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1. Introduction 
 

1.1. WP5 Objective 
 

The objective of Work Package WP5 is to identify the most convenient 

control hardware of the lamprey/salamander

are provided by the initial requirements of the 

The communication between the pr

 

1.2. Control for the second prototype
 

The second prototype of the LAMPETRA platform 

architecture of the previous one. 

the information from a Stereo Vision System and drives the swimming behaviour by means of 

several distributed Segment-Boards. The Head

each motor. The robotic platform is fully controlled by wir

acquire the sensory system information and to control each motor.

head is composed by an inertial sensor board, a 

(VOR) board.  

As for the control software a

experiments and its tasks) has been implemented using 

An user interface, useful to monitor the status of the robot, to calibrate it and t

parameters of the locomotion, has been developed too.

 

2. Control Hardware Architecture
prototype 

 

2.1. Currently developed control hardware
 

As described in D4.4 the robotic 

body segments. The control is also following the above architecture. The main control unit is placed 

in the head of the mechanism while each pair of segments shares a common battery and secondary 

local control. The architecture is shown in the figure 

segment board. 
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The objective of Work Package WP5 is to identify the most convenient 

control hardware of the lamprey/salamander prototypes. The guidelines as well as the limitations 

are provided by the initial requirements of the artefact’s behavioural abilities and structural 

The communication between the prototype and the human interface is wireless.

Control for the second prototype 

The second prototype of the LAMPETRA platform is equipped with the same control boards

one. The Head-Board integrates the main high level control. 

Vision System and drives the swimming behaviour by means of 

Boards. The Head-Board sets the frequency, amplitude and phase for 

each motor. The robotic platform is fully controlled by wireless communication system able to 

acquire the sensory system information and to control each motor. The control part placed in the 

an inertial sensor board, a main control board and a Vestibular Ocular Reflex 

ontrol software an external tracking system (to follow the robot during the 

has been implemented using OpenCV library. 

to monitor the status of the robot, to calibrate it and t

locomotion, has been developed too. 

Control Hardware Architecture for the second lamprey

Currently developed control hardware 

the robotic artefact is composed of a head segment followed by several 

control is also following the above architecture. The main control unit is placed 

in the head of the mechanism while each pair of segments shares a common battery and secondary 

local control. The architecture is shown in the figure 2. In picture 1 we show 
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The objective of Work Package WP5 is to identify the most convenient architecture for the 

. The guidelines as well as the limitations 

abilities and structural features. 

wireless. 

equipped with the same control boards 

Board integrates the main high level control. It receives 

Vision System and drives the swimming behaviour by means of 

Board sets the frequency, amplitude and phase for 

eless communication system able to 

The control part placed in the 

main control board and a Vestibular Ocular Reflex 

follow the robot during the 

to monitor the status of the robot, to calibrate it and to set the 

for the second lamprey-like 

is composed of a head segment followed by several 

control is also following the above architecture. The main control unit is placed 

in the head of the mechanism while each pair of segments shares a common battery and secondary 

we show the placement of a 



 

         

Figure 1: Placement of an electronic board for a pair

Figure 2: Control hardware architecture embedded in the current prototype.

The different boards that have been used are:

• The control board for each pair of segments

 

Figure 3

 

• The set of boards embedded in the head, including the Inertial sensor board, the main 

control board and 
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Placement of an electronic board for a pair segment. 

 

Control hardware architecture embedded in the current prototype.

 

 

have been used are: 

control board for each pair of segments: 

 

3: Segment board for two segment motor control. 

 

The set of boards embedded in the head, including the Inertial sensor board, the main 

control board and the Vestibular Ocular Reflex board: 

11/12/2010 

 
Page 4 

 

Control hardware architecture embedded in the current prototype. 

The set of boards embedded in the head, including the Inertial sensor board, the main 



 

         

Figure 4: 

 

 

 

 

2.2. Data communication 

2.2.1. First level communication 

 

This level of communication is based on a P2P protocol at 2.4 GHz using a 

transceiver. The network created is peer

at 50kbps. The supply voltage is 3.3V.

 

 

2.2.2. Second level communication

The second level is based on a wireless transmitter (MISUMI ELECTRONICS CORP). The 

transmitter works roughly at 2.4 GHz. 

voltage is 5V with a current about

the current consumption. 

 

Figure 
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 Package of boards inside the robotic artefact head. 

 

First level communication  

This level of communication is based on a P2P protocol at 2.4 GHz using a 

transceiver. The network created is peer-to-peer, the coordinator and the router boards share packets 

at 50kbps. The supply voltage is 3.3V. 

 

Figure 5: Radio board at 2.4GHz. 

Second level communication 

The second level is based on a wireless transmitter (MISUMI ELECTRONICS CORP). The 

transmitter works roughly at 2.4 GHz. The cameras capture at 25 frame per second. The operating 

about 130mA. The 2 cameras and the 2 transmitter

 

 

Figure 6: Wireless video transmitter board. 
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This level of communication is based on a P2P protocol at 2.4 GHz using a MICROCHIP RF 

peer, the coordinator and the router boards share packets 

The second level is based on a wireless transmitter (MISUMI ELECTRONICS CORP). The 

The cameras capture at 25 frame per second. The operating 

130mA. The 2 cameras and the 2 transmitters during work justify 



 

         

The images transmitted are received and using a multichannel FrameGrabber (SENSORAY) are 

captured (for details see D4.4).  

 

 

The Working station can support different algorithms developed using OPENCV library.

3. Control Software for the second lamprey
 

3.1. Control software for the second prototype
 

In the second prototype, the embedded control system 

station delegated to the highest level control. The user interface, the communication protocol and 

the control are generally written in C

is chosen in relation with its specific features. The firmware embedded on the boards is written in 

native C language for its low level access capability and, the Graphical User Interface (GUI), 

currently used to control the artefact, is written in C# because the interface prototyping is faster and 

more suitable. The main development environments used are MPLAB IDE (Microchip Integrated 

Development Environment) and Microsoft Visual Studio. MPLAB IDE is a free SW provided by 

Microchip for microcontrollers programming. The final release of the platform control software is a 

Visual Studio project that is constituted by many different parts. Each part was tested and developed 

singularly before to be merged with the main software core.

The GUI components are: 

1. actuators calibration 

2. artefact behaviour setting 

3. artefact remote control 

4. artefact activity monitoring

5. data acquisition 

6. vision and sensors processing

 

Figure 8 illustrates the control interface. The software is bui

The single dialog box displays simply the different sections of the software to the users. Many 

components are encapsulated into tab controls in order to organize the software in terms of specific 

actions. For example, the main tab is dedicated to the actuators calibration that usually is the first 

action when the robot is starting up. The main tab also shows the stretch sensors values. The second 

tab contains graphs in which the stretch sensor outputs are plotted during t

shows the camera outputs. Other tabs are continuously added and deleted where tests and new 

features are required. Hidden into the interface portions of code manage peripherals, threads 

scheduling and support packages. As part of thi

implemented. The sockets, developed at instance as multi

with software developed by other partners. In general, the socket technique is useful for easily 

interfacing the artefact platform with third parts software by developing a common protocol for data 

transmission. Threads are employed in order to parallelize and synchronise the frame grabber action 
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The images transmitted are received and using a multichannel FrameGrabber (SENSORAY) are 

 

Figure 7: Video transmission scheme.  

The Working station can support different algorithms developed using OPENCV library.

for the second lamprey-like prototype

Control software for the second prototype 

In the second prototype, the embedded control system is supported by an external working 

station delegated to the highest level control. The user interface, the communication protocol and 

generally written in C-based Languages ranging from C, C++ and C#. The language 

is chosen in relation with its specific features. The firmware embedded on the boards is written in 

native C language for its low level access capability and, the Graphical User Interface (GUI), 

efact, is written in C# because the interface prototyping is faster and 

more suitable. The main development environments used are MPLAB IDE (Microchip Integrated 

Development Environment) and Microsoft Visual Studio. MPLAB IDE is a free SW provided by 

chip for microcontrollers programming. The final release of the platform control software is a 

Visual Studio project that is constituted by many different parts. Each part was tested and developed 

singularly before to be merged with the main software core. 

 

4. artefact activity monitoring 

6. vision and sensors processing 

illustrates the control interface. The software is built in one big window (dialog box). 

The single dialog box displays simply the different sections of the software to the users. Many 

components are encapsulated into tab controls in order to organize the software in terms of specific 

e main tab is dedicated to the actuators calibration that usually is the first 

action when the robot is starting up. The main tab also shows the stretch sensors values. The second 

tab contains graphs in which the stretch sensor outputs are plotted during the work, and the third 

shows the camera outputs. Other tabs are continuously added and deleted where tests and new 

features are required. Hidden into the interface portions of code manage peripherals, threads 

scheduling and support packages. As part of this hidden code a socket server architecture is 

implemented. The sockets, developed at instance as multi-processes interface, are used to share data 

with software developed by other partners. In general, the socket technique is useful for easily 

the artefact platform with third parts software by developing a common protocol for data 

transmission. Threads are employed in order to parallelize and synchronise the frame grabber action 
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The images transmitted are received and using a multichannel FrameGrabber (SENSORAY) are 

 

The Working station can support different algorithms developed using OPENCV library. 

like prototype 

supported by an external working 

station delegated to the highest level control. The user interface, the communication protocol and 

C, C++ and C#. The language 

is chosen in relation with its specific features. The firmware embedded on the boards is written in 

native C language for its low level access capability and, the Graphical User Interface (GUI), 

efact, is written in C# because the interface prototyping is faster and 

more suitable. The main development environments used are MPLAB IDE (Microchip Integrated 

Development Environment) and Microsoft Visual Studio. MPLAB IDE is a free SW provided by 

chip for microcontrollers programming. The final release of the platform control software is a 

Visual Studio project that is constituted by many different parts. Each part was tested and developed 

lt in one big window (dialog box). 

The single dialog box displays simply the different sections of the software to the users. Many 

components are encapsulated into tab controls in order to organize the software in terms of specific 

e main tab is dedicated to the actuators calibration that usually is the first 

action when the robot is starting up. The main tab also shows the stretch sensors values. The second 

he work, and the third 

shows the camera outputs. Other tabs are continuously added and deleted where tests and new 

features are required. Hidden into the interface portions of code manage peripherals, threads 

s hidden code a socket server architecture is 

processes interface, are used to share data 

with software developed by other partners. In general, the socket technique is useful for easily 

the artefact platform with third parts software by developing a common protocol for data 

transmission. Threads are employed in order to parallelize and synchronise the frame grabber action 



 

         

and for the images processing. The data and the commands history ar

acquired are always available for off

joystick if required. 

 

Figure 8: The application is constituted by only one big window in which several tab containers (A) organise the 

contents. (B) and (C) under the Motor sensory tab are respectively the calibration section of the actuators and the 

stretch sensor output. (D) shows the parameters of the sinusoidal travelling wave. (E) is the robot controller (equivalent 

to the joystick). The artefact is also interfaced with keyboard Keys and a Joystick. Amplitude, frequency and delta can 

be selected in order to change speed and directio

-1 to 1. (F) shows the behaviour setting area in which autonomous behaviour (e.g. targeting) can be 

activated/deactivated. The vision controls are placed above (F) divided in initial

The software transfer the commands to the artefact by using the serial communication (COM 

port RS323) at 115000kbps, connected to the workstation. The external wireless node converts the 

received data and sends the commands to the artefact.

 

3.2. Sensory motor control
 

The frame grabber captures the video streams frames from the video wireless receivers. The 

video streams are displayed into the Vision control tab (third tab). In order to select the target color, 

the user can simply use the mouse pointer on the images and select a portion of the target. The 

selected area color average becomes the color tracked. The processed images are displayed below 

the original ones. The images that can be displayed are two. The first is

which the white is the extracted color; the second image is a color image that shows the centre of 

mass of the object. The user can switch between the two processing feedback by pressing 'B' 

(Figure 9). 
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and for the images processing. The data and the commands history are saved into files. The data 

acquired are always available for off-line analysis. The platform can be remotely driven with a 

The application is constituted by only one big window in which several tab containers (A) organise the 

contents. (B) and (C) under the Motor sensory tab are respectively the calibration section of the actuators and the 

parameters of the sinusoidal travelling wave. (E) is the robot controller (equivalent 

to the joystick). The artefact is also interfaced with keyboard Keys and a Joystick. Amplitude, frequency and delta can 

be selected in order to change speed and direction. Delta is the wave offset that allows right and left turns ranging from 

1 to 1. (F) shows the behaviour setting area in which autonomous behaviour (e.g. targeting) can be 

activated/deactivated. The vision controls are placed above (F) divided in initialization, start capture and stop capture.

The software transfer the commands to the artefact by using the serial communication (COM 

port RS323) at 115000kbps, connected to the workstation. The external wireless node converts the 

commands to the artefact. 

Sensory motor control 

The frame grabber captures the video streams frames from the video wireless receivers. The 

video streams are displayed into the Vision control tab (third tab). In order to select the target color, 

can simply use the mouse pointer on the images and select a portion of the target. The 

selected area color average becomes the color tracked. The processed images are displayed below 

the original ones. The images that can be displayed are two. The first is a Black/White image in 

which the white is the extracted color; the second image is a color image that shows the centre of 

mass of the object. The user can switch between the two processing feedback by pressing 'B' 
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e saved into files. The data 

line analysis. The platform can be remotely driven with a 

 

The application is constituted by only one big window in which several tab containers (A) organise the 

contents. (B) and (C) under the Motor sensory tab are respectively the calibration section of the actuators and the 

parameters of the sinusoidal travelling wave. (E) is the robot controller (equivalent 

to the joystick). The artefact is also interfaced with keyboard Keys and a Joystick. Amplitude, frequency and delta can 

n. Delta is the wave offset that allows right and left turns ranging from 

1 to 1. (F) shows the behaviour setting area in which autonomous behaviour (e.g. targeting) can be 

ization, start capture and stop capture. 

The software transfer the commands to the artefact by using the serial communication (COM 

port RS323) at 115000kbps, connected to the workstation. The external wireless node converts the 

The frame grabber captures the video streams frames from the video wireless receivers. The 

video streams are displayed into the Vision control tab (third tab). In order to select the target color, 

can simply use the mouse pointer on the images and select a portion of the target. The 

selected area color average becomes the color tracked. The processed images are displayed below 

a Black/White image in 

which the white is the extracted color; the second image is a color image that shows the centre of 

mass of the object. The user can switch between the two processing feedback by pressing 'B' 



 

         

Figure 9: The Figure shows the SW interface and, in particular, illustrates the two processing feedback available. (A) 

shows the color extraction in the B/W image. (B) shows the centre of mass on the original stream.

Figure 10 shows the output of the vision processing in which a g

SW evaluates each frame before processing the images in order to estimate the quality of the 

wireless channel reducing tracking errors. As previously mentioned in chapter 4, the vision 

processing respects the neuroscientific ret

The algorithm for the autonomous sensory

object is located on the images and the position is converted in a CPG perturbation. An example of 

pseudo code of the control is reported below.

 

Figure 10: The tracking is performed by using 4 threads. Two for the real

Pseudo-Code Example 

1 Object tracking - one or more element

2 Identification of the object-related behavior (reach, avoid, escape)

3 Identification of the excited sector/s on the retina (image)

4 Direction choice 

5 Do Until : 

6 - The Object disappear -> STOP

7 - The defined event occurs -> (e.g.) Object reached 
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the SW interface and, in particular, illustrates the two processing feedback available. (A) 

shows the color extraction in the B/W image. (B) shows the centre of mass on the original stream.

 

shows the output of the vision processing in which a green object is tracked. The 

SW evaluates each frame before processing the images in order to estimate the quality of the 

wireless channel reducing tracking errors. As previously mentioned in chapter 4, the vision 

processing respects the neuroscientific retina-tectum model and consequently the retinotopic map. 

The algorithm for the autonomous sensory-locomotion behaviour belongs to the same concept. The 

object is located on the images and the position is converted in a CPG perturbation. An example of 

code of the control is reported below. 

 

The tracking is performed by using 4 threads. Two for the real-time images acquisition and synchronisation, 

and two for the images processing. 

 

one or more elements 

related behavior (reach, avoid, escape) 

3 Identification of the excited sector/s on the retina (image) 

> STOP 

> (e.g.) Object reached -> STOP 
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the SW interface and, in particular, illustrates the two processing feedback available. (A) 

shows the color extraction in the B/W image. (B) shows the centre of mass on the original stream. 

reen object is tracked. The 

SW evaluates each frame before processing the images in order to estimate the quality of the 

wireless channel reducing tracking errors. As previously mentioned in chapter 4, the vision 

tectum model and consequently the retinotopic map. 

locomotion behaviour belongs to the same concept. The 

object is located on the images and the position is converted in a CPG perturbation. An example of 

time images acquisition and synchronisation, 



 

         

By following these rules the robot shows a goal

tracked by the tracking algorithm. The target position on the retina generates signals for the central 

boards so that the travelling wave is perturbed in o

goal-direct locomotion behaviour is generated by these simple rules and the robot can 

autonomously reach the aimed object. These simple neuro

difficulties related with the SW/HW development, are able to perform tasks ranging from simple to 

complex, such as more object recognition and obstacle avoidance. The next chapter, number 6, 

illustrate the preliminary results obtained with the platform using this approach.

 

4. Control hardware and software for the second 
like prototype 

 

The control hardware for the new generation of artefacts 

significant change in the past 18 months. Most of our work on the control software focused on the 

CPG and muscle model implementations, mostly for the salamander prototype. These are important 

components of the control architecture, since flexible and realistic behavio

be achieved if the CPG itself is flexible, and if the musc

 

We first present a new CPG model that shows increased flexibility, but that has no intrinsic 

mechanism to switch to a standing wave of oscillations during stepping. The previous model had 

such a mechanism, but that was i

below. In the following section, we consider how the muscle/joint dynamics can account for a 

kinematic standing wave (in the joint angles) despite the CPG generating a travelling wave. A late

section describes to which extent the CPG itself can be brought to generate a standing wave through 

modulation by sensory feedback. Finally, we present our latest work where a biophysically more 

accurate muscle model was implemented on the artefact, whic

biological studies. 

 

 

Updated salamander CPG model for increased flexibility

 

In our original salamander CPG model, limb activity imposes a standing wave of oscillations in 

axial oscillators, which generate a travelling wave 

transitions between swimming and walking trot gaits, which require travelling and standing waves 

respectively. However the results from our partners from Bordeaux showed that salamanders 

exhibit a variety of gaits beyond swimming and walking that the current model could not reproduce. 

For example, travelling waves are observed in the trunk (between the front and hind girdles) during 

underwater stepping and backward stepping, when the limbs are active. Therefore we

model to be more flexible, by removing the long range couplings from limb to body oscillator, as 

shown in figure 11.  
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By following these rules the robot shows a goal-direct behaviour. The color of the object is 

tracked by the tracking algorithm. The target position on the retina generates signals for the central 

boards so that the travelling wave is perturbed in order to direct the robot in a new direction. The 

direct locomotion behaviour is generated by these simple rules and the robot can 

autonomously reach the aimed object. These simple neuro-like instructions, leaving aside the 

e SW/HW development, are able to perform tasks ranging from simple to 

complex, such as more object recognition and obstacle avoidance. The next chapter, number 6, 

illustrate the preliminary results obtained with the platform using this approach.

ardware and software for the second 

he new generation of artefacts has been very stable and required no 

significant change in the past 18 months. Most of our work on the control software focused on the 

PG and muscle model implementations, mostly for the salamander prototype. These are important 

components of the control architecture, since flexible and realistic behaviour of the artefact can only 

be achieved if the CPG itself is flexible, and if the muscle model properties are realistic.

We first present a new CPG model that shows increased flexibility, but that has no intrinsic 

mechanism to switch to a standing wave of oscillations during stepping. The previous model had 

such a mechanism, but that was in disagreement with recent biological observations, as explained 

below. In the following section, we consider how the muscle/joint dynamics can account for a 

kinematic standing wave (in the joint angles) despite the CPG generating a travelling wave. A late

section describes to which extent the CPG itself can be brought to generate a standing wave through 

modulation by sensory feedback. Finally, we present our latest work where a biophysically more 

accurate muscle model was implemented on the artefact, which will allow for more detailed 

Updated salamander CPG model for increased flexibility 

In our original salamander CPG model, limb activity imposes a standing wave of oscillations in 

axial oscillators, which generate a travelling wave when limbs are inactive. This is useful for 

transitions between swimming and walking trot gaits, which require travelling and standing waves 

respectively. However the results from our partners from Bordeaux showed that salamanders 

s beyond swimming and walking that the current model could not reproduce. 

For example, travelling waves are observed in the trunk (between the front and hind girdles) during 

underwater stepping and backward stepping, when the limbs are active. Therefore we

model to be more flexible, by removing the long range couplings from limb to body oscillator, as 
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direct behaviour. The color of the object is 

tracked by the tracking algorithm. The target position on the retina generates signals for the central 

rder to direct the robot in a new direction. The 

direct locomotion behaviour is generated by these simple rules and the robot can 

like instructions, leaving aside the 

e SW/HW development, are able to perform tasks ranging from simple to 

complex, such as more object recognition and obstacle avoidance. The next chapter, number 6, 

illustrate the preliminary results obtained with the platform using this approach. 

ardware and software for the second salamander-

has been very stable and required no 

significant change in the past 18 months. Most of our work on the control software focused on the 

PG and muscle model implementations, mostly for the salamander prototype. These are important 

r of the artefact can only 

le model properties are realistic. 

We first present a new CPG model that shows increased flexibility, but that has no intrinsic 

mechanism to switch to a standing wave of oscillations during stepping. The previous model had 

n disagreement with recent biological observations, as explained 

below. In the following section, we consider how the muscle/joint dynamics can account for a 

kinematic standing wave (in the joint angles) despite the CPG generating a travelling wave. A later 

section describes to which extent the CPG itself can be brought to generate a standing wave through 

modulation by sensory feedback. Finally, we present our latest work where a biophysically more 

h will allow for more detailed 

In our original salamander CPG model, limb activity imposes a standing wave of oscillations in 

when limbs are inactive. This is useful for 

transitions between swimming and walking trot gaits, which require travelling and standing waves 

respectively. However the results from our partners from Bordeaux showed that salamanders 

s beyond swimming and walking that the current model could not reproduce. 

For example, travelling waves are observed in the trunk (between the front and hind girdles) during 

underwater stepping and backward stepping, when the limbs are active. Therefore we adapted the 

model to be more flexible, by removing the long range couplings from limb to body oscillator, as 



 

         

Figure 11: Salamander CPG network adaptations to increase flexibility. The long range limb

removed to allow travelling waves in the axis during limb activity.

This allows for travelling waves of activity in the trunk and the tail during limb activity, under the 

constraint that axial oscillators at the hind girdles are in antiphase with axial oscillators 

girdles (due to the local limb-body couplings, and the antiphase coupling between front and hind 

girdles). 

In this new configuration, standing waves are not a forced by the network connectivity during 

walking.. Instead, trunk and tail activity

sensory feedback (see below), or the coupling parameters must be changed directly in the network.

We also changed the equations describing the dynamics of each oscillator. Instead of an amplitude 

controlled phase oscillator, we use a Hopf oscillator:

 

 

With r the amplitude, θ the phase, 

γ a convergence factor. The coupling term is unchanged, with w

oscillator j to oscillator i, and ϕij

in Cartesian coordinates (which will prove useful for the introduction of sensory feedback):
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CPG network adaptations to increase flexibility. The long range limb

allow travelling waves in the axis during limb activity. 

 

This allows for travelling waves of activity in the trunk and the tail during limb activity, under the 

constraint that axial oscillators at the hind girdles are in antiphase with axial oscillators 

body couplings, and the antiphase coupling between front and hind 

In this new configuration, standing waves are not a forced by the network connectivity during 

walking.. Instead, trunk and tail activity must be modulated by the descending control signals or 

sensory feedback (see below), or the coupling parameters must be changed directly in the network.

We also changed the equations describing the dynamics of each oscillator. Instead of an amplitude 

rolled phase oscillator, we use a Hopf oscillator: 

 

 the phase, ω the angular frequency, µ the square of the target amplitude and 

 a convergence factor. The coupling term is unchanged, with wij the coupling weight from 

ij the desired phase lag. The Hopf oscillator can be easily rewritten 

in Cartesian coordinates (which will prove useful for the introduction of sensory feedback):
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CPG network adaptations to increase flexibility. The long range limb-body connections were 

 

This allows for travelling waves of activity in the trunk and the tail during limb activity, under the 

constraint that axial oscillators at the hind girdles are in antiphase with axial oscillators at the front 

body couplings, and the antiphase coupling between front and hind 

In this new configuration, standing waves are not a forced by the network connectivity during 

must be modulated by the descending control signals or 

sensory feedback (see below), or the coupling parameters must be changed directly in the network. 

We also changed the equations describing the dynamics of each oscillator. Instead of an amplitude 

 the square of the target amplitude and 

the coupling weight from 

the desired phase lag. The Hopf oscillator can be easily rewritten 

in Cartesian coordinates (which will prove useful for the introduction of sensory feedback): 

 



 

         

We set γ and µ to 1 (corresponding to an oscillation amplitude o

As previously said, the CPG model presented here is more flexible but lacks an intrinsic mechanism 

for the generation of standing waves during land stepping. There are hypotheses we are testing that 

rely more heavily on descending control signals (e.

and sensory feedback (see later section) to generate various behavio

flexible model are about to be submitted for journal publication.

. 

Systematic tests with the salamander muscle

In the animal, the relationship between the output of a CPG segment and the corresponding joint 

torque is complex. In particular, the muscle activation depends on the activation/deactivation 

calcium dynamics. The torque produced by the muscles at a 

angle and joint velocity.  

The joint dynamics will determine how the mechanical system behaves in response to CPG inputs, 

internal constraints and interactions with the environment. The muscle activation/deactivatio

dynamics are especially important in closed

feedback, since the effect of feedback depends strongly on the timing of the signals.

We first recall our muscle model for the joint dynamics: The whole joint

damper system with a forcing element, as shown in figure 3. The output torque T is a function of 

the left and right motoneuron activities M

 

 

The motoneuron activity corresponding to a CPG oscillator is simply the positive part of the 

oscillator output. 

Note that two parameters control the joint stiffness: 

mostly dependent on the muscle activity, but also has a passive compo

when the muscle is completely inactive. The latter is represented by 

To set the values for parameters α

simulation of the salamander artefact. The simulations were

Dynamics Engine (ODE) for physics model

Figure 11: Diagram of the muscle/joint model. The whole joint (agonist+antagonist muscles) is modeled as a spring

damping system with a forcing element. 

 

To characterize the interactions between the CPG pattern, the muscle dynamics and the 

environment, we look at the wave number k in the trunk of the salamander artefact. A value k = 0 

represents a standing wave, while a value k = 1 corresponds to a travelin

complete wave is observed in the whole body at all times. 
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 to 1 (corresponding to an oscillation amplitude of 1). 

As previously said, the CPG model presented here is more flexible but lacks an intrinsic mechanism 

for the generation of standing waves during land stepping. There are hypotheses we are testing that 

rely more heavily on descending control signals (e.g. differential activation of the first segments) 

and sensory feedback (see later section) to generate various behaviours. Results based on this 

flexible model are about to be submitted for journal publication. 

Systematic tests with the salamander muscle model 

In the animal, the relationship between the output of a CPG segment and the corresponding joint 

torque is complex. In particular, the muscle activation depends on the activation/deactivation 

calcium dynamics. The torque produced by the muscles at a joint then depends strongly on the joint 

The joint dynamics will determine how the mechanical system behaves in response to CPG inputs, 

internal constraints and interactions with the environment. The muscle activation/deactivatio

dynamics are especially important in closed-loop systems, i.e. systems that incorporate sensory 

feedback, since the effect of feedback depends strongly on the timing of the signals.

We first recall our muscle model for the joint dynamics: The whole joint is modelled as a spring

damper system with a forcing element, as shown in figure 3. The output torque T is a function of 

the left and right motoneuron activities Ml and Mr, the joint angle φ and its time derivative:

 

corresponding to a CPG oscillator is simply the positive part of the 

Note that two parameters control the joint stiffness: β and γ. The reason is that the stiffness is 

mostly dependent on the muscle activity, but also has a passive component which is present even 

when the muscle is completely inactive. The latter is represented by γ. 

To set the values for parameters α, β, γ and δ, we explored systematically the parameter space in 

simulation of the salamander artefact. The simulations were done in Webots, which uses the Open 

Dynamics Engine (ODE) for physics modelling. 

 

: Diagram of the muscle/joint model. The whole joint (agonist+antagonist muscles) is modeled as a spring

ing element. α : activation gain. β: stiffness. γ: passive stiffness. δ

To characterize the interactions between the CPG pattern, the muscle dynamics and the 

environment, we look at the wave number k in the trunk of the salamander artefact. A value k = 0 

represents a standing wave, while a value k = 1 corresponds to a traveling wave such that one 

complete wave is observed in the whole body at all times.  
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As previously said, the CPG model presented here is more flexible but lacks an intrinsic mechanism 

for the generation of standing waves during land stepping. There are hypotheses we are testing that 

g. differential activation of the first segments) 

rs. Results based on this 

In the animal, the relationship between the output of a CPG segment and the corresponding joint 

torque is complex. In particular, the muscle activation depends on the activation/deactivation 

joint then depends strongly on the joint 

The joint dynamics will determine how the mechanical system behaves in response to CPG inputs, 

internal constraints and interactions with the environment. The muscle activation/deactivation 

loop systems, i.e. systems that incorporate sensory 

feedback, since the effect of feedback depends strongly on the timing of the signals. 

is modelled as a spring-

damper system with a forcing element, as shown in figure 3. The output torque T is a function of 

 and its time derivative: 

corresponding to a CPG oscillator is simply the positive part of the 

. The reason is that the stiffness is 

nent which is present even 

, we explored systematically the parameter space in 

done in Webots, which uses the Open 

: Diagram of the muscle/joint model. The whole joint (agonist+antagonist muscles) is modeled as a spring-

: passive stiffness. δ: damping coefficient. 

To characterize the interactions between the CPG pattern, the muscle dynamics and the 

environment, we look at the wave number k in the trunk of the salamander artefact. A value k = 0 

g wave such that one 



 

         

We compare the CPG wave number, which characterizes the pattern of signals sent to the muscle 

model, with the kinematic wave number, which characterizes the pattern of joint os

gives us a quantitative measure of the interactions between the CPG, the muscles and the 

environment. 

 We also measure the locomotion speed, and the number of unexpected oscillations at each joint 

(we expect a number of oscillations equal 

of oscillations as the number of unexpected oscillations multiplied by 

characterized by high speed and high smoothness.

The tests were performed for land stepping, underwater st

detail the most interesting results, which were obtained for land stepping. Note that as described in 

the previous section, the CPG was producing a traveling wave of activity (as suitable for 

swimming) during these simulations of walking. Indeed, we were interested in seeing a kinematic 

standing wave could appear in the trunk when the CPG is producing a traveling wave, as is the case 

in the new CPG model. 

For land stepping, systematic tests were performed by simulatin

parameter values: 

Table 1: Parameter values for systematic tests with the muscle model.

Parameter Minimum value

α [Nm] 0.2 

β [Nm/rad] 0 

γ 0 

δ [Nm s/rad] 0 

Limb-body phase [rad] 0 

 

The steps were equally spaced. For example, the 5 values considered for 

For a given parameter, the same value was used in all joints. The ranges were chosen according t

preliminary tests to cover the interesting region of the parameter space.

For each combination of muscle parameters, 24 simulations were performed with different values 

for the coupling parameter representing the phase between the front

corresponding body oscillator. A total number of 5 * 11 * 11 * 5 * 24 =  72600 simulations were 

thus performed. For each combination of 

highest speed was kept, so that the optimal limb

set. 

For the results we present here, we fix the gain 

good performance and stability. The remaining parameters are 

The most interesting region is for β

which has an adverse effect on speed. Figure 

numbers in this region. 
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We compare the CPG wave number, which characterizes the pattern of signals sent to the muscle 

model, with the kinematic wave number, which characterizes the pattern of joint os

gives us a quantitative measure of the interactions between the CPG, the muscles and the 

We also measure the locomotion speed, and the number of unexpected oscillations at each joint 

(we expect a number of oscillations equal to the CPG output frequency). We define the smoothness 

of oscillations as the number of unexpected oscillations multiplied by -1. A good gait is thus 

characterized by high speed and high smoothness. 

The tests were performed for land stepping, underwater stepping and swimming. Here we present in 

detail the most interesting results, which were obtained for land stepping. Note that as described in 

the previous section, the CPG was producing a traveling wave of activity (as suitable for 

imulations of walking. Indeed, we were interested in seeing a kinematic 

standing wave could appear in the trunk when the CPG is producing a traveling wave, as is the case 

For land stepping, systematic tests were performed by simulating all combinations of the following 

: Parameter values for systematic tests with the muscle model. 

Minimum value Maximum value Number of steps

1.8 5 

3 11

3 11

0.25 5 

2π * 23/24 24

The steps were equally spaced. For example, the 5 values considered for α were 0.2, 0.6, 1, 1.4, 1.8.

For a given parameter, the same value was used in all joints. The ranges were chosen according t

preliminary tests to cover the interesting region of the parameter space. 

For each combination of muscle parameters, 24 simulations were performed with different values 

for the coupling parameter representing the phase between the front

corresponding body oscillator. A total number of 5 * 11 * 11 * 5 * 24 =  72600 simulations were 

thus performed. For each combination of α, β, γ and δ, only the limb-body phase yielding the 

highest speed was kept, so that the optimal limb-body phase was used for each muscle parameter 

For the results we present here, we fix the gain α = 1 and damping coefficient δ

good performance and stability. The remaining parameters are β and γ, which govern the stiffness. 

region is for β and γ between 0 and 2, as for higher values, the body is too stiff 

which has an adverse effect on speed. Figure 3shows the smoothness, speed, and kinematic wave 
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We compare the CPG wave number, which characterizes the pattern of signals sent to the muscle 

model, with the kinematic wave number, which characterizes the pattern of joint oscillations. This 

gives us a quantitative measure of the interactions between the CPG, the muscles and the 

We also measure the locomotion speed, and the number of unexpected oscillations at each joint 

to the CPG output frequency). We define the smoothness 

1. A good gait is thus 

epping and swimming. Here we present in 

detail the most interesting results, which were obtained for land stepping. Note that as described in 

the previous section, the CPG was producing a traveling wave of activity (as suitable for 

imulations of walking. Indeed, we were interested in seeing a kinematic 

standing wave could appear in the trunk when the CPG is producing a traveling wave, as is the case 

g all combinations of the following 

Number of steps 

 

11 

11 

 

24 

α were 0.2, 0.6, 1, 1.4, 1.8. 

For a given parameter, the same value was used in all joints. The ranges were chosen according to 

For each combination of muscle parameters, 24 simulations were performed with different values 

for the coupling parameter representing the phase between the front-right limb and the 

corresponding body oscillator. A total number of 5 * 11 * 11 * 5 * 24 =  72600 simulations were 

body phase yielding the 

used for each muscle parameter 

 = 1 and damping coefficient δ = 0.125, which give 

, which govern the stiffness. 

 between 0 and 2, as for higher values, the body is too stiff 

shows the smoothness, speed, and kinematic wave 



 

         

We can identify 4 different regions along the stiffness line (between the bottom

right corners). 

1. We see in the smoothness plot a black area covering alm

left corner. It is a part of the parameter space where locomotion is unstable, because the 

stiffness is too low for the artefact to maintain a stable posture. Locomotion is stable 

anywhere up-right of this region.

2. In the opposite corner, we see in the upper right corner of the speed plot that locomotion 

performance is bad when stiffness is too high. This is because with such stiffness, the 

artefact cannot bend the trunk anymore, and thus loses the benefit of increased strid

due to trunk bending. 

3. Just below the upper right corner is a region, indicated with a red ellipse in the wave number 

plot, where speed is good and the wave number is low (k down to 0.6), i.e. approaching a 

standing wave. 

4. Below the red ellipse, alo

wave number is about 1. 

Figure 14: Patterns of muscle activity (red) and joint angles (black) for 

Figure 13: Smoothness, speed and kinematic 

0.125. For each value of β and γ, a value for the limb

the wave number, only trunk segments are considered. A value k = 0 

corresponds to a swimming traveling wave. 
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We can identify 4 different regions along the stiffness line (between the bottom

We see in the smoothness plot a black area covering almost half the grid from the bottom

left corner. It is a part of the parameter space where locomotion is unstable, because the 

stiffness is too low for the artefact to maintain a stable posture. Locomotion is stable 

right of this region. 

pposite corner, we see in the upper right corner of the speed plot that locomotion 

performance is bad when stiffness is too high. This is because with such stiffness, the 

artefact cannot bend the trunk anymore, and thus loses the benefit of increased strid

Just below the upper right corner is a region, indicated with a red ellipse in the wave number 

plot, where speed is good and the wave number is low (k down to 0.6), i.e. approaching a 

Below the red ellipse, along the top-left to bottom-right line, the speed is also good but the 

 

 

: Patterns of muscle activity (red) and joint angles (black) for α = 1 Nm, β = 1.6 Nm/rad, 

0.125 Nm s/rad. 

: Smoothness, speed and kinematic wave number measured for different values of β and 

, a value for the limb-body phase parameter was selected to maximize the speed. For 

the wave number, only trunk segments are considered. A value k = 0 corresponds to a standing wave, while k = 1 

corresponds to a swimming traveling wave.  
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We can identify 4 different regions along the stiffness line (between the bottom-left and the top-

ost half the grid from the bottom-

left corner. It is a part of the parameter space where locomotion is unstable, because the 

stiffness is too low for the artefact to maintain a stable posture. Locomotion is stable 

pposite corner, we see in the upper right corner of the speed plot that locomotion 

performance is bad when stiffness is too high. This is because with such stiffness, the 

artefact cannot bend the trunk anymore, and thus loses the benefit of increased stride length 

Just below the upper right corner is a region, indicated with a red ellipse in the wave number 

plot, where speed is good and the wave number is low (k down to 0.6), i.e. approaching a 

right line, the speed is also good but the 

 = 1.6 Nm/rad, γ = 1.6 and δ = 

wave number measured for different values of β and γ, with α = 1 and δ = 

body phase parameter was selected to maximize the speed. For 

corresponds to a standing wave, while k = 1 



 

         

 

Figure 12: Oscillation patterns in the Amphibot III artefact swimming with a muscle model. The thin black lines 

represent the joint angles. The thick colored lines draw the kinematic pattern, by connecting points that are at the sam

phase of the cycle. The thick gray line represents the same information for the CPG pattern. The gray line takes less 

time from the first to the last robot joint, indicating that the wave of muscle activation travels faster than the wave of 

The region of interest is the red ellipse: in this region, the artefact displays almost a standing wave 

in the trunk joint angles, even though the CPG is sending a traveling wave of activity to the 

muscles. This is further illustrated in figure 

line between segments 2 and 6) is closer to a standing wave (which would be appear vertical) than 

the CPG pattern (thick red line). 

 

It thus appears that the artefact can modulate its kinematic wave

of the trunk. This is especially interesting as salamanders do stiffen their trunk during walking [1]. 

In the model, such stiffening leads to a shift in the kinematics away from the traveling wave pattern 

of swimming, towards the standing wave pattern of the walking trot. 

 

As a means of validating both the properties of the muscle model, and the physics model used in 

simulation, we tried reproducing an important biological observation in anguilliform swimmers, 

namely that the wave of muscle activity travels faster than the w

body [4]. Using simulations of the 

reproduced by reducing slightly the body stiffness compared to the 

We also introduced body taper in

parameters in the tail: the parameters for the three tail joints were multiplied by 0.75, 0.5 and 0.25 

respectively (going from the hind girdle to the tail tip). The model was then directly tra

the real Amphibot III artefact. Recordings of the 

difference between the wave of muscle activation and the wave of body contraction (figure 

 

Interactions between descending controls, the CPG, muscl

the salamander 

 

The work presented here constitutes a continuation of task T3.2, but we include it in this Work 

Package as it is directly based on work presented in the previous sections, and serves to test the 

platform and demonstrate its usefulness for research.
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Oscillation patterns in the Amphibot III artefact swimming with a muscle model. The thin black lines 

represent the joint angles. The thick colored lines draw the kinematic pattern, by connecting points that are at the sam

phase of the cycle. The thick gray line represents the same information for the CPG pattern. The gray line takes less 

time from the first to the last robot joint, indicating that the wave of muscle activation travels faster than the wave of 

kinematic oscillations. 

The region of interest is the red ellipse: in this region, the artefact displays almost a standing wave 

in the trunk joint angles, even though the CPG is sending a traveling wave of activity to the 

muscles. This is further illustrated in figure 14, where the kinematic pattern in the trunk (thick black 

line between segments 2 and 6) is closer to a standing wave (which would be appear vertical) than 

 

It thus appears that the artefact can modulate its kinematic wave number by changing the stiffness 

of the trunk. This is especially interesting as salamanders do stiffen their trunk during walking [1]. 

In the model, such stiffening leads to a shift in the kinematics away from the traveling wave pattern 

rds the standing wave pattern of the walking trot.  

As a means of validating both the properties of the muscle model, and the physics model used in 

simulation, we tried reproducing an important biological observation in anguilliform swimmers, 

namely that the wave of muscle activity travels faster than the wave of body curvature along the 

body [4]. Using simulations of the Amphibot III artefact, we found that the effect could be 

reproduced by reducing slightly the body stiffness compared to the Salamandra Robotica II

We also introduced body taper in the model, by progressively decreasing the strength of muscle 

parameters in the tail: the parameters for the three tail joints were multiplied by 0.75, 0.5 and 0.25 

respectively (going from the hind girdle to the tail tip). The model was then directly tra

artefact. Recordings of the Amphibot III swimming confirmed the speed 

difference between the wave of muscle activation and the wave of body contraction (figure 

teractions between descending controls, the CPG, muscle dynamics and sensory feedback in 

The work presented here constitutes a continuation of task T3.2, but we include it in this Work 

Package as it is directly based on work presented in the previous sections, and serves to test the 

nd demonstrate its usefulness for research. 
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Oscillation patterns in the Amphibot III artefact swimming with a muscle model. The thin black lines 

represent the joint angles. The thick colored lines draw the kinematic pattern, by connecting points that are at the same 

phase of the cycle. The thick gray line represents the same information for the CPG pattern. The gray line takes less 

time from the first to the last robot joint, indicating that the wave of muscle activation travels faster than the wave of 

The region of interest is the red ellipse: in this region, the artefact displays almost a standing wave 

in the trunk joint angles, even though the CPG is sending a traveling wave of activity to the 

4, where the kinematic pattern in the trunk (thick black 

line between segments 2 and 6) is closer to a standing wave (which would be appear vertical) than 

number by changing the stiffness 

of the trunk. This is especially interesting as salamanders do stiffen their trunk during walking [1]. 

In the model, such stiffening leads to a shift in the kinematics away from the traveling wave pattern 

As a means of validating both the properties of the muscle model, and the physics model used in 

simulation, we tried reproducing an important biological observation in anguilliform swimmers, 

ave of body curvature along the 

artefact, we found that the effect could be 

Salamandra Robotica II artefact. 

the model, by progressively decreasing the strength of muscle 

parameters in the tail: the parameters for the three tail joints were multiplied by 0.75, 0.5 and 0.25 

respectively (going from the hind girdle to the tail tip). The model was then directly transferred to 

swimming confirmed the speed 

difference between the wave of muscle activation and the wave of body contraction (figure 15). 

e dynamics and sensory feedback in 

The work presented here constitutes a continuation of task T3.2, but we include it in this Work 

Package as it is directly based on work presented in the previous sections, and serves to test the 



 

         

In the salamander, the intersegmental phase lag in the trunk varies significantly between swimming, 

underwater stepping and land stepping gaits, with typical values of 2%, 1% and 0% respectively in 

midtrunk EMG signals. Kinematic measurements can show important deviations from the muscle 

activation patterns, due to muscle dynamics and internal and external constraint forces (see previous 

section). This raises the question of the effect of sensory feedback on the C

this effect can be leveraged by descending control signals to generate the desired EMG and 

kinematic patterns. The question is also relevant to the lamprey, where a similar discrepancy in 

phase lags is observed between kinematic and mu

To address this question, we implemented a basic form of proprioceptive sensory feedback in 

simulations of the salamander and lamprey artefacts, based on the new CPG model described above. 

Figure 6 represents the CPG model with ipsilateral

signals coming from stretch sensitive edge cells. Each oscillator in the network receives both types 

of feedback on the x state variable:

 

The signals si
ipsi 

and si
contra 

coming from the edge cells are set to 

on the side of oscillator i. We take the positive part of the signal, to model cells that fire only when 

stretched. The weights w
ipsi

 and w

each signal. 

 

Figure 13: New CPG model with ipsilateral (green) and contralateral (red) proprioceptive feedback signals coming 

from stretch sensitive edge cells (E). Light blue and dark blue circles represent limb and axial oscillators respectively. 

A horizontal pair of axial oscillators makes a segment; each segment controls one joint in the artefact simulation. Black 

arrows represent couplings between the oscillators.

 

The simulation also includes the simple muscle model described in the previous section. 
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In the salamander, the intersegmental phase lag in the trunk varies significantly between swimming, 

underwater stepping and land stepping gaits, with typical values of 2%, 1% and 0% respectively in 

ignals. Kinematic measurements can show important deviations from the muscle 

activation patterns, due to muscle dynamics and internal and external constraint forces (see previous 

section). This raises the question of the effect of sensory feedback on the C

this effect can be leveraged by descending control signals to generate the desired EMG and 

kinematic patterns. The question is also relevant to the lamprey, where a similar discrepancy in 

phase lags is observed between kinematic and muscle recordings. 

To address this question, we implemented a basic form of proprioceptive sensory feedback in 

simulations of the salamander and lamprey artefacts, based on the new CPG model described above. 

Figure 6 represents the CPG model with ipsilateral and contralateral proprioceptive feedback 

signals coming from stretch sensitive edge cells. Each oscillator in the network receives both types 

of feedback on the x state variable: 

 

coming from the edge cells are set to φi (the joint angle) or 

on the side of oscillator i. We take the positive part of the signal, to model cells that fire only when 

and w
contra

 (identical for all segments) allow us to specify the strength of 

 

 

New CPG model with ipsilateral (green) and contralateral (red) proprioceptive feedback signals coming 

from stretch sensitive edge cells (E). Light blue and dark blue circles represent limb and axial oscillators respectively. 

illators makes a segment; each segment controls one joint in the artefact simulation. Black 

arrows represent couplings between the oscillators. 

The simulation also includes the simple muscle model described in the previous section. 
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In the salamander, the intersegmental phase lag in the trunk varies significantly between swimming, 

underwater stepping and land stepping gaits, with typical values of 2%, 1% and 0% respectively in 

ignals. Kinematic measurements can show important deviations from the muscle 

activation patterns, due to muscle dynamics and internal and external constraint forces (see previous 

section). This raises the question of the effect of sensory feedback on the CPG activity, and how 

this effect can be leveraged by descending control signals to generate the desired EMG and 

kinematic patterns. The question is also relevant to the lamprey, where a similar discrepancy in 

To address this question, we implemented a basic form of proprioceptive sensory feedback in 

simulations of the salamander and lamprey artefacts, based on the new CPG model described above. 

and contralateral proprioceptive feedback 

signals coming from stretch sensitive edge cells. Each oscillator in the network receives both types 

 

(the joint angle) or -φi, depending 

on the side of oscillator i. We take the positive part of the signal, to model cells that fire only when 

(identical for all segments) allow us to specify the strength of 

New CPG model with ipsilateral (green) and contralateral (red) proprioceptive feedback signals coming 

from stretch sensitive edge cells (E). Light blue and dark blue circles represent limb and axial oscillators respectively. 

illators makes a segment; each segment controls one joint in the artefact simulation. Black 

The simulation also includes the simple muscle model described in the previous section.  



 

         

Simulations were made of land stepping, underwater stepping and swimming. We show here the 

most interesting results, which were obtained for land stepping.

As in the previous section, the isolated CPG produces an intersegmental phase lag appropriate for 

swimming, corresponding to a wave number k = 1 (i.e. one complete cycle along the body of the 

simulated artefact). This is far from the value k = 0 expected for land stepping. We were interested 

in seeing how this “wrong” pattern could be corrected by sensory feedback.

To get a global picture of the effect of sensory feedback, we performed systematic tests in a wide 

range of ipsilateral and contralateral weights, looking at the changes in CPG wave numbers in the 

trunk area. Each weight was varied between 

oscillators along the body.  The muscle parameters were taken from the region of interest described 

in the previous section. Results are shown in figure 

Figure 14: Effect of proprioceptive 

ipsilateral and contralateral weights respectively. A wave number k = 0 corresponds to a standing wave, while k = 1 

corresponds to a swimming traveling wave. Muscle 

 

We found a region of the parameter space where sensory feedback has a significant effect on the 

CPG pattern: Without feedback, the CPG produces a pattern such that k = 1. With ipsilateral and 

contralateral feedback strengths set to 2.5 and 

the trunk area. This shows that in this configuration, proprioceptive feedback can account for half of 

the decrease in intersegmental phase lag necessary for the tran

activation patterns. 
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of land stepping, underwater stepping and swimming. We show here the 

most interesting results, which were obtained for land stepping. 

As in the previous section, the isolated CPG produces an intersegmental phase lag appropriate for 

to a wave number k = 1 (i.e. one complete cycle along the body of the 

simulated artefact). This is far from the value k = 0 expected for land stepping. We were interested 

in seeing how this “wrong” pattern could be corrected by sensory feedback. 

lobal picture of the effect of sensory feedback, we performed systematic tests in a wide 

range of ipsilateral and contralateral weights, looking at the changes in CPG wave numbers in the 

trunk area. Each weight was varied between -5 and 5 in 21 steps, with the same value used for all 

oscillators along the body.  The muscle parameters were taken from the region of interest described 

in the previous section. Results are shown in figure 17. 

: Effect of proprioceptive feedback on the trunk CPG wave number k. The x and y axes represent the 

ipsilateral and contralateral weights respectively. A wave number k = 0 corresponds to a standing wave, while k = 1 

corresponds to a swimming traveling wave. Muscle parameters: α = 1 Nm, β = 1.6 Nm/rad, γ

s/rad. 

We found a region of the parameter space where sensory feedback has a significant effect on the 

CPG pattern: Without feedback, the CPG produces a pattern such that k = 1. With ipsilateral and 

l feedback strengths set to 2.5 and -2.5 respectively, this wave number approaches 0.5 in 

the trunk area. This shows that in this configuration, proprioceptive feedback can account for half of 

the decrease in intersegmental phase lag necessary for the transition from swimming to walking 
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of land stepping, underwater stepping and swimming. We show here the 

As in the previous section, the isolated CPG produces an intersegmental phase lag appropriate for 

to a wave number k = 1 (i.e. one complete cycle along the body of the 

simulated artefact). This is far from the value k = 0 expected for land stepping. We were interested 

lobal picture of the effect of sensory feedback, we performed systematic tests in a wide 

range of ipsilateral and contralateral weights, looking at the changes in CPG wave numbers in the 

the same value used for all 

oscillators along the body.  The muscle parameters were taken from the region of interest described 

 

feedback on the trunk CPG wave number k. The x and y axes represent the 

ipsilateral and contralateral weights respectively. A wave number k = 0 corresponds to a standing wave, while k = 1 

 = 1.6 Nm/rad, γ = 1.6 and δ = 0.125 Nm 

We found a region of the parameter space where sensory feedback has a significant effect on the 

CPG pattern: Without feedback, the CPG produces a pattern such that k = 1. With ipsilateral and 

2.5 respectively, this wave number approaches 0.5 in 

the trunk area. This shows that in this configuration, proprioceptive feedback can account for half of 

sition from swimming to walking 



 

         

Figure 15: Effect of proprioceptive sensory feedback on the CPG output. In thin red, the activity on the left side of each 

CPG segment, which represents the EMG 

highlight phase lags between segments by connecting points at the same phase of a cycle (when the signal switches from 

 

We illustrate this modulation of the CPG activity by sensory feedback in figure 18. To visualize the 

phase lags, we connected the times at which segments switch from positive to negative values 

(either CPG activity, in red, or joint angle, in black). We see that in the trunk area

the intersegmental phase lag of the CPG (red line) decreases, approaching a standing wave Also 

noteworthy is that CPG activity was almost completely suppressed by sensory feedback in the 

second segment (second thin red line), without adver

line oscillating in phase with the third segment). Note that for increased granularity, these 

simulations were performed with 10 axial joints instead of 8 (by the addition of 2 modules, one in 

the trunk and one in the tail). 

 

In conclusion, the model suggests that salamanders can modulate their intersegmental coordination 

indirectly, through an interaction between descending controls, the CPG, the muscle/joint dynamics 

and sensory feedback. Indeed, salamanders 

presumably through a change in descending control signals. In the model, this leads to a shift in the 

kinematics away from the travelling wave pattern of swimming, towards the standing wave pattern 

of the walking trot. With local proprioceptive feedback, this shift can be reflected in the CPG. This 

happens with relatively small feedback strengths (~2.5) compared to the intersegmental coupling 

strength (= 10). However the transition to the walking trot is 

of other interactions between the descending controls and the CPG.

Initial work on the effect of feedback in this CPG network was published in a book chapter [3]. 

Later results were presented at the CNS*2011 conferenc
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: Effect of proprioceptive sensory feedback on the CPG output. In thin red, the activity on the left side of each 

CPG segment, which represents the EMG activity in the animal. In thin black, the joint angles (kinematics). Thick lines 

highlight phase lags between segments by connecting points at the same phase of a cycle (when the signal switches from 

positive to negative values). 

ation of the CPG activity by sensory feedback in figure 18. To visualize the 

phase lags, we connected the times at which segments switch from positive to negative values 

(either CPG activity, in red, or joint angle, in black). We see that in the trunk area

the intersegmental phase lag of the CPG (red line) decreases, approaching a standing wave Also 

noteworthy is that CPG activity was almost completely suppressed by sensory feedback in the 

second segment (second thin red line), without adverse affects on the joint kinematics (thin black 

line oscillating in phase with the third segment). Note that for increased granularity, these 

simulations were performed with 10 axial joints instead of 8 (by the addition of 2 modules, one in 

In conclusion, the model suggests that salamanders can modulate their intersegmental coordination 

indirectly, through an interaction between descending controls, the CPG, the muscle/joint dynamics 

and sensory feedback. Indeed, salamanders are known to stiffen their trunk during walking [3], 

presumably through a change in descending control signals. In the model, this leads to a shift in the 

kinematics away from the travelling wave pattern of swimming, towards the standing wave pattern 

e walking trot. With local proprioceptive feedback, this shift can be reflected in the CPG. This 

happens with relatively small feedback strengths (~2.5) compared to the intersegmental coupling 

strength (= 10). However the transition to the walking trot is not complete, suggesting the existence 

of other interactions between the descending controls and the CPG. 

Initial work on the effect of feedback in this CPG network was published in a book chapter [3]. 

Later results were presented at the CNS*2011 conference and published in abstract form [2].
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: Effect of proprioceptive sensory feedback on the CPG output. In thin red, the activity on the left side of each 

activity in the animal. In thin black, the joint angles (kinematics). Thick lines 

highlight phase lags between segments by connecting points at the same phase of a cycle (when the signal switches from 

ation of the CPG activity by sensory feedback in figure 18. To visualize the 

phase lags, we connected the times at which segments switch from positive to negative values 

(either CPG activity, in red, or joint angle, in black). We see that in the trunk area (segments 2-6), 

the intersegmental phase lag of the CPG (red line) decreases, approaching a standing wave Also 

noteworthy is that CPG activity was almost completely suppressed by sensory feedback in the 

se affects on the joint kinematics (thin black 

line oscillating in phase with the third segment). Note that for increased granularity, these 

simulations were performed with 10 axial joints instead of 8 (by the addition of 2 modules, one in 

In conclusion, the model suggests that salamanders can modulate their intersegmental coordination 

indirectly, through an interaction between descending controls, the CPG, the muscle/joint dynamics 

are known to stiffen their trunk during walking [3], 

presumably through a change in descending control signals. In the model, this leads to a shift in the 

kinematics away from the travelling wave pattern of swimming, towards the standing wave pattern 

e walking trot. With local proprioceptive feedback, this shift can be reflected in the CPG. This 

happens with relatively small feedback strengths (~2.5) compared to the intersegmental coupling 

not complete, suggesting the existence 

Initial work on the effect of feedback in this CPG network was published in a book chapter [3]. 

e and published in abstract form [2]. 



 

         

 

Figure 16: Non-linear dependence of muscle force on length and contraction speed. Top: the Fl curve, giving the active 

force as a function of muscle length. X axis in fractions of th

optimal length. Middle: the Fp curve giving the passive muscle force as a function of length. Same units as above. 

Bottom: the Fv curve giving the muscle force as a function of contraction velocity. 

 

A biologically more accurate muscle model for the salamander

 

Here we briefly introduce the latest development regarding the salamander control software: a new, 

biologically more accurate muscle model. While 

reproducing important features of walking and swimming in lampreys and salamanders, it is too 

simplified to account for more subtle features arising from nonlinearities. A more accurate model is 

also required for studying energy consumption in different gaits. Finally, a model that includes the 

muscle activation dynamics is important for the correct timing of sensory feedback signals.

 

The new model is a non-linear Hill
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linear dependence of muscle force on length and contraction speed. Top: the Fl curve, giving the active 

force as a function of muscle length. X axis in fractions of the optimal length Lopt. Y axis normalized to the force at 

optimal length. Middle: the Fp curve giving the passive muscle force as a function of length. Same units as above. 

Bottom: the Fv curve giving the muscle force as a function of contraction velocity. Y axis normalized to the force at zero 

speed. 

A biologically more accurate muscle model for the salamander 

Here we briefly introduce the latest development regarding the salamander control software: a new, 

biologically more accurate muscle model. While the previous muscle model was successful in 

reproducing important features of walking and swimming in lampreys and salamanders, it is too 

simplified to account for more subtle features arising from nonlinearities. A more accurate model is 

studying energy consumption in different gaits. Finally, a model that includes the 

muscle activation dynamics is important for the correct timing of sensory feedback signals.

linear Hill-type model, with the total muscle force give
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linear dependence of muscle force on length and contraction speed. Top: the Fl curve, giving the active 

e optimal length Lopt. Y axis normalized to the force at 

optimal length. Middle: the Fp curve giving the passive muscle force as a function of length. Same units as above. 

Y axis normalized to the force at zero 

Here we briefly introduce the latest development regarding the salamander control software: a new, 

the previous muscle model was successful in 

reproducing important features of walking and swimming in lampreys and salamanders, it is too 

simplified to account for more subtle features arising from nonlinearities. A more accurate model is 

studying energy consumption in different gaits. Finally, a model that includes the 

muscle activation dynamics is important for the correct timing of sensory feedback signals. 

type model, with the total muscle force given by: 



 

         

where a is the muscle activation (between 0 and 1), F

dependence on muscle length, Fv

passive dependence on muscle length. The shape of 

 

The activation a is a function of time that determines the muscle activation and deactivation 

dynamics: 

Here u is the neural input to the muscle (i.e. the output of the CPG) and 

constant β determines the relative speed of activation to deactivation.

By contrast, in the previous model there was no activation/deactivation dynamics (

dependence on the joint angle and joint velocity were linear. 

The new model is also more accurate in 

The relationship between these two is illustrated in figure 

protocol to allow for broadcast messages to be sent from the head to the segments. This allowed for 

all segments to prepare the requested data at the same time, and then send them in quick sequence

to the head. This change and other adjustments allowed us to reduce the control loop time step from 

20 to 5 milliseconds. With these modifications, the new muscle model was then successfully tested 

on the artefact for the swimming gait.

 

5. Conclusion 
We have upgraded the control software

as revealed by recent biological observations from LAMPETRA partners. The new CPG model is 

more flexible, allowing us to reproduce a larger set of behaviors as 

Through a large number of simulations, we identified muscle parameters that yield the kind of 

muscle dynamics - environment interaction that is observed in animals. The

allowed us to transfer the model seamlessly

the artefact allowed us to validate the simulations, in particular for the contact forces and 

hydrodynamics which are difficult to simulate correctly.

and kinematic wave speeds (an important biological observation

and then on the artefacts. Finally, following optimizations of the communication protocol, we were 

able to reproduce a swimming gait on 

Figure 20: Relationship between joint 

angle and muscle length. The muscle 

length (in red) is smaller on the contracted 

side. The muscle force (in blue) is parallel 

to the segment. 
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is the muscle activation (between 0 and 1), Fmax the maximum muscle force, F

v the (active) dependence on muscle contraction velocity, and F

passive dependence on muscle length. The shape of the Fl,  Fv and  Fp curves is shown in figure 9. 

is a function of time that determines the muscle activation and deactivation 

 

 

 

 

is the neural input to the muscle (i.e. the output of the CPG) and τ a time constant. The 

 determines the relative speed of activation to deactivation. 

By contrast, in the previous model there was no activation/deactivation dynamics (

dependence on the joint angle and joint velocity were linear.  

The new model is also more accurate in that it uses the muscle length rather than the joint angle. 

The relationship between these two is illustrated in figure 20. 

 

The parameters of the new muscle model were optimized 

based on kinematic data. High resolution k

were obtained by analyzing X-ray recordings of animals 

during swimming, land stepping and underwater stepping. 

The swimming data were used to optimize the muscle 

parameters in simulations, and the resulting model was 

implemented on the Salamandra Robotica II

The control loop in the artefact was found to be too slow for 

the control to be stable, due to the higher complexity of the 

new muscle model. To address this problem, we made 

changes to the communication protocol in the art

Specifically, we updated the upper layer of the CAN 

protocol to allow for broadcast messages to be sent from the head to the segments. This allowed for 

all segments to prepare the requested data at the same time, and then send them in quick sequence

to the head. This change and other adjustments allowed us to reduce the control loop time step from 

20 to 5 milliseconds. With these modifications, the new muscle model was then successfully tested 

on the artefact for the swimming gait. 

upgraded the control software of artefacts to better reflect the capabilities of the animals, 

as revealed by recent biological observations from LAMPETRA partners. The new CPG model is 

more flexible, allowing us to reproduce a larger set of behaviors as observed in the animals. 

Through a large number of simulations, we identified muscle parameters that yield the kind of 

environment interaction that is observed in animals. The

allowed us to transfer the model seamlessly to the real artefact. Reproducing simulation results on 

validate the simulations, in particular for the contact forces and 

hydrodynamics which are difficult to simulate correctly. For example, the difference between CPG 

an important biological observation) was reproduced first in simulation 

. Finally, following optimizations of the communication protocol, we were 

able to reproduce a swimming gait on Salamandra Robotica II using a biologically more accurate 

ip between joint 

angle and muscle length. The muscle 

length (in red) is smaller on the contracted 

side. The muscle force (in blue) is parallel 
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the maximum muscle force, Fl the active 

the (active) dependence on muscle contraction velocity, and Fp the 

curves is shown in figure 9.  

is a function of time that determines the muscle activation and deactivation 

is the neural input to the muscle (i.e. the output of the CPG) and τ a time constant. The 

By contrast, in the previous model there was no activation/deactivation dynamics (a = u), and the 

that it uses the muscle length rather than the joint angle. 

The parameters of the new muscle model were optimized 

based on kinematic data. High resolution kinematic data 

ray recordings of animals 

during swimming, land stepping and underwater stepping. 

The swimming data were used to optimize the muscle 

parameters in simulations, and the resulting model was 

Salamandra Robotica II artefact. 

The control loop in the artefact was found to be too slow for 

the control to be stable, due to the higher complexity of the 

new muscle model. To address this problem, we made 

changes to the communication protocol in the artefact. 

Specifically, we updated the upper layer of the CAN 

protocol to allow for broadcast messages to be sent from the head to the segments. This allowed for 

all segments to prepare the requested data at the same time, and then send them in quick sequence 

to the head. This change and other adjustments allowed us to reduce the control loop time step from 

20 to 5 milliseconds. With these modifications, the new muscle model was then successfully tested 

to better reflect the capabilities of the animals, 

as revealed by recent biological observations from LAMPETRA partners. The new CPG model is 

observed in the animals. 

Through a large number of simulations, we identified muscle parameters that yield the kind of 

environment interaction that is observed in animals. The software framework 

real artefact. Reproducing simulation results on 

validate the simulations, in particular for the contact forces and 

the difference between CPG 

was reproduced first in simulation 

. Finally, following optimizations of the communication protocol, we were 

a biologically more accurate 



 

         

muscle model which incorporates non

the resulting platforms, with the updated CPG and muscle models, will prove very useful in future 

biological studies. 
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