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Haptic and Locomotion interfaces 

• Haptic interfaces refers to interfaces involving the human hand to manual 

sensing and manipulation (Duralch et al., 1994)

• mechanical position tracker

• actuated joints

• Locomotion interfaces refers to interfaces involving the human body/legs/feet 

and to natural or induced locomotion 
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PHANTOM Omni (Sensable technologies)

CyberWalk platform

Moving bases for locomotion 

Powered Shoes 

general objective is to cancel walker’s motion... 

VR Lab, University of Tsukuba (Hiroo Iwata) 

CirculaFloor 
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CircularFloor

Haptic and Locomotion interfaces 

• Types of locomotion interfaces:

• Pedaling Devices

• Walking in place systems

• Treadmils (1D or 2D)

• Foot Following

• ...
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Sarcos Uniport Tectrix VR bicycle 

(Georgia Tech) 

Pedaling devices 
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Tectrix VR bicycle (Georgia Tech)

Programmable foot platforms 

Sarcos Biport Iwata’s GaitMaster 

cyclic walking in 3D 
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Iwata’s GaitMaster

Other 2D locomotion interfaces 

Virtusphere  
(R. Latypov) 

Cybersphere  
(University of Warwick) 

both are passive devices, with curved walking surface 
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Cybersphere (university of Warwick)

Haptic and Locomotion interfaces: Feet Followers 
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• Two interesting works:

• A foot following locomotion device with force feedback capabilities, 

M.Schwaiger, H. Ulbrich and T. Thümmel, Institute of Applied Mechanics, 

Technical University Munich.

• Walking Control of a Dual-Planar Parallel Robot for Omni-directional 

Locomotion Interface, J. Yoon, Intelligent Robot Research Division 

Electronics and Telecommunications Research Institute Gajeong-dong, 

Yuseong-gu, Daejeon, J. Park and J. Ryu, Departement of Mechatronics 

Gwangju Institute of Science & Technology Oryong-dong, Buk-gu, Gwangju, 

Korea.  
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obviously very challenging to achieve changes in directions such as walking in curves or 
steep turns.  

Our contribution presented in this paper is a locomotion device which overcomes the 
limitations of nowadays foot-following platforms concerning direction and walking speed 
and adds elementary functions to provide natural gait in any desired direction. The walker 
on the device is able to perform virtually any natural movement without using metaphors. 
He or she is not limited in distance and can change the direction at any time. 

First, this paper will describe the mechanical system and the issues related to the 
construction. In the second part, the basic tracking and control strategies will be outlined. 
Finally, a force feedback extension is presented. 

2 DESIGN 

The platform consits (figure 1) of two arms which carry a footpad that always remains 
underneath the walker’s foot. Each arm has 3+1 DOF. The footpad is connected to the arm 
with a rotational degree of freedom (1). The arm is designed for linear motion (2) and can 
be rotated (3) at the carriage mounting. Another degree of freedom (4) is necessary to 
achieve a completely free motion and to avoid collisions of the pads. This enables the 
carriage to rotate infinitely around the platform. 

Each footpad is thus able to cover a large area on the platform as shown in figure 2. It is 
limited by the working range of the telescopic linear guide.  

 Arm 1 (red, left) and arm 2 (blue, right) have two circular ranges of operation. With 
respect to the minimal extension which limits the maximum range of the opposite system a 
rhomboid shaped walking area (figure 2) can be achieved which is constricted near the 

Figure 1. Design of a foot-following platform with infinite 
rotation abilities 
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Foot-Following platform

• 2 arms wich carry a footpad that always remains underneath the walker’s foot

• 3+1 DOF (each arm)

• The carriage (4) can rotate infinitely around

the platform.

1. Footpad connected to arm with a rotational

degree of freedom

2. Arm with linear motion

3. The arm can rotate at the carriage

4. The carriage can rotate around the platform
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carriages (line labeled “walking area”). The narrower center strongly depends on the length 
ratio which is defined by the mounting position of the linear telescopic arm. If mounted at 
the outer end, the disturbance of the walking area is too high and undesired allocation of 
masses lower the efficiency. Mounting the inner end enhances the allocation of mass and 
averts the necking of the walking area. But in this case, the reach of the telescopic guide 
has to be very high which results in more segments. Moreover, the clearance tends to 
increase and stability decreases as the guide cannot be stabilized. An optimal ratio has to be 
chosen depending on the size. 

For the described platform which has a diameter of 2500 mm, a telescopic guide with 3 
parts (2 moving segments) was chosen. It has a retracted length of 1216 mm and is 
mounted at 750mm from the outer edge, which means that the walking area will be 
constrained in a circular area of 466mm around the center of rotation. The maximum length 
of the guide is 2500mm which corresponds to the diameter of the platform. The full length 
will not be available due to restrictions which derive from the construction of the guide: 
The rotation in joint (3) generates high lateral acceleration forces which require both high 
stiffness and small masses. By limiting the maximum reach, the leverage within the 
telescopic gear is also reduced. 

The telescopic gear is actuated by a combination of gear racks which provide a 
synchronous deployment of both segments. Alternative constructions with higher dynamics 
such as a direct linear drive have been evaluated. The gear rack is on the one hand a very 
solid and simple technology which can be carried out with a small overall mass and little 
maintenance at very reasonable cost. Moreover, the motor itself can be mounted on the 
carriage and force can be transduced via the rotational joint (figure 1, pos. 4). On the other 
hand dynamics and clearance degrade speed and accuracy. The linear direct drive is able to 
move very precisely at good dynamic behavior. But these characteristics are costly: This 

Figure 2. Walking Area 
Walking Area

• Arms has circular two circular range operation (min, max).

• Vertical force applied by the walker on the footpads

is absorbed by telescopic guide and support bearings

wich slide on the platform.

• The angle of footpad is adjusted with a small motor.

• Mounting position of telescopic arm is foundamental.
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l = 750 mm
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 = 1216 mm

Lmax = 2500 mm

m = 1216 - 750 = 466 mm

Cost: 80.000 ! 
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• Linear Telescopic Guide:

• The most expensive part.

• Full lenght not avaiable: rotation of joint 3 generates high lateral acceleration forces wich require both 

stifness and small masses.

• Actuated by a combination of gear racks wich provide a synchronous deployment of both segments:

• PRO: very solid and simple technology, small mass, resonable cost, motor mounted on the carriage

• CON: dinamics and clearance degradate speed and accuracy

Gear Racks



equipped with markers as well as the hip, which is in our case concerned to be the centre of 
the body mass. Shoulders could be taken as well; the question which point will be more 
robust for direction prediction is subject of further research and not critical at this point. 
The hip provides the orientation of the body and the eccentricity of the walker. The 
challenge is to attach markers to the walker in a way that are not covered through the 
moving hands. Precision of the tracking has to be ensured with reasonable amount of 
cameras. Heel and toe markers provide the orientation and the position of the foot. The 
control needs to distinguish between two states: Foot on the platform and foot above the 
platform. The detection of the states with the tracking system only will not be very stable. 
A combination of a 6DOF torque sensor within the footplate proves to give better results. 
This sensor is needed anyway in a further step to control the foot forces. 

To get better results, the tracking should moreover distinguish between two states of 
contact with the platform: Foot landing on the platform but not yet fully placed and full 
contact. The same procedure is valid in reverse order for the foot loosing contact with the 
platform. The contact state can be determined from the angle between the heel-toe-line and 
the horizontal line as well as from the mass detected by the sensor. The differentiation is 
very important for the controller’s design because the tranferable forces are different. 

The acquisition rate of the tracking system has to be quite high. ART manages 60 Hz 
which is at the lower end for this application. The VICON System provides frame rates 
from 1 to 10 kHz which is better but also more expensive. 

Security issues are of great relevance when looking at the design principle of our 
platform. Big momentums and velocities can produce huge shear forces if any object is 
stuck between moving parts. To prevent damage or injury, several redundant measures have 
to be taken to ensure safe operation.  

First, the tracking system provides exact positions of the important body parts. The 
positions of the mechanical components are known due to sensor measurements. If the 

Figure 3. Safety laser scanners covering the whole area at any 
time (beams only shown for two scanners) 
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• Tracking & Security:

• Position of feet tracked by using ART (60 Hz)or VICON (1-10 KHz) + 6DOF

Force sensors.  Hip provides the orientation of the body and the walker’s 

eccentricity. Heel and toe provide the orientation and position of the foot.

• 2 States are tracked: Foot landing on the platform but not fully placed and full contact (same procedure for 

the foot loosing contact with the platform).

• If the security system recognizes large deviation between actual and reference position or the user misses the 

footpad the platform is shuted down.

• Lasers Scanners provide for a complete coverage of the platform

• Area of protection

                                 

VICON Tracking System

Laser Scanners on Platform

security system recognizes any lager deviation between actual and reference position (i.e. 
the footplate can or does not follow the foot), the system will be shut down. Moreover, the 
footplates have a certain offset from the platform’s surface (>10 cm). If the user misses the 
footpad and steps on the platform, the tracking system will deliver vertical positions which 
are below a certain secure barrier. The security system will then subsequently shut down 
the system. 

Second, as the tracking system may not be accurate at any time due to coverage or failure, 
a more hardware based and reliable system is needed. A system of safety laser scanners can 
provide complete coverage of the whole platform area. Figure 3 shows the mounting of 
four units and the coverage of two scanners on one side of the footpads. The actual arm 
positions can be derived from sensor information and the mechanical model. As soon as an 
obstacle is detected by the laser scanner changes and the security system can shut down the 
platform. 

Finally, a system can be implemented which generates velocity-sensitive areas of 
protection. When the walker is moving at full speed, the footpads pass each other with a 
quite high velocity. The potential shear force between the pads is enormous. It must be the 
goal to widen up the gap to prevent an obstacle from being smashed between the pads. This 
can be done with the area of protection mentioned above. The faster a footpad moves, the 
bigger the area of protection becomes. On its sides, the protection area is at least the 
maximum size of a potential obstacle (e.g. foot). In the direction of motion, it’s a zone 
which is needed in case of an emergency stop to break the mechanism plus the obstacle 
size. On the back side of motion no protection zone is needed because the inertia will save 
the obstacle. The control has to take care of the protected areas. This means that a pad 
which follows the foot without direct contact may leave the position directly underneath the 
foot to respect the security area. Figure 4 shows the influence on the trajectory of such a 
strategy. 

The straight lines (1) show the setpoint tracking of a linear foot motion (simplified for 
demonstration). The foot has contact with the right footpad and is moving towards the 

Figure 4. Normal footpad trajectory (1) and adapted line (2) with 
respect to security areas (3) 1. Normal footpad trajectory, 2.Trajectory

respecting the security area (3)
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bottom of the image. The left foot is swinging upwards and the left footpad tries to follow. 
When both footpads move, they are protected by a security area (3). Thus, the control 
changes the trajectory of the left footpad resulting in (2). 

This concept proves to be very effective: as long as the foot moves with high velocity, the 
walker will not set it on the ground because this would cause him to fall (actually). To place 
the foot, the relative speed towards the ground has to become zero. So there is enough time 
for the footpad to get into its position while the foot decelerates, even if it has been moved 
away from the foot in a high speed phase. 

5 CONTROLLING THE PLATFORM 

To control the platform, all of the above mentioned sensor and tracking data mentioned 
above is required.  

The Tracking can be divided into four logical sectors: The hip tracking for the general 
orientation of the platform arms. The foot tracking and force measurement which deliver 
data for the high speed positioning. The joint sensor data which are used to setup the 
internal mechanical model to provide accurate control. And finally the environmental 
restrictions which limit the forces on the structure as well as on the walker.  

At the beginning of a session the walker steps on the footpads. The control executes a 
slow initialization routine (moves the walker) to calibrate the sensor and tracking 
information. Moreover, the weight is stored for further calculations to determine if the foot 
has full contact on the footplate. 

Then the subject starts to walk. At first, the centre of mass (hip) will leave the centre of 
the platform while the foot pads follow the foot movement. After a certain “dead zone” of 
the hip position, the control starts to add a recentering component to the movement of the 

Figure 5. Control Scheme of the Platform 
Control Scheme  of the Platform

• Controlling the Platform:
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• Controlling the Platform:

• The walker steps on the footpads. Initialization routine  to calibrate sensor and tracking information. 

Weight is stored to determine during the walk if the foot has full contact to the footplate. 

• The walker starts to walk. The center of mass will leave the center of the platform while the footpads 

follows the foot movement. After a certain “dead zone” the control starts to add a recentering component to 

the movement of the footpad wich has full contact to the foot.

• The walker starts to walk a curve. The carriage will start to turn. The control will try to keep the 

carriages in a most opposite position for best coverage the whole area. The arms are moved to 

compensate the movement of the carriages.

Foot Following Platform
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• Controlling the Platform:

efficiency of tracking; they can be added after further research with regard to the results 
found in this simulation. The real-floor input data was compensated by the recentering 
portion of the platform to get the virtual tracking points. Figure 6 shows the conventions 
used in the displayed results. The variables (E, T, C, S, F) are identical to the effective 
motion of the actuators. Thus, it is possible to use the results for the dimensioning of the 
mechanical components directly. 

The control is set up as shown in figure 7. The setup is able to use tracking data which is 
recorded on solid ground. As mentioned, a compensation is implemented which corrects the 
input values by subtracting the recentered proportion. 

Four functional arrays can be found. The first one is used to control the carriages, what 
will be treated later. The second one analyzes the hip coordinates and determines the 
recentering acceleration which is limited due to the described perceptual limits. The other 
two arrays manage the positioning of the footpads. The detection of the contact state of the 
feet is very important. If there is no contact, the pad follows the foot. As soon as a complete 

contact is established, the controller switches over to the contact-mode which applies the 
walking speed to the foot. This speed is locked to prevent a hip-turn to irritate the foot’s 
trajectory.  For compensation of the (solid ground-) input data, the recentered distance is 
looped back to the input. The loop back on the real platform is realized via the tracking 
system. An additional dead zone can be implemented to avoid instability at the near centre. 
This can easily be implemented by adding a dead zone function after the eccentricity value 
in the hip control. The hip control generates a speed value which is the virtual walking 
speed. This speed is the same as the foot would recognize on real ground, when it is in 

Figure 7. Control setup for unrestricted omni directional walking Control setup

Analyze the hip coordinates and determines the 

recentering acceleration and a speed value (virtual 

walking speed).



Foot Following Platform

Mingo Enrico

Dipartimento di Informatica e Sistemistica Antonio Ruberti

Università di Roma “La Sapienza”

• Controlling the Platform:

efficiency of tracking; they can be added after further research with regard to the results 
found in this simulation. The real-floor input data was compensated by the recentering 
portion of the platform to get the virtual tracking points. Figure 6 shows the conventions 
used in the displayed results. The variables (E, T, C, S, F) are identical to the effective 
motion of the actuators. Thus, it is possible to use the results for the dimensioning of the 
mechanical components directly. 

The control is set up as shown in figure 7. The setup is able to use tracking data which is 
recorded on solid ground. As mentioned, a compensation is implemented which corrects the 
input values by subtracting the recentered proportion. 

Four functional arrays can be found. The first one is used to control the carriages, what 
will be treated later. The second one analyzes the hip coordinates and determines the 
recentering acceleration which is limited due to the described perceptual limits. The other 
two arrays manage the positioning of the footpads. The detection of the contact state of the 
feet is very important. If there is no contact, the pad follows the foot. As soon as a complete 

contact is established, the controller switches over to the contact-mode which applies the 
walking speed to the foot. This speed is locked to prevent a hip-turn to irritate the foot’s 
trajectory.  For compensation of the (solid ground-) input data, the recentered distance is 
looped back to the input. The loop back on the real platform is realized via the tracking 
system. An additional dead zone can be implemented to avoid instability at the near centre. 
This can easily be implemented by adding a dead zone function after the eccentricity value 
in the hip control. The hip control generates a speed value which is the virtual walking 
speed. This speed is the same as the foot would recognize on real ground, when it is in 

Figure 7. Control setup for unrestricted omni directional walking Control setup

Position of the footpads: If no contact the pad 

follows the foot
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• Controlling the Platform:

efficiency of tracking; they can be added after further research with regard to the results 
found in this simulation. The real-floor input data was compensated by the recentering 
portion of the platform to get the virtual tracking points. Figure 6 shows the conventions 
used in the displayed results. The variables (E, T, C, S, F) are identical to the effective 
motion of the actuators. Thus, it is possible to use the results for the dimensioning of the 
mechanical components directly. 

The control is set up as shown in figure 7. The setup is able to use tracking data which is 
recorded on solid ground. As mentioned, a compensation is implemented which corrects the 
input values by subtracting the recentered proportion. 

Four functional arrays can be found. The first one is used to control the carriages, what 
will be treated later. The second one analyzes the hip coordinates and determines the 
recentering acceleration which is limited due to the described perceptual limits. The other 
two arrays manage the positioning of the footpads. The detection of the contact state of the 
feet is very important. If there is no contact, the pad follows the foot. As soon as a complete 

contact is established, the controller switches over to the contact-mode which applies the 
walking speed to the foot. This speed is locked to prevent a hip-turn to irritate the foot’s 
trajectory.  For compensation of the (solid ground-) input data, the recentered distance is 
looped back to the input. The loop back on the real platform is realized via the tracking 
system. An additional dead zone can be implemented to avoid instability at the near centre. 
This can easily be implemented by adding a dead zone function after the eccentricity value 
in the hip control. The hip control generates a speed value which is the virtual walking 
speed. This speed is the same as the foot would recognize on real ground, when it is in 

Figure 7. Control setup for unrestricted omni directional walking Control setup

Position of the footpads: If contact the controller 

applies the virtual walking speed to the foot
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• Experiment’s Results:

contact state. The control manipulates the actual foot position for every time segment. Due 
to the constant frame rate of the tracker, the time segment between each calculation step is 
known. Thus we can exactly determine the desired position and speed of the footpads. This 
generates a smooth movement which is – from the walker’s view - almost like running on a 
conveyor belt. The Control boxes labeled with “Position Pad 1 / 2” and “Carriage 1 / 2” are 
independent controllers for the positioning of the elements (actors). All controllers are 
driven in a positioning mode with speed information control. 

At first, let’s have a look at the reactions of straight walking in a steady state.  

The left side of Figure 8 shows the compensated gait trajectories of two feet with the 
desired footpad motion in a simulation model of an omnidirectional device. The world 
coordinate system is displayed in the diagram. It can clearly be seen that the foot maintains 
its direction with respect to the world coordinate system as soon as it is placed on the floor. 
This behavior is also valid for curved walking trajectories, in this case – in reference to the 
walker’s coordinate system, the foot performs a curved trajectory which is the inverse of 
the walker’s motion trajectory.  

With regard to the platform, the pathway of the stance foot is always linear. This is 
obvious when we look at different motions. When walking a curve, the centre of body mass 
describes the motion pretty well. When a foot is placed on solid ground, the person expects 
that the floor underneath performs motion as expected in the real word which means that 
the floor maintains the walking speed. In our case, walking speed exists only virtually. In a 
linear case, the floor moves also on a linear pathway as mentioned. When the curve starts, 
the user’s turning adds the curved proportion to the linear footmotion which is perceived by 
the user’s coordinate system due to the change of orientation and his decentering 
movement. Nevertheless, the platform must still move the foot in a linear way in the inertial 
coordinate system. As described, the user will move out of the center during a turn and the 
control will subsequently add a recentering component in x and y direction. 

 

Figure 8. Gait trajectories and desired footpad motions Gait trajectories and desired footpad motions
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• Force Feedback Extension:

The carriage and footpad positions are displayed on the right side of Figure 8 assuming a 
2000mm diameter platform model. Please note the different scaling of X and Y for better 
visibility. The carriages (C1, C2) stay in a lateral position to the walker as expected. The 
dotted line (which would form a circle if continued) shows the way of carriage C2 in case 
of a turning walker. The joint movements of the classic 2D actuators can be found in Figure 
9. The linear feed (S1/S2) in combination with the main axis (T1/T2) produces linear 
motion. The footpad (F1/F2) turns accordingly and is not displayed here. The linear 
continued motion can be seen in the upper diagram: As soon as full contact is established, 
the trajectory becomes linear. 

6 FORCE FEEDBACK EXTENSION 

The design of the platform is very flexible and allows several extensions. One of them is 
the implementation of a force feedback system as shown in figure 10. The recentering 
accelerations on the walker’s body are limited and allow fast recentering. Thus big scale 
platforms are needed to provide a natural gait feeling. With the application of a force 
feedback system as described by Christensen, Hollerbach et al.[7], but for 2D, the platform 
usability can be increased.  

Figure 9. Movement of the actuators and resulting motion 

Figure 10. Reduced mechanical model Figure 11. Force feedback assembly 
Force Feedback assembly and reduced mechanical model

By this setup is possible to apply forces in two dimensions to have a 

highly immersive experience for the user. In this case is possible to 

reduce the dimension of the platform and maintain the walker in the 

center from the first moment.
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/'9), 2"88"-$%&")!, "(, !&'1&"(0, *1, !&*66"(0,.'%:"(03,The Sarcos 
Biport [1] employed three-axis hydraulic serial-drive 
platforms for each foot. The device can simulate translational 
motions of the articulated arm in 3D space. However, since 
user’s foot was attached to the platform, the device may 
disturb the natural walking if the force control is not operating 
well.  

Therefore, the efficient omni-directional interfaces 
allowing turning and upright motions with simple structure 
and high performance are in the high demands for better 
locomotion interface design. In addition, it is necessary to 
!$00)!&, ()., -'(-)%%'&"*(!, #)&/*2, &*, .'%:, !#**&/%+, '(2,

-*(&"($*$!%+,"(,',-*(8"()2,'1)'3,In this paper, we propose a 
omni-directional interface with a dual- planar parallel robot 
with a turning capability and suggest a novel walking control 
algorithm for continuous walking in a confined area, satisfying 
natural walking conditions. The following section explains the 
system overview. Section III presents sensing system of the 
suggested locomotion interface. Section IV presents a control 
algorithm of the interface to allow continuous walking for 
infinite planar floors.  Section V shows some experimental 
results of walking simulations. Conclusions and future 
research items are summarized in Section VI.  
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!"0("8"-'(&%+, #'I"#"K)!, &/), .*1:!6'-)3,To simulate natural 
human walking, the locomotion interface design specifications 
are acquired based on gait analysis and each mechanism is 
optimally designed and manufactured to satisfy the given 
requirements. The designed locomotion interface allows 
natural walking (step: 0.8m, foot angle: 30deg).  Control and 
design issues of the suggested device can be found at [13]. ,

All links of the planar device are made of light aluminum 
frames in order to reduce link inertia. Rotary servomotors with 
3KW power (maximum torque 86Nm) are directly connected 
to lower bars without reduction gears. This direct drive can 
achieve low friction and high bandwidth and eliminate 
backlash and therefore the device can exhibit fast motions. 

This construction is possible due to the fact that all motors are 
fixed at the common base, which allows use of high power 
motors without increasing moving inertia. In addition, in order 
to reduce joint frictions, ball bearings are inserted at every 
revolute joint. Also, ball casters are inserted between the 
interface and the large base plate to reduce significantly the 
friction between the platform supporting human weight and 
the base plate.  Therefore, the interface can generate fast and 
high rigidity motions. The developed locomotion interface is 
shown in Figure 2.  
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Dual-Planar Parallel robot for omni directional walking

• The device is composed of two indipendent planar parallel robots.

• Each planar parallel robot is composed by three limbs with three serial revolute joints with the actuated first 

joint. The revolute joints has not mechanical limits to maximize the workspace.

• Links are made of light alluminium, rotary servomotors (3 KW, m.t. 86 Nm) are directly connected to lower 

bars without reduction gears. 

1

2

3

Allowed walk:

step = 0.8m

foot angle = 20 deg

Dual-planar Parallel Robot

Mingo Enrico

Dipartimento di Informatica e Sistemistica Antonio Ruberti

Università di Roma “La Sapienza”

• Position Sensing of Human Walking

• Position and orientation of the foot are measured using Polhemus 3D magnetic trackers FASTRACK (25 Hz),

one of this tightly attached to the shoe.

• Magnetic Tracker does not suffer of line of sight problem but suffers

of magnetic noises caused by metal in the platforms. Good accuracy is

garanteed for distance of 30 cm. 

• Calibration is needed to improve the accuracy of the magnetic tracker by compensation of the position and 

orientation error, the reciver is attached on the shoe on the platform and is moved by the motion of the 

platform:

• True position/orientation acquired by numerically calculating forward kinematics of the platform

• Magnetically measured tracked position/orientation of the reciver are stored 

FASTRACK 
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• Position Sensing of Human Walking

With both “true and magnetical position” the position/orientation error can be calculated. This error can be 

subtracted from the tracked values.  
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Calibration results of a magnetic tracker

After calibration the maximum error for x, y and yaw 

are respectively about 10 mm, 6 mm and 3 deg.
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• Phase Transition Detection by Switch Sensors
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,+*$.(*!(4!,%*7311*',44('$*$.(*V<*$(%-34&1*$,*$.(*VW*$(%-34&15*

F!*&*%(!"1$>*$.(*<WJ*$(%-34&1*7311*#(*'.&49()*$,*OU*+%,-*EU5*

6.(* 2%,2,!()* !73$'.* !(4!,%* '&4* )($('$* 7&1/349* 2.&!(*

$%&4!3$3,4*73$.*!-&11*(%%,%!*&4)*!.,%$*$3-(*)(1&?5**

*

"#

$%&

'%

'$

() *#

+,--.!/.0,-

/.0,1234

/32,356728

+97,:;!+-8623

********** *
8395*Q5*6.(*2.&!(*)($('$3,4*73$.*-3'%,*!73$'.*!(4!,%*

YU5**RFZ[YVP*<WV6\WZ*FZPW\Y6LJ 

6.(* 1,',-,$3,4* 34$(%+&'(* ',4$%,1* !?!$(-* !.,"1)* (4&#1(* &*

"!(%* $,* 7&1/* !-,,$.1?* &4)* ',4$34","!1?* 34* &* ',4+34()* &%(&5*

6."!>* $.(* ',4$%,1* &19,%3$.-* !.,"1)* #(* )(!394()* $,* /((2* $.(*

2,!3$3,4*,+*$.(*."-&4*&$*&*4("$%&1*2,!3$3,4*)"%349*7&1/3495**

A. New Cancellation Method 
8,%*&*!3491(*4,%-&1*9&3$*'?'1(>*$.(*!$&4'(*2.&!(*&'',"4$!*

+,%*&22%,=3-&$(1?*DE*2(%'(4$>*7.31(*$.(*!7349*2.&!(*&'',"4$!*

+,%*&22%,=3-&$(1?*QE*2(%'(4$5*Y$*!.,"1)*#(*4,$()*.,7(0(%*$.&$*

&*),"#1(*!"22,%$*2.&!(*(=3!$!*)"%349*7.3'.*#,$.* 13-#!*&%(* 34*

',4$&'$*73$.* $.(*9%,"4)5*X"%349* $.3!*2.&!(>* $.(*#,)?]!*'(4$(%*

,+* 9%&03$?* 3!* &$* 3$!* 1,7(!$* 2,!3$3,45* * 6.(!(* ),"#1(* !"22,%$!*

.&22(4*)"%349*343$3&1*GE^*&4)*+34&1*GE^*,+*!$&4'(*2.&!(5**

\39.$*C$&4'(*_.&!( \39.$*C7349*_.&!(

X,"#1(

C"22,%$

X,"#1(

C"22,%$\39.$*C3491(*C"22,%$ Z(+$*C3491(*C"22,%$ X,"#1(

C"22,%$

Z(+$*C7349*_.&!( Z(+$*C$&4'(*_.&!(

\39.$*343$3&1

',4$&'$
\39.$*$,(N,++

\39.$

343$3&1*',4$&'$

\39.$

1(9

Z(+$

1(9

Z(+$*$,(N,++Z(+$*343$3&1*',4$&'$Z(+$*$,(N,++

<-1,!08=!>7?;,!@;06-

=711-3-8:-

*

8395*O5*V,%-&1*P&3$*<?'1(*73$.*),"#1(*!"22,%$*`GOa*

Y+* &$* 1(&!$* ,4(* 13-#* 3!* 34* $.(* !7349* 2.&!(>* ."-&4* 3!*

-,0349* +,%7&%)* 7.31(* +(($* &%(* 4,$* -,0349* +,%7&%)* )"%349*

!$&4'(*2.&!(5*Y4*&))3$3,4>*!34'(*!7349*&4)*!3491(*!$&4'(*2.&!(*

&%(*%(!2('$30(1?*QE^>*$.(*21&$+,%-*)"%349*!3491(*!$&4'(*2.&!(*

!.,"1)*-,0(*#&'/*$.(*!&-(*)3!$&4'(*$.&$*3$*.&!*-,0()*+,%7&%)*

)"%349* !7349* 2.&!(5* W4* $.(* ,$.(%* .&4)>* $7,* +(($* !.,"1)* 4,$*

-,0(* )"%349* $.(* ),"#1(* !$&4'(* 2(%3,)!5*R3$.,"$* ',4!3)(%349*

),"#1(*!"22,%$*2.&!(>*&*"!(%*,4* $.(* 1,',-,$3,4* 34$(%+&'(*.&)*

)3++3'"1$3(!* 34* !$&%$349* ,%* !$,22349* 7&1/3495* 6.(%(+,%(>* 7(*

!"99(!$* 4(7* '&4'(11&$3,4!* -($.,)>* 34* 7.3'.* $.(* 7&1/349*

-,$3,4!* ',4!3)(%* ),"#1(* !$&4'(* 2.&!(5* * 6."!>* (&'.* 21&$+,%-*

7311* +,11,7* $.(* -&94($3'* $%&'/(%* &$$&'.()* $,* &* +,,$* )"%349*

!7349* 2.&!(* 7.(4* ."-&4* +,,$* 3!* -,0349* +,%7&%)* 73$.,"$*

',4$&'$349*&4?*,#I('$>*7.31(*$.(*,$.(%*21&$+,%-*7311*-,0(*#&'/*

)"%349* !3491(* !$&4'(* 2.&!(* 7.(4* ,41?* ,4(* +,,$* 3!* 34* ',4$&'$*

73$.*9%,"4)5*Y+*$7,*+(($*&%(*34*',4$&'$*73$.*$.(*21&$+,%-!>*$.(*

$7,*21&$+,%-!*7311*/((2*$.(3%*'"%%(4$*2,!3$3,4!5*6.(*$%&4!3$3,4!*

#($7((4*!7349*&4)*!$&4'(*2.&!(*&%(*)($('$()*#?*"!349*!73$'.*

!(4!,%* !?!$(-* (=(%$()* #?* $.(* ."-&4* +,,$* &!* (=21&34()* 34*

!('$3,4*;5*839*D*A&B*!.,7!*$.(*#1,'/*)3&9%&-*,+*$.(*2%,2,!()*

'&4'(11&$3,4*-($.,)5**6.(*2%,2,!()*'&4'(11&$3,4*&19,%3$.-*'&4*

&11,7* &* "!(%* $,* !$,2* &4)* !$&%$* 4&$"%&11?* &'',%)349* $,* "!(%K!*

34$(4$3,4!* #('&"!(* ,+* $.(* &))()* ),"#1(* !"22,%$* 2.&!(!5*

Simple and robust method to detect phase 

transiction regardless user’s weight

Micro switch sensor



Dual-planar Parallel Robot

Mingo Enrico

Dipartimento di Informatica e Sistemistica Antonio Ruberti

Università di Roma “La Sapienza”

• A New cancellation method

!"#$%&'$()* +%,-* $.(* $%&'/()* 0&1"(!* !,* $.&$* $%"(* 2,!3$3,4* 3!*

+,"4)5*6.3!*2%,'()"%(*+,%*'&13#%&$3,4*3!*!.,74*34*8395*:5**

*
8395*;*<&13#%&$3,4*%(!"1$!*,+*&*-&94($3'*$%&'/(%*

8,%* (=2(%3-(4$!>* $.(*-&94($3'* %('(30(%* &$$&'.()* $,* &* !.,(*

&4)*$.(*21&$+,%-!*7(%(*-,0()*$,9($.(%*34*&%#3$%&%?*)3%('$3,4!*

#?* ."-&4* .&4)!5* @(+,%(* &4)* &+$(%* '&13#%&$3,4>* $.(* 2,!3$3,4!*

&4)*,%3(4$&$3,4*+%,-*$.(*-&94($3'*%('(30(%*&%(*',-2&%()*73$.*

$.(*',-2"$()*2,!3$3,4!*&4)*,%3(4$&$3,4*,+*$.(*21&$+,%-5**8395*;*

!.,7!* $.(* '&13#%&$3,4* %(!"1$!* +,%* =>* ?>* &4)* ?&7* )3%('$3,4!*

A1&$(%&1>* +,%7&%)>* $"%4349B5* C3943+3'&4$* 3-2%,0(-(4$!* &%(*

&'.3(0()* 73$.* &#,"$* DEE* -(&!"%(-(4$!5* @?* $.(* '&13#%&$3,4>*

&''"%&'3(!* &%(* 34'%(&!()* &#,"$* $.%((* $,* +,"%* $3-(!>* (!2('3&11?*

+,%*?*)3%('$3,45*F+$(%*'&13#%&$3,4>*$.(*-&=3-"-*(%%,%!*+,%*=>?>*

?&7*&=3!*&%(>* %(!2('$30(1?>* * &#,"$*GE-->*D-->*&4)*;)(9%((5*

H0(4* $.,"9.* $.(* &''"%&'3(!* 34* $.(* 1&$(%&1* &4)* $"%4349*

)3%('$3,4!*&%(*4,$*2(%+('$>*&*1&%9(*21&$(*,+*$.(*-,#31(*21&$+,%-*

'&4*',0(%*$.(*+,,$*$%&I('$,%3(!5!!

!"#$%&'(#)*&+',-,.+#/(-(0-,.+#12#34,-0%#3(+'.*'#

J3'%,*!73$'.*!(4!,%!*7(%(*!"99(!$()*$,*9"&%&4$((*!3-21(*

&4)* %,#"!$* 2.&!(* )($('$3,4* %(9&%)1(!!* ,+* "!(%K!* 7(39.$5* * 6.(*

-3'%,* $?2(* !73$'.* !(4!,%* AL,4(?7(11* <,%25>* CMJNMGONPGDB*

3!* !(1('$()* !34'(* 3$* '&4* &11,7*-('.&43'&1* !2(()*,+*-&=3-"-*

:QE*,2(%&$3,4!*2(%*-34"$(*&4)*3$*'&4*'.&49(*$.(*!73$'.*2.&!(*

73$.* !-&11* +,%'(*A&#,"$*GEE9+B5*R3$.*)(!3%&#1(*'.&%&'$(%3!$3'!*

$,*)($('$*4,%-&1*7&1/349*2.&!(>*$.(*!73$'.*!(4!,%!*.&0(*#((4*

!"''(!!+"11?* 34',%2,%&$()* $,* $.(*21&$+,%-*&!* !.,74* 34*8395*Q5*

6.(*#,)?*,+* $.(*!73$'.* !(4!,%* 3!* 1,'&$()*#(1,7*$.(*21&$+,%->*

7.31(* $.(*!73$'.*2%,$%"!3,4*&4)*&* 139.$*!$((1*21&$(*&%(* 1,'&$()*

&#,0(* $.(* 21&$+,%-5* * 6.(* 139.$* !$((1* 21&$(* &3-!* $,* $%&4!+,%-*

7&1/349* &'$3,4!* #?* ."-&4* +,,$* 34$,* 2"!.349* +,%* !73$'.*

!(4!3495* * 6.(* !$((1* 21&$(* .&!* !3S(* ,+* ;OE--T* :OE--T:--*

&4)*.&!*'"%0(*!.&2(*$,*1($*2%(!!*,4*&4?*21&'(*,+*$.(*21&$(*2"!.*

$.(* 2%,$%"!3,4* ,+* $.(* !73$'.* !(4!,%5* 6.(* !2%349* #($7((4* $.(*

!$((1*21&$(*&4)*$.(*!73$'.*2%,$%"!3,4*3!*!($*$,*/((2*$.(*34$(%0&1*

,+*$.(*!73$'.*&4)*$.(*!$((1*21&$(*&+$(%*2"!.*-,$3,45**6.(*!2%349*

!$3++4(!!* 3!* !(1('$()* $,* #(* (4,"9.* $,* !"22,%$* !$((1* 21&$(5* * OU*

&4)*EU*&%(*!"2213()*$,*$.(*VW*&4)*V<*$(%-34&1>*%(!2('$30(1?5*

6.(4>* $.(* <,-* $(%-34&1* 3!* ',44('$()* $,* X393$&1* Y42"$* AXYB*

-,)"1(5* *Y+*."-&4*+,,$*$,"'.(!*$.(*!$((1*21&$(>* $.(*2%,$%"!3,4*

,+*$.(*!(4!,%*7311*',44('$*$.(*V<*$(%-34&1*$,*$.(*VW*$(%-34&15*

F!*&*%(!"1$>*$.(*<WJ*$(%-34&1*7311*#(*'.&49()*$,*OU*+%,-*EU5*

6.(* 2%,2,!()* !73$'.* !(4!,%* '&4* )($('$* 7&1/349* 2.&!(*

$%&4!3$3,4*73$.*!-&11*(%%,%!*&4)*!.,%$*$3-(*)(1&?5**

*

"#

$%&

'%

'$

() *#

+,--.!/.0,-

/.0,1234

/32,356728

+97,:;!+-8623

********** *
8395*Q5*6.(*2.&!(*)($('$3,4*73$.*-3'%,*!73$'.*!(4!,%*

YU5**RFZ[YVP*<WV6\WZ*FZPW\Y6LJ 

6.(* 1,',-,$3,4* 34$(%+&'(* ',4$%,1* !?!$(-* !.,"1)* (4&#1(* &*

"!(%* $,* 7&1/* !-,,$.1?* &4)* ',4$34","!1?* 34* &* ',4+34()* &%(&5*

6."!>* $.(* ',4$%,1* &19,%3$.-* !.,"1)* #(* )(!394()* $,* /((2* $.(*

2,!3$3,4*,+*$.(*."-&4*&$*&*4("$%&1*2,!3$3,4*)"%349*7&1/3495**

A. New Cancellation Method 
8,%*&*!3491(*4,%-&1*9&3$*'?'1(>*$.(*!$&4'(*2.&!(*&'',"4$!*

+,%*&22%,=3-&$(1?*DE*2(%'(4$>*7.31(*$.(*!7349*2.&!(*&'',"4$!*

+,%*&22%,=3-&$(1?*QE*2(%'(4$5*Y$*!.,"1)*#(*4,$()*.,7(0(%*$.&$*

&*),"#1(*!"22,%$*2.&!(*(=3!$!*)"%349*7.3'.*#,$.* 13-#!*&%(* 34*

',4$&'$*73$.* $.(*9%,"4)5*X"%349* $.3!*2.&!(>* $.(*#,)?]!*'(4$(%*

,+* 9%&03$?* 3!* &$* 3$!* 1,7(!$* 2,!3$3,45* * 6.(!(* ),"#1(* !"22,%$!*

.&22(4*)"%349*343$3&1*GE^*&4)*+34&1*GE^*,+*!$&4'(*2.&!(5**

\39.$*C$&4'(*_.&!( \39.$*C7349*_.&!(

X,"#1(

C"22,%$

X,"#1(

C"22,%$\39.$*C3491(*C"22,%$ Z(+$*C3491(*C"22,%$ X,"#1(

C"22,%$

Z(+$*C7349*_.&!( Z(+$*C$&4'(*_.&!(

\39.$*343$3&1

',4$&'$
\39.$*$,(N,++

\39.$

343$3&1*',4$&'$

\39.$

1(9

Z(+$

1(9

Z(+$*$,(N,++Z(+$*343$3&1*',4$&'$Z(+$*$,(N,++

<-1,!08=!>7?;,!@;06-

=711-3-8:-

*

8395*O5*V,%-&1*P&3$*<?'1(*73$.*),"#1(*!"22,%$*`GOa*

Y+* &$* 1(&!$* ,4(* 13-#* 3!* 34* $.(* !7349* 2.&!(>* ."-&4* 3!*

-,0349* +,%7&%)* 7.31(* +(($* &%(* 4,$* -,0349* +,%7&%)* )"%349*

!$&4'(*2.&!(5*Y4*&))3$3,4>*!34'(*!7349*&4)*!3491(*!$&4'(*2.&!(*

&%(*%(!2('$30(1?*QE^>*$.(*21&$+,%-*)"%349*!3491(*!$&4'(*2.&!(*

!.,"1)*-,0(*#&'/*$.(*!&-(*)3!$&4'(*$.&$*3$*.&!*-,0()*+,%7&%)*

)"%349* !7349* 2.&!(5* W4* $.(* ,$.(%* .&4)>* $7,* +(($* !.,"1)* 4,$*

-,0(* )"%349* $.(* ),"#1(* !$&4'(* 2(%3,)!5*R3$.,"$* ',4!3)(%349*

),"#1(*!"22,%$*2.&!(>*&*"!(%*,4* $.(* 1,',-,$3,4* 34$(%+&'(*.&)*

)3++3'"1$3(!* 34* !$&%$349* ,%* !$,22349* 7&1/3495* 6.(%(+,%(>* 7(*

!"99(!$* 4(7* '&4'(11&$3,4!* -($.,)>* 34* 7.3'.* $.(* 7&1/349*

-,$3,4!* ',4!3)(%* ),"#1(* !$&4'(* 2.&!(5* * 6."!>* (&'.* 21&$+,%-*

7311* +,11,7* $.(* -&94($3'* $%&'/(%* &$$&'.()* $,* &* +,,$* )"%349*

!7349* 2.&!(* 7.(4* ."-&4* +,,$* 3!* -,0349* +,%7&%)* 73$.,"$*

',4$&'$349*&4?*,#I('$>*7.31(*$.(*,$.(%*21&$+,%-*7311*-,0(*#&'/*

)"%349* !3491(* !$&4'(* 2.&!(* 7.(4* ,41?* ,4(* +,,$* 3!* 34* ',4$&'$*

73$.*9%,"4)5*Y+*$7,*+(($*&%(*34*',4$&'$*73$.*$.(*21&$+,%-!>*$.(*

$7,*21&$+,%-!*7311*/((2*$.(3%*'"%%(4$*2,!3$3,4!5*6.(*$%&4!3$3,4!*

#($7((4*!7349*&4)*!$&4'(*2.&!(*&%(*)($('$()*#?*"!349*!73$'.*

!(4!,%* !?!$(-* (=(%$()* #?* $.(* ."-&4* +,,$* &!* (=21&34()* 34*

!('$3,4*;5*839*D*A&B*!.,7!*$.(*#1,'/*)3&9%&-*,+*$.(*2%,2,!()*

'&4'(11&$3,4*-($.,)5**6.(*2%,2,!()*'&4'(11&$3,4*&19,%3$.-*'&4*

&11,7* &* "!(%* $,* !$,2* &4)* !$&%$* 4&$"%&11?* &'',%)349* $,* "!(%K!*

34$(4$3,4!* #('&"!(* ,+* $.(* &))()* ),"#1(* !"22,%$* 2.&!(!5*

Normal Gait Cycle with double support

Dual-planar Parallel Robot

Mingo Enrico
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• A New cancellation method

!"#$%&'$()* +%,-* $.(* $%&'/()* 0&1"(!* !,* $.&$* $%"(* 2,!3$3,4* 3!*

+,"4)5*6.3!*2%,'()"%(*+,%*'&13#%&$3,4*3!*!.,74*34*8395*:5**

*
8395*;*<&13#%&$3,4*%(!"1$!*,+*&*-&94($3'*$%&'/(%*

8,%* (=2(%3-(4$!>* $.(*-&94($3'* %('(30(%* &$$&'.()* $,* &* !.,(*

&4)*$.(*21&$+,%-!*7(%(*-,0()*$,9($.(%*34*&%#3$%&%?*)3%('$3,4!*

#?* ."-&4* .&4)!5* @(+,%(* &4)* &+$(%* '&13#%&$3,4>* $.(* 2,!3$3,4!*

&4)*,%3(4$&$3,4*+%,-*$.(*-&94($3'*%('(30(%*&%(*',-2&%()*73$.*

$.(*',-2"$()*2,!3$3,4!*&4)*,%3(4$&$3,4*,+*$.(*21&$+,%-5**8395*;*

!.,7!* $.(* '&13#%&$3,4* %(!"1$!* +,%* =>* ?>* &4)* ?&7* )3%('$3,4!*

A1&$(%&1>* +,%7&%)>* $"%4349B5* C3943+3'&4$* 3-2%,0(-(4$!* &%(*

&'.3(0()* 73$.* &#,"$* DEE* -(&!"%(-(4$!5* @?* $.(* '&13#%&$3,4>*

&''"%&'3(!* &%(* 34'%(&!()* &#,"$* $.%((* $,* +,"%* $3-(!>* (!2('3&11?*

+,%*?*)3%('$3,45*F+$(%*'&13#%&$3,4>*$.(*-&=3-"-*(%%,%!*+,%*=>?>*

?&7*&=3!*&%(>* %(!2('$30(1?>* * &#,"$*GE-->*D-->*&4)*;)(9%((5*

H0(4* $.,"9.* $.(* &''"%&'3(!* 34* $.(* 1&$(%&1* &4)* $"%4349*

)3%('$3,4!*&%(*4,$*2(%+('$>*&*1&%9(*21&$(*,+*$.(*-,#31(*21&$+,%-*

'&4*',0(%*$.(*+,,$*$%&I('$,%3(!5!!

!"#$%&'(#)*&+',-,.+#/(-(0-,.+#12#34,-0%#3(+'.*'#

J3'%,*!73$'.*!(4!,%!*7(%(*!"99(!$()*$,*9"&%&4$((*!3-21(*

&4)* %,#"!$* 2.&!(* )($('$3,4* %(9&%)1(!!* ,+* "!(%K!* 7(39.$5* * 6.(*

-3'%,* $?2(* !73$'.* !(4!,%* AL,4(?7(11* <,%25>* CMJNMGONPGDB*

3!* !(1('$()* !34'(* 3$* '&4* &11,7*-('.&43'&1* !2(()*,+*-&=3-"-*

:QE*,2(%&$3,4!*2(%*-34"$(*&4)*3$*'&4*'.&49(*$.(*!73$'.*2.&!(*

73$.* !-&11* +,%'(*A&#,"$*GEE9+B5*R3$.*)(!3%&#1(*'.&%&'$(%3!$3'!*

$,*)($('$*4,%-&1*7&1/349*2.&!(>*$.(*!73$'.*!(4!,%!*.&0(*#((4*

!"''(!!+"11?* 34',%2,%&$()* $,* $.(*21&$+,%-*&!* !.,74* 34*8395*Q5*

6.(*#,)?*,+* $.(*!73$'.* !(4!,%* 3!* 1,'&$()*#(1,7*$.(*21&$+,%->*

7.31(* $.(*!73$'.*2%,$%"!3,4*&4)*&* 139.$*!$((1*21&$(*&%(* 1,'&$()*

&#,0(* $.(* 21&$+,%-5* * 6.(* 139.$* !$((1* 21&$(* &3-!* $,* $%&4!+,%-*

7&1/349* &'$3,4!* #?* ."-&4* +,,$* 34$,* 2"!.349* +,%* !73$'.*

!(4!3495* * 6.(* !$((1* 21&$(* .&!* !3S(* ,+* ;OE--T* :OE--T:--*

&4)*.&!*'"%0(*!.&2(*$,*1($*2%(!!*,4*&4?*21&'(*,+*$.(*21&$(*2"!.*

$.(* 2%,$%"!3,4* ,+* $.(* !73$'.* !(4!,%5* 6.(* !2%349* #($7((4* $.(*

!$((1*21&$(*&4)*$.(*!73$'.*2%,$%"!3,4*3!*!($*$,*/((2*$.(*34$(%0&1*

,+*$.(*!73$'.*&4)*$.(*!$((1*21&$(*&+$(%*2"!.*-,$3,45**6.(*!2%349*

!$3++4(!!* 3!* !(1('$()* $,* #(* (4,"9.* $,* !"22,%$* !$((1* 21&$(5* * OU*

&4)*EU*&%(*!"2213()*$,*$.(*VW*&4)*V<*$(%-34&1>*%(!2('$30(1?5*
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Normal Gait Cycle with double support

accounts 40% 

accounts 60% 
During swing phase the swing phase the platform follow the foot, during the 

stance phase the platform should move back  the same distance that it has 

moved forward. Without considering double support phase a user had difficulties 

in starting or stopping walking.
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New cancellation method considering double stance phase. 

New Cancellation Method 
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Control action for each platform 

The Vsv
avg is the average 

velocity of a foot during 

the swing phaseuse to 

move back the footpads.

!"#$#%&$#'( )"*+(,-.&$*)"/(0*--( ,--&0(/&$#(1,)2$,-(0,-3*1.(&1(

,14( 5$&.$,//,6-#( -&7&/&)*&1( *1)#$%,7#+'( +,)*+%4*1.( 1&$/,-(

.,*)(7&18*)*&1+9((
!"#$%&'

()%*+,-./01223

4.5

()%0*+6,7%'+01223

4.5

89:;#.6(0"&*.

<9

-./06(0"&*.6=

7%'+06()%&'

7%'+06(0"&*.6=

-./06()%&'

<9

66>9##9)%&'67%'+066?#"0/9@A

= (:50"%&6B)96C#"0/9@A5

D9E%&'6F"*$6-./06?#"0/9@A

G9&0@9#6H*0%9&5

D9E%&'6;"*$67%'+06?#"0/9@A

66>9##9)%&'6-./066?#"0/9@A

=

(.&5%&'6I7>6"060)9

C#"0/9@A5

J&K

!"#$%&'6(%A:#"0%9&

!"#$%&' == ()*&+

,-*"*)

.

,-*"*) // =

.&K

<9

4.5

4.5

<9

G9&0@9#6H*0%9&6/9@

0+.6C#"&@6K.E%*.

0$
*12

.
,-*"*) 3/ =!

(0"&*.6A90%9&

G9&0"*06K.0.*0%9&
()%&'6A90%9&

!"#$%&'!()#*&

++',-./

"0
()*&+

,-*"*)

.

,-*"*) // =

K9:;#.650"&*.

5%&'#.650"&*.

(
:,;(<#0(7,17#--,)*&1(/#)"&8(:6;(=&1)$&-(,7)*&1(%&$(#,7"(5-,)%&$/(

>*.9(?9(@,-3*1.(7&1)$&-(,-.&$*)"/(

!"#( 0,-3*1.( 7&1)$&-( ,-.&$*)"/( %&$( */5-#/#1)*1.( )"*+(

7,17#--,)*&1( +7#1,$*&( &1( )"#( -#A#-( .$&218( *+( +"&01( *1( >*.9(

?:6;9(>*.9(?:6;(+"&0+(*1(8#),*-()",)(*%()"#(+0*)7"(+#1+&$(*+(BC'(

)"#( .,*)( 747-#( *+( $#7&.1*D#8( ,+( +0*1.( 5",+#( ,18( )"#( 5-,1,$(

/&)*&1( (1)*2
3%)#)14 (&%()"#(%&&)()$,73#$(*+(*1+#$)#8()&()"#(7&//,18(

*152)( %&$( /&)*&1( 7&1)$&-( &%( )"#( 5-,1,$( 8#A*7#9( E1( )"#( &)"#$(

",18'(*%()"#(+0*)7"(+#1+&$(*+(FC'()"#(.,*)(747-#(*+($#7&.1*D#8(,+(

)"#(+),17#(5",+#(,18()"#(5-,1,$(8#A*7#(/&A#+(6,739(G1(&$8#$()&(

52)(6,73()"#(-*/6(*1()"#(&$*.*1,-(5&+*)*&1(0*)"("2/,1(0,-3*1.(

+5##8'( )"#( ,A#$,.#( A#-&7*)4( 56
)7$8 &%( ,( %&&)( 82$*1.( )"#( +0*1.(

5",+#(*+(7,-72-,)#8(,+(

(((((((((((((((((((((((( !
+

=
56,(

(

56
3%)#)1

56

56
)7$ 9(4

,
8 !

H
(((((((((((((((((((((((((((((:H;(

0"#$#( 56
3%)#)14! ,18( ( 56, (( ,$#( $#+5#7)*A#-4( )"#( %&$0,$8(/&A*1.(

A#-&7*)4(82$*1.()"#(+0*1.(5",+#(,18()"#($#I2*$#8()*/#(%&$(J'(4'(

,18(4,0(8*$#7)*&1+9((!"#(82$,)*&1( 56, (&%()"#(+0*1.(5",+#(0*--(

6#( ,7"*#A#8(64( 7"#73*1.( )"#( 5",+#(8#)#7)*&1(/#)"&89( (!"#1'(

)"#( ,A#$,.#( A#-&7*)4( 56
)7$8 (*+( *1+#$)#8( *1)&( )"#( 7&1)$&-( ,7)*&1(

7&//,18( :
3%)#)14 (&%()"#(5-,1,$(8#A*7#(%&$(,(+*1.-#(-*/6(+),17#(

,+((

(

>9@65%&'#.6#%A;650"&*.L66

456#(78'*096::6;<=>?6666 56
)7$

:
3%)#)1 84 −=! 6

66456 #(78'*096 ::6 @AB#>'( (1)*2
3%)#)1

:
3%)#)1 44 !! = (( ( ( ( ( ( ( ( ( ( ( :K;(

L2$*1.( )"#( 8&26-#( -*/6( +),17#( 5",+#'( )"#( 72$$#1)( )$,73#$(

5&+*)*&1+(,$#( *1+#$)#8( *1)&(7&1)$&-(7&//,18(&%(#,7"(5-,)%&$/(

+*17#( #,7"( -*/6(0*--( +2+),*1( 72$$#1)( 5&+*)*&1+9(!"#$#%&$#'( )"#(

7&1)$&-( ,7)*&1( 7&//,18( %&$( #,7"(5-,)%&$/(82$*1.( )"#(8&26-#(

-*/6(+),17#(*+(,+((

(

>9@6K9:;#.6#%A;650"&*.L66

((((((((((((((((((((((( (1)*2
"3%)#)1

:
"3%)#)1 44 ''
!! = '( ;': -;" = (( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( :M;(

CD6.EF,9"0*(%E"65E)6G9H()*-68E0%(%E"%"266

!"#( 5$&5&+#8( 0,-3*1.( 7&1)$&-( ,-.&$*)"/( *+( 6,+*7,--4(

8#+*.1#8(%&$(1,)2$,-(0,-3*1.(0*)"(7&1+),1)(+5##89((G%(,("2/,1(

0,-3+( 0*)"( )"#( +,/#( A#-&7*)4( ,18( )"#( 5-,)%&$/( %&--&0+( )"#(

"2/,1( %&&)( 0*)"&2)( #$$&$+'( )"#( 5$&5&+#8( 0,-3*1.( 7&1)$&-(

,-.&$*)"/( *+( 6,+*7,--4( 0&$3*1.( 0#--9( N&0#A#$'( *%( )"#$#( *+( ,(

A#-&7*)4( 7",1.#'( ,( "2/,1( %&&)( /,4( 6#( *1( )"#( +0*1.( 5",+#(

6#%&$#(&$(,%)#$()"#(6,730,$8(/&A#/#1)()&()"#(+,/#(5&+*)*&1+(

0*)"(,A#$,.#(A#-&7*)*#+(&%(5$#A*&2+(+0*1.(5",+#(82$*1.(+*1.-#(

+),17#(5",+#9((!"*+(/#,1+()",)(*%(,(2+#$(7",1.#+("*+O"#$(72$$#1)(

A#-&7*)4( &%( 0,-3*1.'( )"#( 6,730,$8( /&A#/#1)( 82$*1.( +),17#(

5",+#( 7,11&)( $#,7"( "&/#( 5&+*)*&1+( 6#7,2+#( *)( *+( 7,-72-,)#8(

6,+#8(&1(5$#A*&2+(0,3*1.(A#-&7*)*#+(&%( )"#(+0*1.(5",+#9(L2#(

)&( )"*+( $#,+&1'( "&/#(5&+*)*&1*1.( #$$&$+( .#1#$,)#8(64( A#-&7*)4(

7",1.#(,$#(*1#A*),6-#9(!"#$#%&$#'(*1(&$8#$()&(7&/5#1+,)#("&/#(

5&+*)*&1*1.( #$$&$( 82$*1.( +0*1.( ,18( +*1.-#( +),17#( 5",+#+'( )"#(

7&1)$&-(,7)*&1(82$*1.()"#(8&26-#(-*/6(+),17#(&%(#I2,)*&1(:M;(*+(

7",1.#8(*1)&(#I2,)*&1(:P;(,+((

>9@6K9:;#.6#%A;650"&*.L6

G% FKO;: '' >+ <
;3%)#)1

<
-3%)#)1 44 '

KO;: '''
56

;)7$
56

-)7$#&=(1)%
:

"3%)#)1 88>4 +−=! '( ;': <B% = (

G%( FKO;: '' <+ <
;3%)#)1

<
-3%)#)1 44 '(

KO;: '''
56

;)7$
56

-)7$#&=(1)%
:

"3%)#)1 88>4 +=! '(( ;': <B% = (((((((((:P;(

0"#$#( <
3%)#)14 (*+()"#(/#,+2$#8(5&+)2$#(&%()"#(5-,)%&$/(,18()"#(

#&=(1)%> *+( )"#(.,*1(&%()"#(1#2)$,-("&/#(5&+*)*&1*1.(A#-&7*)*#+9(

!"#( A#-&7*)4( .,*1( #&=(1)%> 0*--( 6#( 8#)#$/*1#8( 6,+#8( &1( )"#(

2+#$( +)28*#+9( !"#( -,$.#$( .,*1( */5-*#+( )"#( 5$#7*+#( "&/#(

5&+*)*&1*1.( 0*)"( )"#( #J7#++*A#( *1#$)*,( %##-*1.( 82$*1.( )"#(

6,730,$8(/&A#/#1)( ,18( )"#( +/,--#$( .,*1( */5-*#+( )"#( -,$.#$(

"&/#(5&+*)*1.(#$$&$+(0*)"(+/,--#$(*1#$)*,(%##-*1.9((QI2,)*&1(:P;(

*/5-*#+()",)(64(7,-72-,)*1.()"#(72$$#1)(,A#$,.#(5&+*)*&1+(&%()0&(

5-,)%&$/+( 0"#1( )"#( 8&26-#( +),17#( 5",+#( *+( +),$)*1.'( 7&1)$&-(

7&//,18+( %&$(3##5*1.(1#2)$,-(5&+*)*&1+(&%( )0&(5-,)%&$/+(,$#(

8#)#$/*1#89( G%( ,A#$,.#( 5&+*)*&1+( &%( )"#( 72$$#1)( 5-,)%&$/+( ,$#(

5&+*)*A#'( )"#( 1#.,)*A#( A#-&7*)4( 7&1)$&-( ,7)*&1( 7&//,18+( ,$#(

,55-*#8( )&( #,7"( 5-,)%&$/( 0*)"( 5$&5&$)*&1,-( )&( ,A#$,.#(

A#-&7*)*#+(82$*1.()0&(5-,)%&$/R+(+*1.-#(5",+#+9(!"*+(,-.&$*)"/(

/&A#+(7#1)#$(5&+*)*&1+(&%()"#()0&(5-,)%&$/+()&("&/#(5&+*)*&1+(

0*)"&2)( 7",1.*1.( )"#( $#-,)*A#( 5&+*)*&1+( 6#)0##1( )"#( )0&(

5-,)%&$/+9(!"#$#%&$#'( )"#(1#2)$,-(5&+*)*&1+(7,1(6#(/,*1),*1#8(

,-)"&2."(,(2+#$(7",1.#+(0,-3*1.(A#-&7*)*#+9(=&1+#I2#1)-4'()"#(

2+#$( 7,1( 0,-3( 7&1)*12&2+-4( &1( ,( 5$&.$,//,6-#( -&7&/&)*&1(

*1)#$%,7#(,77&$8*1.()&("*+O"#$(*1)#1+*&1+9(((

.D6>0(%F*(%E"6E56CEIJ6A"2-965E)6;H)"%"26K*-+%"26

G1( &$8#$( )&( 7",1.#( )"#( 72$$#1)( 0,-3*1.( 8*$#7)*&1'( )"#(

*1+),1)(&$*#1),)*&1(&%(,(2+#$(6&84(,)(&1#(+)#5(%&$()2$1*1.(/,4(

6#( #+)*/,)#8( 64( ,A#$,.*1.( 8*$#7)*&1+( &%( )0&( %##)( ,)( +),$)*1.(

5&*1)( &%( #,7"( +),17#( 5",+#( ,+( +"&01( *1( >*.9( S:,;9( >&$( )"#(

5$&5&+#8( 5$&.$,//,6-#( %&&)( *1)#$%,7#( 0*)"( )0&( +#5,$,)#(

%&&)5,8+'( )2$1*1.(/&)*&1(&%(#,7"(%&&)(/&A#/#1)(,+(0#--(,+(J(

,18( 4( /&)*&1+( 0*--( 6#( 7,17#--#8( 64( )"#( 0,-3*1.( 7&1)$&-(

,-.&$*)"/( 5$&5&+#8( *1( T#7)*&1( GC9( ( !"#$#%&$#'( )"#( 5-,)%&$/+(

0*--( $&),)#( ,18( %&--&0( #,7"( )2$1*1.( %&&)( 82$*1.( +0*1.( 5",+#'(

0"*-#( )"#( 5-,)%&$/(0*--( $&),)#( 6,73( 82$*1.( +),17#( 5",+#9(!"#(

,7I2*$#8( *1+),1)( &$*#1),)*&1( %&$( 6&84( 0*--( 6#( )$,1+%#$$#8( *1)&(

A*$)2,-( #1A*$&1/#1)+( %&$( 258,)*1.( +7#1#+9( =&/5,$*1.( )&( )"#(

)2$1),6-#()45#(-&7&/&)*&1(*1)#$%,7#+'()"#(5$&5&+#8(-&7&/&)*&1(Dual-planar Parallel Robot

Mingo Enrico

Dipartimento di Informatica e Sistemistica Antonio Ruberti

Università di Roma “La Sapienza”

• A New cancellation method

 

!"#$#%&$#'( )"*+(,-.&$*)"/(0*--( ,--&0(/&$#(1,)2$,-(0,-3*1.(&1(

,14( 5$&.$,//,6-#( -&7&/&)*&1( *1)#$%,7#+'( +,)*+%4*1.( 1&$/,-(

.,*)(7&18*)*&1+9((
!"#$%&'

()%*+,-./01223

4.5

()%0*+6,7%'+01223

4.5

89:;#.6(0"&*.

<9

-./06(0"&*.6=

7%'+06()%&'

7%'+06(0"&*.6=

-./06()%&'

<9

66>9##9)%&'67%'+066?#"0/9@A

= (:50"%&6B)96C#"0/9@A5

D9E%&'6F"*$6-./06?#"0/9@A

G9&0@9#6H*0%9&5

D9E%&'6;"*$67%'+06?#"0/9@A

66>9##9)%&'6-./066?#"0/9@A

=

(.&5%&'6I7>6"060)9

C#"0/9@A5

J&K

!"#$%&'6(%A:#"0%9&

!"#$%&' == ()*&+

,-*"*)

.

,-*"*) // =

.&K

<9

4.5

4.5

<9

G9&0@9#6H*0%9&6/9@

0+.6C#"&@6K.E%*.

0$
*12

.
,-*"*) 3/ =!

(0"&*.6A90%9&

G9&0"*06K.0.*0%9&
()%&'6A90%9&

!"#$%&'!()#*&

++',-./

"0
()*&+

,-*"*)

.

,-*"*) // =

K9:;#.650"&*.

5%&'#.650"&*.

(
:,;(<#0(7,17#--,)*&1(/#)"&8(:6;(=&1)$&-(,7)*&1(%&$(#,7"(5-,)%&$/(

>*.9(?9(@,-3*1.(7&1)$&-(,-.&$*)"/(

!"#( 0,-3*1.( 7&1)$&-( ,-.&$*)"/( %&$( */5-#/#1)*1.( )"*+(

7,17#--,)*&1( +7#1,$*&( &1( )"#( -#A#-( .$&218( *+( +"&01( *1( >*.9(

?:6;9(>*.9(?:6;(+"&0+(*1(8#),*-()",)(*%()"#(+0*)7"(+#1+&$(*+(BC'(

)"#( .,*)( 747-#( *+( $#7&.1*D#8( ,+( +0*1.( 5",+#( ,18( )"#( 5-,1,$(

/&)*&1( (1)*2
3%)#)14 (&%()"#(%&&)()$,73#$(*+(*1+#$)#8()&()"#(7&//,18(

*152)( %&$( /&)*&1( 7&1)$&-( &%( )"#( 5-,1,$( 8#A*7#9( E1( )"#( &)"#$(

",18'(*%()"#(+0*)7"(+#1+&$(*+(FC'()"#(.,*)(747-#(*+($#7&.1*D#8(,+(

)"#(+),17#(5",+#(,18()"#(5-,1,$(8#A*7#(/&A#+(6,739(G1(&$8#$()&(

52)(6,73()"#(-*/6(*1()"#(&$*.*1,-(5&+*)*&1(0*)"("2/,1(0,-3*1.(

+5##8'( )"#( ,A#$,.#( A#-&7*)4( 56
)7$8 &%( ,( %&&)( 82$*1.( )"#( +0*1.(

5",+#(*+(7,-72-,)#8(,+(

(((((((((((((((((((((((( !
+

=
56,(

(

56
3%)#)1

56

56
)7$ 9(4

,
8 !

H
(((((((((((((((((((((((((((((:H;(

0"#$#( 56
3%)#)14! ,18( ( 56, (( ,$#( $#+5#7)*A#-4( )"#( %&$0,$8(/&A*1.(

A#-&7*)4(82$*1.()"#(+0*1.(5",+#(,18()"#($#I2*$#8()*/#(%&$(J'(4'(

,18(4,0(8*$#7)*&1+9((!"#(82$,)*&1( 56, (&%()"#(+0*1.(5",+#(0*--(

6#( ,7"*#A#8(64( 7"#73*1.( )"#( 5",+#(8#)#7)*&1(/#)"&89( (!"#1'(

)"#( ,A#$,.#( A#-&7*)4( 56
)7$8 (*+( *1+#$)#8( *1)&( )"#( 7&1)$&-( ,7)*&1(

7&//,18( :
3%)#)14 (&%()"#(5-,1,$(8#A*7#(%&$(,(+*1.-#(-*/6(+),17#(

,+((

(

>9@65%&'#.6#%A;650"&*.L66

456#(78'*096::6;<=>?6666 56
)7$

:
3%)#)1 84 −=! 6

66456 #(78'*096 ::6 @AB#>'( (1)*2
3%)#)1

:
3%)#)1 44 !! = (( ( ( ( ( ( ( ( ( ( ( :K;(

L2$*1.( )"#( 8&26-#( -*/6( +),17#( 5",+#'( )"#( 72$$#1)( )$,73#$(

5&+*)*&1+(,$#( *1+#$)#8( *1)&(7&1)$&-(7&//,18(&%(#,7"(5-,)%&$/(

+*17#( #,7"( -*/6(0*--( +2+),*1( 72$$#1)( 5&+*)*&1+9(!"#$#%&$#'( )"#(

7&1)$&-( ,7)*&1( 7&//,18( %&$( #,7"(5-,)%&$/(82$*1.( )"#(8&26-#(

-*/6(+),17#(*+(,+((

(

>9@6K9:;#.6#%A;650"&*.L66

((((((((((((((((((((((( (1)*2
"3%)#)1

:
"3%)#)1 44 ''
!! = '( ;': -;" = (( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( :M;(

CD6.EF,9"0*(%E"65E)6G9H()*-68E0%(%E"%"266

!"#( 5$&5&+#8( 0,-3*1.( 7&1)$&-( ,-.&$*)"/( *+( 6,+*7,--4(

8#+*.1#8(%&$(1,)2$,-(0,-3*1.(0*)"(7&1+),1)(+5##89((G%(,("2/,1(

0,-3+( 0*)"( )"#( +,/#( A#-&7*)4( ,18( )"#( 5-,)%&$/( %&--&0+( )"#(

"2/,1( %&&)( 0*)"&2)( #$$&$+'( )"#( 5$&5&+#8( 0,-3*1.( 7&1)$&-(

,-.&$*)"/( *+( 6,+*7,--4( 0&$3*1.( 0#--9( N&0#A#$'( *%( )"#$#( *+( ,(

A#-&7*)4( 7",1.#'( ,( "2/,1( %&&)( /,4( 6#( *1( )"#( +0*1.( 5",+#(

6#%&$#(&$(,%)#$()"#(6,730,$8(/&A#/#1)()&()"#(+,/#(5&+*)*&1+(

0*)"(,A#$,.#(A#-&7*)*#+(&%(5$#A*&2+(+0*1.(5",+#(82$*1.(+*1.-#(

+),17#(5",+#9((!"*+(/#,1+()",)(*%(,(2+#$(7",1.#+("*+O"#$(72$$#1)(

A#-&7*)4( &%( 0,-3*1.'( )"#( 6,730,$8( /&A#/#1)( 82$*1.( +),17#(

5",+#( 7,11&)( $#,7"( "&/#( 5&+*)*&1+( 6#7,2+#( *)( *+( 7,-72-,)#8(

6,+#8(&1(5$#A*&2+(0,3*1.(A#-&7*)*#+(&%( )"#(+0*1.(5",+#9(L2#(

)&( )"*+( $#,+&1'( "&/#(5&+*)*&1*1.( #$$&$+( .#1#$,)#8(64( A#-&7*)4(

7",1.#(,$#(*1#A*),6-#9(!"#$#%&$#'(*1(&$8#$()&(7&/5#1+,)#("&/#(

5&+*)*&1*1.( #$$&$( 82$*1.( +0*1.( ,18( +*1.-#( +),17#( 5",+#+'( )"#(

7&1)$&-(,7)*&1(82$*1.()"#(8&26-#(-*/6(+),17#(&%(#I2,)*&1(:M;(*+(

7",1.#8(*1)&(#I2,)*&1(:P;(,+((

>9@6K9:;#.6#%A;650"&*.L6

G% FKO;: '' >+ <
;3%)#)1

<
-3%)#)1 44 '

KO;: '''
56

;)7$
56

-)7$#&=(1)%
:

"3%)#)1 88>4 +−=! '( ;': <B% = (

G%( FKO;: '' <+ <
;3%)#)1

<
-3%)#)1 44 '(

KO;: '''
56

;)7$
56

-)7$#&=(1)%
:

"3%)#)1 88>4 +=! '(( ;': <B% = (((((((((:P;(

0"#$#( <
3%)#)14 (*+()"#(/#,+2$#8(5&+)2$#(&%()"#(5-,)%&$/(,18()"#(

#&=(1)%> *+( )"#(.,*1(&%()"#(1#2)$,-("&/#(5&+*)*&1*1.(A#-&7*)*#+9(

!"#( A#-&7*)4( .,*1( #&=(1)%> 0*--( 6#( 8#)#$/*1#8( 6,+#8( &1( )"#(

2+#$( +)28*#+9( !"#( -,$.#$( .,*1( */5-*#+( )"#( 5$#7*+#( "&/#(

5&+*)*&1*1.( 0*)"( )"#( #J7#++*A#( *1#$)*,( %##-*1.( 82$*1.( )"#(

6,730,$8(/&A#/#1)( ,18( )"#( +/,--#$( .,*1( */5-*#+( )"#( -,$.#$(

"&/#(5&+*)*1.(#$$&$+(0*)"(+/,--#$(*1#$)*,(%##-*1.9((QI2,)*&1(:P;(

*/5-*#+()",)(64(7,-72-,)*1.()"#(72$$#1)(,A#$,.#(5&+*)*&1+(&%()0&(

5-,)%&$/+( 0"#1( )"#( 8&26-#( +),17#( 5",+#( *+( +),$)*1.'( 7&1)$&-(

7&//,18+( %&$(3##5*1.(1#2)$,-(5&+*)*&1+(&%( )0&(5-,)%&$/+(,$#(

8#)#$/*1#89( G%( ,A#$,.#( 5&+*)*&1+( &%( )"#( 72$$#1)( 5-,)%&$/+( ,$#(

5&+*)*A#'( )"#( 1#.,)*A#( A#-&7*)4( 7&1)$&-( ,7)*&1( 7&//,18+( ,$#(

,55-*#8( )&( #,7"( 5-,)%&$/( 0*)"( 5$&5&$)*&1,-( )&( ,A#$,.#(

A#-&7*)*#+(82$*1.()0&(5-,)%&$/R+(+*1.-#(5",+#+9(!"*+(,-.&$*)"/(

/&A#+(7#1)#$(5&+*)*&1+(&%()"#()0&(5-,)%&$/+()&("&/#(5&+*)*&1+(

0*)"&2)( 7",1.*1.( )"#( $#-,)*A#( 5&+*)*&1+( 6#)0##1( )"#( )0&(

5-,)%&$/+9(!"#$#%&$#'( )"#(1#2)$,-(5&+*)*&1+(7,1(6#(/,*1),*1#8(

,-)"&2."(,(2+#$(7",1.#+(0,-3*1.(A#-&7*)*#+9(=&1+#I2#1)-4'()"#(

2+#$( 7,1( 0,-3( 7&1)*12&2+-4( &1( ,( 5$&.$,//,6-#( -&7&/&)*&1(

*1)#$%,7#(,77&$8*1.()&("*+O"#$(*1)#1+*&1+9(((

.D6>0(%F*(%E"6E56CEIJ6A"2-965E)6;H)"%"26K*-+%"26

G1( &$8#$( )&( 7",1.#( )"#( 72$$#1)( 0,-3*1.( 8*$#7)*&1'( )"#(

*1+),1)(&$*#1),)*&1(&%(,(2+#$(6&84(,)(&1#(+)#5(%&$()2$1*1.(/,4(

6#( #+)*/,)#8( 64( ,A#$,.*1.( 8*$#7)*&1+( &%( )0&( %##)( ,)( +),$)*1.(

5&*1)( &%( #,7"( +),17#( 5",+#( ,+( +"&01( *1( >*.9( S:,;9( >&$( )"#(

5$&5&+#8( 5$&.$,//,6-#( %&&)( *1)#$%,7#( 0*)"( )0&( +#5,$,)#(

%&&)5,8+'( )2$1*1.(/&)*&1(&%(#,7"(%&&)(/&A#/#1)(,+(0#--(,+(J(

,18( 4( /&)*&1+( 0*--( 6#( 7,17#--#8( 64( )"#( 0,-3*1.( 7&1)$&-(

,-.&$*)"/( 5$&5&+#8( *1( T#7)*&1( GC9( ( !"#$#%&$#'( )"#( 5-,)%&$/+(

0*--( $&),)#( ,18( %&--&0( #,7"( )2$1*1.( %&&)( 82$*1.( +0*1.( 5",+#'(

0"*-#( )"#( 5-,)%&$/(0*--( $&),)#( 6,73( 82$*1.( +),17#( 5",+#9(!"#(

,7I2*$#8( *1+),1)( &$*#1),)*&1( %&$( 6&84( 0*--( 6#( )$,1+%#$$#8( *1)&(

A*$)2,-( #1A*$&1/#1)+( %&$( 258,)*1.( +7#1#+9( =&/5,$*1.( )&( )"#(

)2$1),6-#()45#(-&7&/&)*&1(*1)#$%,7#+'()"#(5$&5&+#8(-&7&/&)*&1(

Control action for each platform 

The Vsv
avg is the average 
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the swing phaseuse to 

move back the footpads.

The current tracker 

positions are inserted so 

each platform will sustain 

current position
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• Estimation of body angle for Turning Walking

• Istant orientation of human body estimated by averaging direction of two feet at 

starting stance phase point.

• Maximum allowable angle is set to 20° to prevent collisions.
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• Experiment’s Results:
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Walking test
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Starting and stopping during walk



Dual-planar Parallel Robot
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• Experiment’s Results:

 

Planar Omni directional walking (right platform)
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This paper presents a novel walking control algorithm using 
a omni-directional locomotion interface composed of dual-
planar parallel robot.  The suggested dual-planar parallel robot 
can allow omni-directional walking with relatively simple 
structure. In order to apply the suggested device for a natural 
walking interface, the walking motions of human foot are 
sensed by magnetic type motion tracker compensated by 
position and orientation calibration, and micro switch system. 
Then, a walking control algorithm is suggested to satisfy 
normal gait conditions that have single and double stance 
phase, and swing phase. With the consideration of the double 
stance phase, the interface allowed natural starting and 
stopping of walking according to a user’s intentions. The 
turning angle of the user body was estimated by average angle 
of two yaw motions of foot at each contact moment. From 
experimental results of upright walking interactions at level 
ground, a subject can walk naturally and change walking 
speed according to his own intentions, and stop and start 
safely without any considerable disturbances. For turning 
motions, since the two platforms may have possibility to 
collide each other when the platform follow the human foot, 
the yaw motions limitations of 20 degree for each platform 
were given to each platform. However, since the general 
pathway doesn’t need to change body motions abruptly, the 
suggested interface can be applied to normal walking interface 
with general virtual pathways. The maximum achievable 
velocity of the locomotion interface is within 1.2m/s which is 
smaller than treadmills due to the more complex mechanical 

structure and recentering motions. The Future research will 
apply the suggested locomotion interface to lower limb 
rehabilitation after evaluations by gait analysis.   
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Conclusions
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• Two different approach using feet followers: 

• Foot-following platform permit high velocities and high turn angle

• High cost, hardest control scheme (respect the other platform)

• Dual-planar Parallel robot takes in count also double-stance phase:

• Not so fast walk, low angles
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Thanks for your attention (and patience) !!!
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QUESTIONS???


