components to be embedded are limited and smaller than the previous used; the 

accessibility to the video streams makes the algorithms modification and test easier; the 2D source 

camera allows a wider range of studies; and, finally, the interface allows the users to see the videos 

captured by the sensors. 
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Figure 9: The CAD view illustrates the camera position, the wireless boards and the head components. The cameras 

are placed with a 30 degrees angle between them in order to obtain an overall field of view around 150 degrees. This 

angle allows to overlay part of the field of view of each camera. 

 

By considering the requirements and the objectives this solution is still valid and preferable to 

the previous one. On the other hand, the acquired experience leads us to take into account a mixed 

approach for future development. A relative low-power processing board based on the emerging 

technology FPGA (Field Programmable Gate Array) can provide on board partial/total image 

processing to support the artifact when the wireless connection fails. At the same time, the video 

can be transmitted to the external workstation in order to perform more complex processing and to 

monitor the artefact if necessary. 

 

 

4. Artificial waterproof and compliant skin 
 

The previous prototype was covered with a polymeric material (high density polyethylene, 

HDPE) arranged in tubular shape with a wavy profile. This kind of artificial skin was very useful 

for driving preliminary tests and experiments with the first robotic platform as it was very easy to 

replace an to prepare before the fitting on the robot. However when the reliability of the whole 

system has reached an optimal level, it has been necessary find a new solution that satisfies the 

following prerequisites: 

 

• impermeability: to separate electronics and mechanics components from the aquatic 

environment; 

• flexibility: to allow the wave-like movements of the robot cutting down the effort of the 

actuation system; 

• resistance: to prevent wear effect (due to rubbing with the vertebras) who might bring to a 

loss of impermeability. 
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In fact, HDPE provided a good waterproofing at the whole platform, but doesn’t exhibit good 

characteristics in terms of resistance (high probability of rupture phenomena) and flexibility (given 

by the only wavy profile). 

 

The new artificial skin (Figure 10) is fabricated with the silicone rubber Dragon skin FX-PRO 

(Smooth-on), a soft, stable, high performance platinum silicone.  

The artificial skin is waterproof and compliant and its mechanical properties make sure that it 

does not hamper the undulatory movements of the artefact. Its multi-layer configuration provides 

not only a greater impermeability but also a greater resistance to rupture phenomena: in fact, each 

layer is separated from the other thanks to a release agent. 

 

   

Figure 10: Preparation of the tubular HDPE; wavy shape assures the necessary flexibility 

 

 

5. Tail design and fabrication 
 

A new multi-layer fiberglass tail (Figure 12) has been designed and fabricated in order to ensure 

an optimal fluid dynamic behaviour and propulsion at the robotic platform. Tail has an “attach-

detach system” for changing it easily. The tail has a fundamental role during the swimming phases 

since it is the main device delegated to the propulsion of the robot and for this reason it is useful to 

be able to replace it depending on which performances we would like to emphasize with the artifact 

(high speed, high maneuverability, etc…). 

 

  

Figure 51: Fiberglass and resin used for the fabrication of the tail 



 Deliverable D4.4 Date: 07/12/2010 

                                    
Page 12 

 

 

 

Figure 6: New tail of the artefact in fiberglass 

 

6. External communication 
 

A communication channel between robot and users is extremely important. A robotic platform, 

even if completely autonomous, needs to exchange information with the user. This link can be 

wired or wireless depending on the robot application. In this case, wireless communication was 

chosen.  

Figure 12 shows the wireless board developed, in which the wireless communication firmware 

is running. The module chosen is produced by MicroChip (the MRF24J40MA) and is compatible 

with the robot electronics components and firmware developed. The wireless protocol developed is 

based on a MicroChip MiWi P2P libraries. The protocol creates a network between two network 

nodes. One node is the network Coordinator that creates the network, placed into the robot, the 

second one is the End Device, that links the external workstation with the artefact. 

The board consumption is 50mA at 3.3V and the baud is up to 60kbps, without packet 

corruptions. The limited energy demand is due to: the high efficiency of the switching technology 

for the voltage regulation, the low power transmitter module and the careful management of 

microcontrollers clock frequency that further reduces the energy request. The incoming data are 

mainly behavioural and control commands, and the outgoing ones are proprioceptive information. 

The wireless board processes and sends to the other boards the commands received by using the 

Control Area Network bus (CAN bus). The proprioceptive data coming from the stretch receptors 

(40 sensors with 10bits of accuracy at 3.5Hz) are sent out. 

 

The wireless communication is an important feature required by the project issues. The suitable 

frequencies, the working depth and the power consumption have been evaluated in relation to the 

available and commercial components. The device chosen is a wireless module at 2.4GHz with low 

power consumption and a good bound rate. The working depth matches to our needs. The device 

chosen is a MicroChip module MRF24J40MA shown in Figure 13. 
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Figure 7: MicroChip module MRF24J40MA for wireless external communication 

7. Powering 
 

Figure 14 shows the batteries mounted on the first prototype. The three visible blocks 

surrounded by a soft polystyrene external hull (applied for protection, buoyancy and better 

aesthetics) are constituted by 2 serial (2S) lithium polymer (li-po) cells (nominal value at 3.7V per 

cell). This configuration causes a break to the travelling wave, along the robot. This interruption 

acts as an unnatural movement and reduces the strength of the magnetic muscle-like actuators by 

increasing the distance between the vertebras. The perturbations on the travelling wave also 

decrease the performances and the energy efficiency of the locomotion.  

 

 
Figure 8: First prototype battery packs distribution 

 

Figure 15 shows the new configuration. Similarly to the preliminary configuration, the batteries 

used are 3.7V li-po cells, but the pack structure is changed to a parallel (P) of 40 smaller batteries 

(20x30x0.5mm at 280mA/h) with a total capacity of 9.2A/h. This new distribution allows to reach 

20 segments, from the 12 of the early prototype, maintaining similar robot dimensions and housing 

the batteries directly into the vertebras and not between them. Hosting the batteries in the bottom 

part of the vertebras gives many advantages. Specifically, the uniform weight distribution 

guarantees the robot stability by moving down the centre of mass, the locomotion is more life-like 

and the space available for hosting batteries increases.  
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Figure 9: Final battery packs configuration 

 

Furthermore, the new architecture requires the development of step up boards in order to raise 

the batteries 3.7 Voltage (the li-po working batteries voltage range between 4.2V completely 

charged to 3.3V discharged) to the required 5V, 3.3V (electronics) and 16V (actuators) power lines. 

Examples of the step up developed are shown in Figure 16. 

 

    
 Figure 10: Step-up boards 

 

 

7.1. Battery management 
 

Figure 17 shows an example of the distributed charge board. It is extremely reduced 

(20x30mm) in dimension to be housed in the vertebras along the robot. The cores of this charger 

board are an electronic switch and four charge Integrated Circuits (ICs), one for each battery. The 

switch disconnects each battery from the pack. The ICs charge each battery separately. A total of 10 

charger boards are mounted. When the charging voltage (6V) is detected the electronic switch 

disconnects the batteries and the charge starts.  
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Figure 11: Top view of the final prototype charger board 

 

Safety, during the charging period and while the load is applied, is ensured by over/under 

voltage detectors and a protection circuit embedded in the cells. Over current and overheat are 

triggered by LEDs connected to the switch. Battery fails and charge errors are monitored by charger 

ICs. This solution solves both the voltage drop out and the cells balancing problems. Figure 18 

shows the charger on the vertebra and the batteries housing. 

 

 
Figure 12: Charger board and battery pack mounted on a vertebra 

 

 

7.2. Limb Designs 
 

Particular attention was given to the interaction with the environment as this is one of the 

main factors that affect the efficiency of locomotion. Older versions of the salamander-like 

prototype used limbs which were extended laterally from the body axis, increasing the drag while 

swimming (Fig. 19). Inspired by the way in which real salamanders fold their limbs backwards 

while swimming, we developed a more sophisticated limb design which does exactly the same. 

Moreover, it does that without the need of any additional actuator. It rather takes advantage of the 

rotation of the limbs and gravity to switch between swimming and stepping postures. During 

stepping, when a limb is rotating, gravity unfolds the limb. While swimming, a passive DoF in the 

right orientation (perpendicular to the body axis) close to the shoulder/hip makes it possible for the 

limb to fold backwards (Fig. 20). 
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Figure 19: (left) Salamandra robotica I: rigid limb design. (right) Salamandra robotica II: folding limb design 

 

 

 
Figure 20: Folding limb design. (right) snapshots during the switching from swimming (posture 1) to stepping 

(postures 2-8). At 3, gravity unfolds the limb. At 8, water drag folds back the limb. 
 

 

Sophisticated limb designs were evaluated also for stepping. Inspired by real salamanders, 

again, we developed compliant versions of limbs which explore the role of fingers in stepping. 

Although this addition increased the stepping speed for frequencies lower than 0.6 Hz, it didn’t 

have significant effect for the higher ones. 
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Figure 21: Limb design with compliant fingers. (right) Plots of speed versus body oscillations for different frequencies 

(bottom - up) for the limbs with fingers (solid lines) and without (dashed lines).  
 


