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Figure 1. A schema of the software architecture as conceived in WP4 and 

Work in this deliverable implements parts of Layer 1 and 2.

1 Introduction 

In this deliverable we describe the grasping behavior we implemented on the robot iCub. We focused 

on a scenario similar to the one considered and often described in the context of the CHRIS project: a 

human and a robot performing cooperative actions on ob

the scope of the project, we did

detection, recognition and pose estimation. 

software modules, whose descriptions are reported here only for completeness but should not be 

considered as a contribution of this deliverable.

Figure 1 shows a schematic representation of the layered software architecture as conceived within 

WP4. This deliverable focuses on motor control, and describes part of the system that implements 

Layer 1 and Layer 2 of this architecture

reaching module, whose responsibility is to bring the hand of the robot close to the object and a 

grasping module that controls the movement of the fingers, 

apply enough force to the object surface.

impedance controller that guarante

interoperability with the other work

clear interface to the capability developed 

The remainder of this document is organized as follows: Section 

process on the robot. Section 3 provide

performing the inverse kinematics and computing 

describes the grasping module and the algorithm that allows discriminatin

unsuccessful grasps. Finally, in Section 

2 Visual Processing

The earliest stage of the visual processing system consists in detecting 

towards which directing gaze. A commonly adopted solution is to employ a set of filters (each tuned 

to features like colors, orientations and motion) and compute the difference of the output of filters 

at different scales to obtain a saliency map (often filters are

neurons in the primary cortex of primates). This saliency map is then searched for local maxima 

which correspond to “interesting” regions in the visual scene. The gaze of the robot is finally directed 
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. A schema of the software architecture as conceived in WP4 and interaction with other work

Work in this deliverable implements parts of Layer 1 and 2. 

In this deliverable we describe the grasping behavior we implemented on the robot iCub. We focused 

on a scenario similar to the one considered and often described in the context of the CHRIS project: a 

human and a robot performing cooperative actions on objects placed on a table. As perception is not 

did not deal with aspects related to visual processing, like object 

detection, recognition and pose estimation. To solve these problems we exploited 

hose descriptions are reported here only for completeness but should not be 

considered as a contribution of this deliverable.  

shows a schematic representation of the layered software architecture as conceived within 

This deliverable focuses on motor control, and describes part of the system that implements 

this architecture. We have devised the grasping controller in two main parts. A 

module, whose responsibility is to bring the hand of the robot close to the object and a 

controls the movement of the fingers, and detects if and when the fingers 

apply enough force to the object surface. We studied force control with the aim to 

impedance controller that guarantees physical safety during interaction. 

work-packages particular care was taken to define and implement a 

clear interface to the capability developed within WP4 and described in this deliverable.

The remainder of this document is organized as follows: Section 2 quickly describe

provides details about the reaching module, including 

performing the inverse kinematics and computing a smooth trajectory to the target. Section 

module and the algorithm that allows discriminating between successful and 

Section 5 we describe the force and impedance control 

Visual Processing 

visual processing system consists in detecting regions in the (visual) space 

hich directing gaze. A commonly adopted solution is to employ a set of filters (each tuned 

to features like colors, orientations and motion) and compute the difference of the output of filters 

at different scales to obtain a saliency map (often filters are chosen to approximate the response of 

neurons in the primary cortex of primates). This saliency map is then searched for local maxima 

which correspond to “interesting” regions in the visual scene. The gaze of the robot is finally directed 
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interaction with other work-packages.  

In this deliverable we describe the grasping behavior we implemented on the robot iCub. We focused 

on a scenario similar to the one considered and often described in the context of the CHRIS project: a 

jects placed on a table. As perception is not 

not deal with aspects related to visual processing, like object 

To solve these problems we exploited pre-existing 

hose descriptions are reported here only for completeness but should not be 

shows a schematic representation of the layered software architecture as conceived within 

This deliverable focuses on motor control, and describes part of the system that implements 

he grasping controller in two main parts. A 

module, whose responsibility is to bring the hand of the robot close to the object and a 

and detects if and when the fingers 

We studied force control with the aim to realize an 

s physical safety during interaction. To guarantee 

taken to define and implement a 

WP4 and described in this deliverable.  

quickly describes the visual 

module, including the techniques 

trajectory to the target. Section 4 

g between successful and 

the force and impedance control of the robot. 

regions in the (visual) space 

hich directing gaze. A commonly adopted solution is to employ a set of filters (each tuned 

to features like colors, orientations and motion) and compute the difference of the output of filters 

chosen to approximate the response of 

neurons in the primary cortex of primates). This saliency map is then searched for local maxima 

which correspond to “interesting” regions in the visual scene. The gaze of the robot is finally directed 
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towards these saliency regions using a certain criteria (in our case using a “winner-take-all” 

approach, but other strategies like random walk could be easily thought).  Each feature map can be 

given more importance, in our case we decided to give more priority to motion so that moving 

objects are more likely to attract the attention of the robot. Alternatively the Spikenet object 

recognition software can provide a top-down cue which drives the attention of the robot towards 

known objects. The gaze control module controls the motor of the head to bring salient regions at 

the center of the cameras. 

A lower level segmentation algorithm groups together areas in the images that have uniform color 

and extract the center of the area that is closer to the center of the image.  The process described 

above exploits only visual information from one camera, and extract only the location of the target in 

image coordinates ( , )u v . Since the extraction of 3D information is notoriously difficult and imprecise 

we decided to take a pragmatic approach and compute the missing information from the assumption 

that all relevant objects lay on a table whose height is known a priori. With this assumption the visual 

processing module can compute the Cartesian position ( , , )x y z  of the target with respect to a known 

reference frame. 

3 Reaching: the Cartesian Controller Interface 

Given the Cartesian position of target object reaching is performed in two separate stages/modules 

(Figure 2). The first stage employs a non linear optimization technique to determine the arm joints 

configuration 
d

q  that achieves the desired pose (i.e. end-effector position and orientation). The 

second stage consists in a biologically inspired controller that computes the velocity ɺq  of the 

motors to produce a human-like quasi-straight trajectory of the end-effector. 

3.1 Solver module 

We consider the general problem of computing the value of joint encoders 
n

q R
∗ ∈  that achieves a 

given position 
3

d
x R∈ and orientation 

3

d
Rα ∈ of the end effector, and at the same time, satisfies a 

set of given constraints expressed as inequalities.   

Formally this problem can be expressed as: 

 

( ) ( ) ( )( )
( )

n

2

R

2

L U

arg min

s.t. ,

T

rest rest
q

x

q K q q q W q q

x K q

q q q

αα λ

ε

∗

∈
= − + ⋅ − −

 − <


< <

d

d

 (1) 

where 
x

K and αK  are the forward kinematic functions that respectively compute position and 

orientation of the end-effector from the joint angles q ; 
rest

q  is a preferred joint configuration, W is  

 

 

Figure 2. Diagram of the Cartesian controller. 
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a diagonal matrix of weighting factors, λ is a positive scalar (<1) and ε  a small number (in the range 

of 10
-4

÷10
-5

). Moreover, the solution to problem (1) has to comply with a set of additional 

constraints: for example, we require that the solution lies between lower and upper bounds (

,
n

U L
q q R∈ ) of physically admissible values. 

In our case the joints vector has 10 components (7 joints for the arm, 3 joints for the torso) and we 

choose the value of 
rest

q  so that the torso of the robot is as close as possible to the vertical position. 

We propose to use an interior point optimization technique to solve the problem (1), in particular we 

use IpOpt [1], a public domain software package designed for large-scale nonlinear optimization. 

This approach has the following advantages: 

1. Quick convergence. IpOpt is fast enough to be employed in real-time as demonstrated 

below. 

2. Automatic handling of singularities and joint limits. This technique automatically deals with 

singularities in the arm Jacobian and joint limits, and was able to find solutions in virtually 

any working conditions; 

3. Tasks hierarchy. The task is split in two subtasks: the control of the orientation and the 

control of the position of the end-effector. These subtasks are given different priorities, for 

example in our case the control of the position has higher priority with respect to the 

orientation subtask (former is treated as a nonlinear constraint and thus evaluated before 

the cost); 

4. Description of complex constraints. It is easy to add new constraints as linear and/or 

nonlinear inequalities either in task or joint space. In the case of the iCub, for example, we 

add a set of constraints that avoid breaking the tendons of the shoulder (for practical 

reasons the tendons of the shoulder do not permit to cover the complete convex hull of the 

shoulder’s movements within the joint bounds). 

3.2 Controller module 

We now need to determine smooth velocity profiles in the joint space which steers the arm from the 

current posture q  to the final configuration 
∗

q , while at the same time ensuring that the joints lay 

within well defined limits. This can be obtained by applying the Multi-Referential Dynamical Systems 

approach [3], in which two dynamical controllers, one in joint space and one in task space, evolve 

concurrently; the coherence constraint between the two tasks is enforced with the Lagrangian 

multipliers method and can be used to modulate the relative influence of each controller (i.e. to 

avoid joint angles limits). The advantage of such a redundant representation of the movement is that 

a quasi-straight trajectory profile can be generated for the end-effector in the task space reproducing 

a human-like behavior [4,5], while retaining converge property and robustness against singularities 

(the method can be cast back to the DLS algorithm). 

In [3] the two controllers are implemented with VITE models [2], which approximate the neural 

signals commanding a pair of agonist-antagonist muscles (the biological analogous of a mass-spring-

damper system). The model behavior is regulated by the second order differential equation: 

 ( )( )α β= ⋅ ⋅ − −ɺɺ ɺ ,
d

x x x x  (2) 

where α is the damping factor and α β⋅  is the stiffness.  
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Aside from the connection to biological evidences, a second important merit of this approach is that 

the VITE model is described by a compact and time-invariant differential equation which makes the 

controller implementation straightforward. On the other hand, the specific choice of a second order 

dynamic system entails a couple of major disadvantages when applied to the control of a robotic 

limb: 

1. There exists a non-trivial map between the desired point-to-point movement time and the 

values of the controller’s parametersα , β . This aspect complicates the design of the 

controller whose time response needs to be modified on the fly; 

2. More notably, the resulting velocity profiles become less human-like as the required 

execution time becomes shorter. Actually, when a fast response is requested, trajectories 

approach an exponential response (typical of a first order dynamical system), irrespectively 

of how damping and stiffness are tuned; therefore, the corresponding velocities are no 

longer bell-shaped, having a steep acceleration at the beginning followed by a slow decay. 

The reason is that a second order system just cannot reproduce the smoothness typical of 

biological motion [5] (for example it does not impose zero acceleration at starting point). As 

a result fast movements tend to be too jerky and produce unwanted vibrations. 

To overcome these problems, we maintain the multi-referential nature of the controller and replace 

the VITE systems with more complex controllers which reproduce a trajectory that resemble a 

minimum-jerk profile both in joint and task space. 

Movements are still represented and controlled in multiple frames of reference but maintain a 

smooth (bell shaped) velocity profile. We took inspiration from the feedback formulation of a 

minimum-jerk trajectory described in [6], where a third order linear time-variant differential 

equation is derived: 

 

Figure 3.  Multi-Referential controllers diagram. 

Robot

NLC Optimizer

Joint Space

Min-Jerk

Controller

Task Space

Min-Jerk

Controller

Coherence

Constraint

dxɶdq

dqɺ
dxɺ

( ) ( )11 1 1T T
d q x q d dq q W J W JW J x Jq

−− − −= + + −ɺ ɺ ɺ ɺ

( )K ⋅x
fbq fbq

dx
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( ) ( ) ( )

   
   

      
      = ⋅ + ⋅      
         − − −   −− − −   

ɺ

ɺɺ ɺ

ɺɺɺ ɺɺ

3 2 3

0 1 0 0

0 0 1 0

60 36 9 60

d

x x

x x x

x x

T tT t T t T t

 (3) 

The system in (3) produces the well known minimum-jerk shape depicted in Figure 4 (red lines) and 

described by the usual fifth-order polynomial function: 

 ( ) ( )
      = + − ⋅ ⋅ − ⋅ + ⋅             

3 4 5

0 0
10 15 6

d

t t t
x t x x x

T T T
 (4) 

The problem of the feedback formulation in (3) is that it contains time-variant coefficients whose 

value become infinite when t approaches the execution time T. To overcome this issue, we decided 

to employ a time-invariant third order system whose parameters are tuned to better approximate a 

minimum jerk trajectory (in other words we sought the linear third order differential systems that is 

the best time-invariant version of (3) that minimizes the same jerk measure over the interval [0, T]). 

Formally, we started from the parametric equation of the trajectory expressed in the form: 

 ( ) λλ λ= ⋅ + ⋅ + ⋅ +31 2

1 2 3

tt t

d
x t C e C e C e x  (5) 

that is a particular solution of a stable third order differential system with three independent real 

negative poles λi (we want to avoid damped resonant terms, since we require a monotonic trend to 

the target). The coefficients Ci can be determined for the special case = 1
d

x  and =(0) 0x  (without 

any loss of generality) by imposing the following initial conditions: 

 

( )
( )
( )

( ) ( )

( ) ( )

( ) ( )

λ λ
λ λ λ λ

λ λλ λ λ
λ λ λ λ

λ λ λ
λ λ

λ λ λ λ

−

 
− − ⋅ −  = −               = ⇒ = = ⋅ ⇒ =       − ⋅ −       =        
 −
 − ⋅ − 

ɺ

ɺɺ

2 3

1 1 2 1 3

1

1 3

2 1 2 3

1 2 1 32 2 2

3 1 2 3

1 2

1 2 1 3

0 0; 1 1 1 1

0 0; 0 .

00 0;

x C

x C

Cx

C C  (6) 

Therefore, defined ( )M t  the measure of the jerk accumulated up to time t: 

 ( ) ( )2

0

,

t

M t x dτ τ= ∫ɺɺɺ  (7) 

we seek for a solution to the following minimization problem: 

 ( )
( )

λ λ
λ λ λ
λ ε

 < ∀ = 
 = = ∞ ≠ ∀ ≠ 
  ≥ −  

3

1

2

3 1

0, 1,2,3

argmin . . , .

1 1

i

i j
R

i

M s t i j

x

λ  (8) 

The first constraint in (8) imposes that the system is stable, while the second constraint requires the 

independence of all the roots, which is strictly necessary to solve the linear system for the 

coefficients 
i

C . This latter nonlinear bound can be implemented by resorting to a suitable set of 

continuously differentiable boundary functions such as: 
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( )

( )

( )

λ λ
σ

λ λ
σ

λ λ
σ

ε

ε

ε

−
−

−
−

−
−


 ≤

 ≤

 ≤


2

1 2

2

2

1 3

2

2

2 3

2

2

2

2

e

e

e

 (9) 

that, depending on the values assigned to σ and ε2, guarantees that the roots are non coincident 

(e.g. σ=10
-3

 and ε2=0.1  imply λ λ −− > 3
10

i j
). 

Finally the third constraint in (8) forces the solution to reach the steady-state value of 1 with a “rate” 

specified by the parameter ε1. Without this lower bound on (1)x  any possible monotonically 

increasing function ( )x t  would be allowed, even functions with very slow time constants. In other 

words by setting the parameter ε1 we are able to tune the final execution time which, in our case, 

will be as close as possible to 1. 

We set ε1=0.1 ( ( ) ≥1 0.9x ) and ran an optimization algorithm to solve (8) (we used the interior-point 

optimization algorithm as well). Figure 4 compares the trajectory (position, velocity and total jerk) of 

the ideal minimum-jerk model against the one obtained with the time-invariant system derived with 

our approach. As expected the third-order system just approximates the ideal minimum-jerk 

trajectory, having in particular a slightly faster onset followed by slower convergence to the steady 

state. At the same time, however, it provides a very good compromise between smoothness and 

simplicity of implementation. 

Once the roots λi are known, it is straightforward to compute the elements of the dynamic matrix A 

and input matrix B of the system in canonical form: 

 

   
   = ⋅ + ⋅   
      

   
   = =   
      

ɺ

ɺɺ ɺ

ɺɺɺ ɺɺ

0 1 0 0

0 0 1 , 0 .

d

x x

x A x B x

x x

A B

a b c d

 (10) 

Indeed, the elements a, b and c can be resolved by comparing the coefficients of the characteristic 

polynomial of the differential equation and the coefficients of the characteristic polynomial of A: 

 ( ) ( ) ( )λ λ λ λ λ λ λ λ λ λ− ⋅ − ⋅ − ≡ − = − − −3 2

1 2 3
det( ) .I A c b a  (11) 

The element d is completely determined from convergence reasons and equal to -a, noticing that for 

t=∞ it holds: 

 

( ) ( ) ( ) ( )
( ) ( ) ( )
( )

 ∞ = ⋅ ∞ + ⋅ ∞ + ⋅ ∞ + ⋅


∞ = ∞ = ∞ =
 ∞ =

ɺɺɺ ɺ ɺɺ

ɺɺɺ ɺɺ ɺ 0

d

d

x a x b x c x d x

x x x

x x

 (12) 

Following these considerations from the roots λi we derived the equivalent dynamical system 

rescaled for a generic execution time T: 
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   
   
   

= =   
   
− − −   
   3 2 3

0 1 0 0

0 0 1 , 0

150.832 85 15.969 150.832

A B

T T T T

 (13) 

The time rescaling can be performed knowing that the generic derivative of order n of the rescaled 

function ( )x t T  is
( )

( )
n n

x t T T . 

The system response in t=T is equal to the 90% of the steady-state value as expected, and the 

transient can be considered extinguished for t≥1.5T. Clearly only one parameter modulates the speed 

of the system, with a linear relationship between the gain T and the real execution time as required. 

Figure 5 shows the Bode diagram for the frequency response of the identified system with different 

values of the gain T: the system has been previously discretized with a sampling time of 10 ms, which 

is the normal period used to run the controller. 

We also verified if a 4
th

 order could provide a trajectory closer to minimum-jerk. Clearly, this is the 

case as a new degree of freedom is introduced by the fourth root and a better trade-off becomes 

achievable. Unfortunately we found that this solution has a much lower stability margin. Since one of 

the requirements is to have good system response to fast trajectories, we eventually decided to 

discard higher order models.  
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Figure 4. Comparison between the 3rd order dynamical system found through the minimization and the 

minimum-jerk model. 

 

 

 

 

Figure 5.  Bode diagram of the 3rd order system for several values of T: gain margins are also displayed. 
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3.3 Controller module: the algorithm 

Similarly to [3] the algorithm has three steps.  

1. At any step each controller receives the desired target found by the optimization process, 

the current value of 
fb

q
 
(and ( )=

fb fb
x K q ),  as in Figure 3 and computes the corresponding 

velocity profile by integrating at the time instant t equation (10), which holds both in the joint 
and operational space: 

 

( )         = ⋅ + ⋅             

∫ɺ ɺ ɶ

ɺɺ ɺɺ0

,

fb
t

d

t d

K qx

x A x B x dt

x x

 (14) 

 

    
    = ⋅ + ⋅    
        

∫ɺ ɺ

ɺɺ ɺɺ0

.

fbt

d

t d

q q

q A q B q dt

q q

 (15) 

2. Since the two controllers evolve independently, the two trajectories are unlikely to satisfy 

the kinematic constraint given by = ⋅ ɺɺd d
x J q , being J  

the geometric Jacobian of the forward 

kinematic map ( )⋅K . The coherence between the two trajectories is thus enforced by 

computing the joint velocities that solve the following minimization problem: 

 ( ) ( ) ( ) ( )( )− − + − − =
ɺ ɺ

ɺ ɺ ɺ ɺ ɺɺ ɺ ɺ ɺ ɺ
1

min . .
2t t

T T
d d d d

t t q t t t t x t t t t
q ,x

q q W q q x x W x x s t x Jq  (16) 

By applying the Lagrangian multipliers method we can compute a closed form solution: 

 ( ) ( )−− − −
+ = + + −ɺ ɺ ɺɺ

1
1 1 1

1

d T T d d

t t q x q t t
q q W J W JW J x Jq  (17) 

With Wq and Wx appropriate semi-definite diagonal matrices as defined in step 3. 

3. The matrices Wq and Wx can be used to give different importance to the joint or task space 

constraints. This can be exploited for example to implement a mechanism for joints limits 

 

 

 

Figure 6.  Comparison between the implemented shaping law for the joints limits avoidance with the guard 

ratio ρ=0.25 and the law in [3] based on a cosine map. 
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avoidance. Normally Wq and Wx are set so that the task space constraint has higher priority 

and the arm follows a straight path. When one of the joints approaches a limit, however, Wq 

is increased so that the joint space constraint assumes more importance. Formally when the 

ith joint angle is within the bounds the corresponding weight i

q q
w W∈  is close to zero; 

conversely, when the arm gets closer to one of the joint limits, the element i

q
w  become 

larger, until, eventually, the ratio i

x q
w w  goes to zero. In the latter situation, since the 

controller evolves in a convex space, the arm is guaranteed to respect the joint limits: for this 

reason it is crucial that the controllers produce monotonically increasing trajectories without 

overshoots. 

In [3], this modulation is achieved by imposing that at each time instant the following 

shaping relation holds: 

 γ π
  −= − ⋅   −  

min

max min

1
1 cos 2 ,

2

i i

x

i i i

q

w q q

w q q
 (18) 

Where γ is a normalization constant typically around 0.01 [3]. 

To better exploit the whole arm workspace it is advisable to assign high priority to the 

Cartesian controller in a portion of the joint space that is as large as possible. For this 

purpose we adopted a different weighting policy, made of a flat region connected with 

hyperbolic tangent functions whose decay rate is much steeper than the original cosine law, 

as illustrated in Figure 6: 
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 (19) 

with: 

 

( )ρ ⋅ −
 =

 + = + = + =

 += − = − =


max min
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; ; .
2

; ;
2

i i

i

i i
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i i

i i i i i i i L H

H L H

q q
d

g g
g q d g g d g

G G
G q d G G d G

 (20) 

 
A possible strategy for modulating the weights is setting 

−1

x
W  equal to identity matrix and 

−1

q
W  equal to the right-hand side of (19). 



CHRIS D7:  Grasping Controller 

Page 13 of  25 

 

 

Figure 7.  Comparison between step responses of VITE’s (blue) and minimum-jerk (green) controllers. The 3
rd

 

order system provides the same velocity peak, but has faster convergence and an (almost) bell-shaped velocity 

profile. 

3.4 Results 

The first important result achieved by our controller is in terms of performances: from Figure 7 it is 

clear that minimum-jerk controllers can provide, especially for fast trajectories, smooth velocity 

profiles that are more similar to the desired human-like prototypes if compared to the profiles 

imposed by the VITE models. 

Figure 8 shows the Cartesian position of the end-effector while tracking a desired pose in the 

operational space; in this particular example 10 degrees of freedom are controlled (7 for the arm 

along with the pitch, the roll and the yaw joints of the torso): one cycle of the lemniscate-shaped 

desired trajectory in front of the robot frontal plane was executed in 20 seconds, whereas the time 

control gain T for point-to-point movements was set to 0.5 seconds. 

 

 

Figure 8.  Tracking a desired trajectory with a lemniscate shape in the operational space. For better 

understanding the figure shows two configurations of the arm: the lower one depicts the starting pose, whilst 

the upper one shows the commanded hand orientation during the task. 
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Figure 9. Tracking errors. 

 

To verify speed and accuracy of the tracking Figure 9 reports a plot of the errors during three 

iterations around the whole lemniscate shape: after an initial movement, required to catch up with 

the target, the position of the end-effector remains constrained within a ball of radius 5 cm centered 

at the trajectory point, while the error is virtually zero at the end of the cycles; similar considerations 

apply for the rotational error here computed as the Euclidean norm of the difference between the 

desired rotational axis (whose magnitude represents the angular amount of rotation) and the actual 

one.  

Furthermore, as discussed previously and demonstrated in Figure 10, IpOpt turns out to be fast 

enough to be used to track a target in real time: during tracking the average computation time is 

below 20 ms (on a multi-core Intel (R) Xeon with 2.27 GHz of clock frequency). This allows performing 

tracking with a constant solver rate of 33 Hz and a controller rate of 100 Hz. Interestingly, only a 

small latency is experienced at the beginning of the first cycle when the starting position of the end-

effector is far from the target: this is expected since the optimization algorithm starts from an initial 

“guess” that is far from the solution and takes a longer convergence time.  However, the initial 

overhead is acceptable (<50 ms), and does not cause a significant degradation of the real-time 

performance. 

 

Figure 10.  A plot of solver computation time during tracking of the lemniscates-shaped trajectory: the end of 

first and second cycle (respectively EOC1/EOC2) is visible in the figure. 
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3.5 Cartesian Interface 

To simplify use (and re-use) of our controller we extended YARP
1
 to support the Cartesian controller 

we realized. In brief this consisted in extending the existing joint level motor control interfaces to 

include task space control of any robotic structure. The purpose was twofold: (1) achieve better 

modularity and (2) hide the implementation details of the controller behind a set of simple interfaces 

(e.g. go_to_pose(), get_pose(), set_trajectory_time(), …)
2
. 

By separating the trajectory generator from the solver we were able to run the controller directly on 

the robot (i.e. on the PC104 hub) and reduce latencies associated with the network. We thus 

obtained a considerable gain in controller performance. Running the controller on board of the 

PC104 allowed to obtain a factor of about 50% performance increase with respect to the standard 

YARP module accessing the iCub through the network. We adopted a client/server architecture 

(Figure 11). The client exports the Cartesian Interface as it is seen by the user. Accessing the client at 

this level is as easy as creating a C++ object and calling its methods. Through YARP the client 

implements the request of the user by dispatching them to the Server and, hidden to the user, the 

Solver object. The Server runs locally on the robot and implements the core of the control based on 

the Multi-Referential approach (since the controller sends velocity commands to the low-level 

hardware, latencies at this point are crucial). The hidden part is represented by the Solver which 

computes the set points for the Server using IpOpt; since this process is computationally expensive, it 

is advisable to run the Solver on a separated, powerful machine (as the output of the Solvers are set-

points, latencies at this level are less critical). 

Furthermore, another layer of modularity was achieved through the realization of the iKin library. 

This is a general purpose kinematics library that can be configured to replicate the forward 

kinematics of any serial link chain; this makes straightforward to re-use the Cartesian Controller on 

different robotic platforms such as the ones available within the CHRIS project, i.e. BERT1 and HRP2.  

 
Figure 11.  The modular Cartesian Interface architecture. 

                                                 
1
 YARP, Yet Another Robotic Platform, i.e. the software middleware used on the iCub. 

2
 A complete list of available methods is available on the web: 

http://eris.liralab.it/yarpdoc/dd/de6/classyarp_1_1dev_1_1ICartesianControl.html. 
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Figure 12.  The Action Primitives Library. 

3.6 Discussion: inverting the kinematics without the kinematics 

The technique we have discussed so far requires knowledge of the direct kinematics and Jacobian of 

the manipulator. The Jacobian of the manipulator in particular is used by IpOpt to solve the 

minimization problem:  
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 (21) 

while the minimum-jerk controller (Figure 3) requires direct kinematics and Jacobian to compute the 

task space trajectory and enforce the coherence constraints.  

On the robot iCub we have applied these techniques using the direct kinematics and Jacobian 

derived from the CAD model of the robot. However the software is written is such a way that the 

functions computing ( ) ( )α /
x

K q K q  and ⋅( )J  can be specified by the user and can be replaced with no 

cost with a learned model (e.g. a neural network).  

4 Grasping: the Action Primitives Library 

We have developed a library that relies on the YARP Cartesian Interface and realizes a further 

abstraction layer that expose to the user a collection of action primitives (such as reach(), grasp(), 

tap(), … ) along with an easy way to combine them together to form higher level actions and 

eventually execute more sophisticated tasks. 

Central to the Action Primitives library is the concept of action. An action is a “request” for execution 

of three tasks (as depicted in Figure 12): 

1. It can ask to steer the arm to a specified pose, hence performing a motion in the task space; 

2. It can command the execution of some predefined finger sequences in the joint space and 

identify it with a tag; 

3. It can ask the system to wait for a specified time interval; 

 

Timeline

A A AA

push(“reach”);

…

push(“reach”,

”open_hand”);

Action

Wait State

Task Mo8on        ˅    

Joint Motion ˅

Executed 

actions

Pending actions

Action

Wait State       

Task Motion     ˅

Joint Motion

Current Time
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Figure 13. A grasping sequence. From top-left to bottom-right, an object is placed on the table, the robot 

moves the hand above the object and closes the hand. When a successful grasp is detected the robot lifts the 

object and eventually drops it. 

Besides, the library offers the possibility to specify if the action involves the execution of a task of 

type 1 simultaneously with a task of type 2. Action requests are stored in an action queue and served 

with a First In First out policy. The idea is to provide a mechanism to program and execute sequences 

of actions as combinations of movements of the arm (type 1), movements of the fingers (type 2) or 

coordinated movement of both arm and fingers (type1+type2).  

An important aspect to point out is that at the moment the finger positions that realize the grasp 

actions should be known (and tuned) in advance. However we are planning to include a learning 

stage that eventually will allow to automatically adapt the motion of the fingers to novel objects. In 

Figure 13 we report a sequence that shows the robot grasping an object. 

4.1 The detection problem 

In absence of tactile feedback we implemented an algorithm that performs contact detection using 

the springs mounted in the distal phalanges of the hand. Due to the elastic coupling between the 

phalanges of the fingers
3
, the fingers passively adapt when they encounter an obstacle (i.e. when 

they touch the surface of an object). The amount of “adaptation” can be indirectly estimated from 

the encoders on the joints of the fingers. In other words, the idea is to measure the discrepancy 

between the finger motion in presence of external obstacles (e.g. objects or the other fingers) and 

the one that would result in normal operation (in absence of obstacles/free movement). In a 

calibration phase we estimate the (linear) relationship between the joints of the fingers in absence of 

contact. In normal operation, we detect contact by comparing how much this model fit the current 

encoder readings. 

                                                 
3
 On the iCub fingers are made up of three phalanges that we call proximal, middle and distal. With the 

exception of the ring and little fingers, the middle and distal phalanges are mechanically coupled with an elastic 

element and actuated by a single motor. In the ring and little fingers all phalanges are mechanically coupled, 

and a single motor is responsible for the actuation. 
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4.2 Calibration phase 

The purpose of the calibration is to fit a linear model to the encoders of the joints that are 

mechanically coupled. In order to be as general as possible, we assume that the data are generic n  

dimensional vectors, here indicated ∈ n
q R . For the thumb, index and middle distal joints = 2n , 

while for the ring and little fingers = 6n  (see footnote
 
on page 17). The parametric linear model used 

to fit the data is: 

 = + ⋅ ∈
min max

:   ,         [ , ]r q k k t t t t
0 1

 (22) 

where t is the free parameter to be chosen in 
min max

[ , ]t t . Another possible representation for this 

model can be obtained by observing that it represents a line r  (i.e. a one dimensional subspace) 

embedded in a n dimensional vector space. Therefore, it can be represented as the intersection of 

planes. The general implicit equation of a plane  in n
Rπ is: 

 π + + + =
1 1 2 2

:     .... .
n n

a q a q a q c  (23) 

Since the plane is a −1n  dimensional subspace, the intersection of k  planes is a −n k  dimensional 

subspace. Therefore, a line r  can be represented by intersecting −1n  planes: 
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However, the representation of a line by means of the coefficients in (24) is redundant. It can be 

shown that an equivalent non-redundant implicit representation is the following: 
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 (25) 

which corresponds to the following parametric model: 

 = + ⋅:   ,r q k k t
0 1
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with =
1

t q  and: 
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Given a set  
1
,...,

N
q q  of observations, the parameters 

,1i
a  and 

i
c  are estimated by solving the 

following least squares optimization: 
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These parameters are then converted to 
0

k  and 
1

k  by means of equation (27). Moreover, points of 

the minimum distance are computed as follows: 
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 (29) 
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Figure 14.  The linear manifold that models the coupled distal joints of the thumb. 

 

which corresponds to: 
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Accordingly, the span of allowed values for t  is determined as follows: 
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Similarly, the maximum and the minimum distance from the model is computed as: 
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Figure 14 shows the result of an example calibration carried out on the two distal joints of the iCub 

thumb. The two joints are represented by blue dots: clearly, they roughly lie on a linear manifold 

represented by the red line, whilst the distances from this manifold are depicted with green lines. 

Therefore by measuring the deviation from the linear manifold and by applying proper thresholds, 

this method allows to detect contacts with objects during grasping tasks and to safely stop the 

fingers preventing damage. 

5 Impedance Control 

The importance of robot safety has been discussed in [7-9]. It has been noted that all the aspects of 

robot design should be considered to increase safety (mechanics design is at the basis of the new 

trend of safe robots, but also software, and electronics should be considered). From the mechanical 

point of view, passive compliance has the peculiarity of decoupling the link and rotor’s inertia, thus 

resulting in an intrinsically safe actuation system [10, 11]. Light-weight designs have also been 

investigated in [12] where it is shown that impact forces can be reduced, resulting in a safer robot. 

The macro-mini actuation design has been investigated in [13], where it is shown that relocating the 

major source of actuation at the base of the manipulator and employing a light-weight and small 

motor, high-frequency torque capability is maintained, without increasing the impedance of the 

system. 

An alternative to these mechanical solutions is to achieve active force control, or active joint torque 

control. Even though this approach is far from being intrinsically safe, it does not require to increase 

the complexity of the mechanical system. Standard industrial approaches employ an F/T sensor 

located at the end effector of the manipulator. The obvious assumption in this case is that the robot 

interaction with the environment only occurs at the tool level. Joint torque sensing might be an 
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alternative solution to this issue [14,16], but it again requires a specific joint design for exploiting 

torque sensing. 

The iCub robot instead is arranged with a solution which embodies both the benefits of F/T and joint 

torque sensing. It mounts an F/T sensor at the beginning of the kinematic chain of each limb. This 

makes the robot sensitive also to interaction occurring at different level (not only at the end-

effector) and also gives information about the real torque acting on the joint, due to the limb 

dynamic.  

We first report here a brief description of the custom F/T sensors which have been employed for the 

experiments. In the following sections we illustrate the method used for effective joint torque 

estimation and the controllers that we have implemented. Finally, we show the experiments 

conducted for identification, controller regulation and validation. 

5.1 The Force Sensor 

We employ a 6-axis force/torque sensor, integrated within the two arms and legs [17]. The F/T 

sensors of the arms are placed in the upper arm, between the shoulder and the elbow, while those 

employed for the legs are placed between the hip joints and the knee Figure 15. These F/T sensors 

employ semiconductor strain gages (SSG) for measuring the deformation of the sensing elements. 

The electronics that performs signal conditioning and A/D conversion is embedded in the sensor. The 

board is based on a 16 bit DSP from Microchip (dsPIC30F4013). It samples up to a maximum of 6 

analog channels for strain gauges sensors in a bridge configuration (using an instrumentation 

amplifier INA155); the Analog to digital converter (AD7685, 16 bit, 250 KSps, SPI interface) is 

multiplexed (ADG658) on the 6 channels. 

Commonly force sensors are placed at the end-effector. As already anticipated, on the iCub the F/T 

sensors are mounted at the beginning of the kinematic chain of each limb (i.e. one F/T sensor for 

each arm and for each leg). This solution however has some advantages, in particular it allows to: 

• estimate forces and torques due to the internal dynamic of the links; 

• measure external forces exerted on the whole arm; 

• derive the torques at each joint. 

 

 

Figure 15. A schematic representation of the iCub that shows the location of the force/torque sensors. 
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The drawback is that, if not compensated for, dynamic forces due to the links are detected as 

external forces (something that does not happen when the F/T sensor is placed at the end-effector). 

To properly compensate forces acting on the whole arm, we need to know their point of application. 

Since the latter information is not available without tactile feedback in this work we assumed that all 

forced are applied at the end-effector. 

5.2 Force and Impedance Control 

Let us assume that the point of application of the external forces is the end-effector of our 

manipulator. Suppose also that the contribution of the internal dynamics of the manipulator is 

negligible. In these hypotheses the actual external wrench and the measured F/T vector are related 

with pure kinematic relations, and it is possible to estimate the corresponding joint level torques

τ ∈ˆ n
R . 

With reference to Figure 16, the output of the F/T is a wrench 
6s

s
F R∈  represented in the sensor 

reference frame <s>. We can compute an equivalent wrench 
6b

e
F R∈ that, applied to the end-

effector, produces the same effect. This clearly depends on the vector ∈ 3e

s
p R  – the relative distance 

of the center of the sensor reference frame ∈ 3

s
O R  with respect to the position of the end-effector 

∈ 3

e
O R  – and on the rotation matrix relating <s> with <e>: 
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Here ∈ 3 3b x

a
R R  represent the rotation matrix from <a> to <b>, and ∈ 3 3(.) x

S R  the operator performing 

the cross product ×p . 

 

Figure 16. Schematic representation of the F/T sensor, external forces and torque level forces. 

b
eR

e
sR

p

e
eF

eO

sO

bO

e
eF



CHRIS D7:  Grasping Controller

 

 

From 
b

e
F  it is straightforward to compute the joint level 

 

where ∈ 6
( )

xn
J q R  is the Jacobian of the manipulator

Given the value of τ̂  corresponding to the current 

 

computes the motor command 

in turn, produce a corresponding net force exerted by the arm at the end effector

demonstrate force control is to realize an 

achieved by computing τ
d  as in:

 

being 
n

K R∈ the vector of virtual joint stiffness

each joint, with stiffness 
i

K and equilibrium point 

In theory if K is large enough

configuration of the arm. In practice, however, we would 

to reduce the effects of unwanted collisions. In this case we need to model the dynamic forces 

produced by the arm. 

5.3 Experiments 

We tested the closed loop response of the system in two conditions: as a pure torque controller and 

as an impedance controller. 

In the first experiment we measured the step response of the torque controller described 

control the elbow joint by varying 

system whereas Figure 18 reports the error of the controller. 

oscillatory but has fast convergence to the steady value. The steady state error is due to the fact that 

the controller is purely proportional 

Figure 17
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to compute the joint level torques: 

( )τ =ˆ ,
bT

e
J q F  

is the Jacobian of the manipulator. 

corresponding to the current reading 
s

s
F , the following control strategy:

τ τ= −ˆ( )
d

u PID  

computes the motor command n
u R∈  that achieves a desired value of joint torques 

corresponding net force exerted by the arm at the end effector

demonstrate force control is to realize an impedance controller. At the joint level this is 

: 

τ = − − ∗( )
d

K q q  

the vector of virtual joint stiffnesses. This controller simulates virtual springs attached to 

and equilibrium point at
*

i
q .  

large enough  → ∗q q  and we can use this controller to ach

configuration of the arm. In practice, however, we would like to use small values of the

to reduce the effects of unwanted collisions. In this case we need to model the dynamic forces 

tested the closed loop response of the system in two conditions: as a pure torque controller and 

In the first experiment we measured the step response of the torque controller described 

control the elbow joint by varying τ
d

 in steps of +/-1.5 Nm. Figure 17  shows the response of the 

reports the error of the controller. The response of the system 

oscillatory but has fast convergence to the steady value. The steady state error is due to the fact that 

is purely proportional (Kd and Ki were set to zero). 

17. Torque controller step response, elbow joint. 
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(36) 

, the following control strategy: 

(37) 

that achieves a desired value of joint torques 
n

d
Rτ ∈  (which, 

corresponding net force exerted by the arm at the end effector). A simple way to 

ler. At the joint level this is easily 

(38) 

This controller simulates virtual springs attached to 

and we can use this controller to achieve any desired 

like to use small values of the stiffness K so 

to reduce the effects of unwanted collisions. In this case we need to model the dynamic forces 

tested the closed loop response of the system in two conditions: as a pure torque controller and 

In the first experiment we measured the step response of the torque controller described in (37). We 

shows the response of the 

The response of the system is 

oscillatory but has fast convergence to the steady value. The steady state error is due to the fact that 
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In the second experiment we tested the performance of the impedance controller described in 

The controller now maintains 

disturbances by means of variable forces applied at the end

of the end-effector; depending on the stiffness 

disturbances with a restoring force proportional to the displacement. This situation is similar to what 

happens when the arm interacts with the environment. 

Figure 19. Impedance controller: displacement of each joint during interaction/external disturbances. Cyan 

dashed lines represent when the interaction occurs. The blue solid line shows the encoder value. During the 

whole experiment the reference value requested to 
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Figure 18. Controller error, elbow joint.  

In the second experiment we tested the performance of the impedance controller described in 

The controller now maintains ∗q , or equivalently, a certain position of the  arm. We apply 

by means of variable forces applied at the end-effector. Forces produce 

effector; depending on the stiffness K  the controller tries to oppose the external 

disturbances with a restoring force proportional to the displacement. This situation is similar to what 

rm interacts with the environment.  

. Impedance controller: displacement of each joint during interaction/external disturbances. Cyan 

dashed lines represent when the interaction occurs. The blue solid line shows the encoder value. During the 
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In the second experiment we tested the performance of the impedance controller described in (38). 

a certain position of the  arm. We apply 

produce a displacement 

the controller tries to oppose the external 

disturbances with a restoring force proportional to the displacement. This situation is similar to what 

 

. Impedance controller: displacement of each joint during interaction/external disturbances. Cyan 

dashed lines represent when the interaction occurs. The blue solid line shows the encoder value. During the 

the controller is maintained stationary ∗ =q const .  

10 12
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Figure 20. Force sensed by the F/T sensor during the same experiment in Figure 19. 

 

Figure 21. Desired (blue line) versus actual (red line) torques at the joints, during the same experiment in Figure 

19. 
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