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Abstract—Reliable access to dynamics is one of the central
challenges in humanoid robotics. In this paper we consider
the problem of computing both internal and external wrenches
in open multiple branches kinematic chains, which are not
equipped with joint-level torque sensors, but on the contrary
are provided with inertial and tactile sensing, and a set of six-
axes Force/Torque Sensors (FTS) distributed within the chain.
The proposed method is grounded on the Enhanced Oriented
Graph, a graph-representation of the kinematic chain, enriched
with the information coming from the different sensors. Under
suitable conditions, a maximum of N +1 external wrenches can be
estimated from NV six-axes FTS. The graph is built dynamically,
and internal and external wrenches are consequently updated.
Theoretical results have been implemented in a software library
(iDyn) released with an open-source license (GPL) as part of the
iCub software project. The proposed method has been applied
to 32 of the 53 DOF of the iCub humanoid robot.

I. INTRODUCTION

When robots share the same unstructured environment with
humans, compliance and safety must be addressed during
physical human-robot and environment-robot interaction, to
prevent the robot from damaging itself and its surrounding.
Therefore it is necessary to provide the robot with the most
complete representation of the interaction forces arising during
contacts to design suitable motor control strategies [17]. In
many existing robots actuated by stiff DC motors and not
equipped with suitable sensors so as to provide force feedback,
force control schemes are hardly feasible.

In this context, robotics research is currently following
several directions, the principal being passive and active
compliance. Passive compliance relies on passive elastic ele-
ments typically interposed in between the actuator and the
point where interaction occurs [3]. An example of passive
compliance is the so-called series elastic actuator [16] where a
spring is inserted between the motor and the actuated joint. An
emerging technology is variable passive compliance, which
relies on passive elements whose stiffness can be actively
varied [S]. As an alternative, active compliance consists in
regulating the interaction forces at each time instant by means
of a closed-loop force controller [18| [19]. Practically, forces
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and/or torques are measured with suitable sensors, and are
controlled at the actuators level so as to regulate the interaction
forces/torques to the desired value. The main advantage of the
active regulation over the passive one is the possibility of regu-
lating forces within a wider range of values. One disadvantage
is the response delay of the regulator, which typically limits the
bandwidth of the controlled system. Classically, Joint Torque
Sensors (JTS) are used to provide force feedback and perform
fast control loops directly at the joint level. If robots are
not equipped with such sensors, torques can be estimated by
measuring the current absorbed by motors, but only when most
of the motor torque is transmitted to the joint (low friction),
which is unfeasible for many existing humanoid robots.

In this paper we present a particularly convenient way
to retrieve force feedback from existing robots which are
not directly equipped with JTS, by using three different sets
of sensors: inertial, force/torque and tactile. The proposed
technique provides a complete perceptual representation of the
intrinsic dynamics of the robot and its interaction forces arising
due to external contacts.

Actually, the tools discussed in this paper allow computing
internal forces and torque of generic multiple branches kine-
matic chains equipped with one or more six-axes Force/Torque
Sensors (FTS). Moreover, we prove that under suitable as-
sumptions, there exists a systematic procedure for computing
N +1 external wrenches from N known internal wrenches (i.e.
FTS measures). Theoretical results have been implemented in
an open source C++ library called iDyn EL released under
GPL license as part of the iCub open source project [1].
The proposed method has been effectively applied to 32 of
the 53 Degrees Of Freedom (DOF) of the iCub, which is
equipped with four six-axes FTS located proximally on each
arms and legs, one inertial sensor located in the head, and an
artificial skin covering partially its body. Experiments shows
the effectiveness of our approach, which has been tested in a
variety of tasks and robot configurations: during fixed-waist
free motions, floating-base crawling and human interaction
scenarios.

The paper is organized as follows: Section [lI| describes the
theoretical framework for computing the complete dynamics of
kinematics chains through the Enhanced Oriented Graphs, ex-

IGiven a force f € R3 and a moment p € R3, a wrench w € RS is
the vector w = ( /Jj) FTS, which actually measure a wrench, are named
according to the physics terminology, where p is called torque. In this paper,
to discriminate from the joint torque 7, we call 4 moment according to the
mechanical terminology.

2iDyn is a C++ set of classes for computation of dynamics, built on top
of iKin [15] a library for forward-inverse kinematics of serial-links chains of
revolute joints with standard Denavit-Hartenberg notation, adopting SI units.



The humanoid robot iCub [20].

Figure 1.

ploiting different sensors measurements. Section [[II] describes
the application of the proposed method to the iCub humanoid
robot, whereas Section [[V] presents some experimental results
obtained with the dynamics library iDyn on the iCub, where
the ideas presented in this paper have been implemented for
realizing an active compliance control scheme based on the
joint torques estimated from proximal FTS. Finally, Sections
and [V] discuss the proposed method and draw conclusions.

II. ENHANCED ORIENTED GRAPHS

In this section we introduce the foundation of the framework
for computing the internal wrenches acting within a kinematic
chain, as well as the external wrenches acting on it. The
proposed method is based on the classical Recursive Newton-
Euler Algorithm (RNEA) (see [18] Chapter 4 Section 5).
Similarly to the classical approach, we represent a kinematic
chain as a graph, so that the dynamics can be obtained by
applying the well-known equations during pre-order or post-
order visits of the graph itself. However, here we overcome
some limitations of the classical RNEA, particularly to deal
with a floating base chain, different sensory information, and
with multiple external wrenches which may be exerted at
arbitrary locations (not exclusively at the end-effector). Thus,
we enhance the graph with additional elements representing
multiple sensory sources, and known/unknown kinematic and
dynamic variables, to obtain the so-called resulting Enhanced
Oriented Graph (EOG). Since the EOG evolves dynamically,
the robot internal dynamics (link wrenches, joint torques)
and the external wrenches caused by physical interactions
are computed on the fly, without making any constraining
hypotheses about the location of the contacts (e.g. contacts
at the end-effector only).

If the robot model is known, a single Inertial Sensor is
sufficient to compute the kinematics of the robot in uncon-
strained, floating base conditions. Force/Torque Sensors (FTS)
can be often inserted in kinematics chains, thanks to their
compact size, avoiding radical changes in the mechanics [21].
Furthermore, not only they have the great advantage of being
relatively cheap, but also they provide a better representation
of the interaction forces (six components per each wrench).
For this reason, classically robots are equipped with such
sensors mounted in their end-effectors, where most of the
interactions with the environment occurs. In contrast, our
solution is based on a set of proximal FTS, meaning that they

are close to the base of the kinematic chains and far from
the end-effectors: this configuration enables to measure not
only interaction forces acting at the end of the chains, but
also forces acting between the sensor and distal joints. To the
best of our knowledge, this solution has been adopted only
once in [12, [13] where a single FTS was used to estimate
the joint torques in the first 3 DOFs of a PUMA manipulator.
Finally, Tactile Sensors are necessary to retrieve dynamically
the location of possible contacts between the robot and the
environment. Their use is mandatory if there are no a priori
assumptions about the locations of the external forces: thus,
the best is to cover as much surface of the robot as possible,
and particularly the locations which are more involved in
interaction scenarios, such as arms and hands. For a review of
the different tactile sensing technologies, see [4].

A. Background

Graph theory has been extensively used to represent me-
chanical systems [22 |6l [7]], and to formalize the computation
of the internal wrenches of mechanical systems.

We consider an open (single or multiple branches) kinematic
chain with n DOF. Adopting the Denavit-Hartenberg notation
[18], we define a set of reference frames (0), (1), ..., (n)
attached to each link. The ¢-th link of the chain is then
described by its frame (i) and a vertex v; (also called node),
represented with the symbol (v;). A hinge joint between link @
and link j (i.e. a rotational joint) is represented by an oriented
edge e; ; connecting v; with v;, represented by an oriented
arrow: @—> . The orientation of the edge can be chosen
arbitrarily or follow the exploration of the kinematic tree
according to the “regular numbering scheme”, which induces
parent/child relationships such that each node has a unique
input edge (parent) and multiple output edges (children).

The graph can be used to represent both kinematics and
dynamics information associated to each link. In kinematics,
the edge e; ; is associated to the reference frame () attached
to the i-th link, set accordingly to the Denavit-Hartenberg
notation. The associated kinematic variables are the joint angle
position 6; € R and the angular and linear velocity and
accelerations of (i), denoted by w;, p;, w;, p; € R? respectively.
In dynamics, the edge orientation disambiguates between the
wrench that 7 exerts on j and the (equal and opposite) reaction
wrench that j exerts on i: therefore, e;; is associated to
wi j € RS, the interaction wrench that the i-th link exerts on
the j-th link, projected in the reference frame of the i-th link.

The Recursive Newton-Euler Algorithm (RNEA) can be
used to propagate known kinematic and dynamic variables
from the extremities to all the links of the kinematics chain
(see [18], chapter on Dynamics). If the position, velocity
and acceleration of a given node v; are known, then this
information can be propagated through the Newton-Euler
kinematic step to all the nodes connected to v; exploiting
the joint position/velocity measurements/acceleration measure-
ments. The well-known equations can be iterated to retrieve
the i-th link angular velocity and acceleration (w;, w;) and
linear acceleration (p;) from the analogous base information



(wo, wo, Po)-
Wit1 = w; + 05412,
Wig1 = Wi + 0512 + O1w; X 24, (1)
Pi+1 = Di Wi X T4 441 + Wip1 X (wz‘+1 X Ti,i+1),

where z; is the z-axis of (). That is, we propagate the kine-
matic information from the base to the end-effector, visiting
all the nodes moving from one node to the next following the
edges. The internal dynamics of the manipulator can be studied
as well: if the dynamical parameters of the system are known
(mass m;, inertia I, center of mass C;), we can propagate
knowledge of the wrenches applied at the end-effector (f,+1,
ln+1) to the base frame of the manipulator so as to retrieve
forces and moments f;, u; up to fo, to-

fi = fis1 +midc,,
Wi = piv1 = i X Tic1,0, + fie1 X 1i0, + Liwi+ )
+w; x (Liw;),
where:
Do, =Di +wi x 10, +wi X (Wi X150, )- 3)

Analogous considerations can be extended to multiple
branches open kinematic chains (also known as kinematic trees
[7]). In that case, the kinematic Newton-Euler computation
can be performed by assuming that angular velocity and
acceleration (w;, w;) and linear acceleration (p;) are known
for at least one node of the graph. This information can then
be propagated to the other nodes, by progressively moving
from that node (usually the base) to all the other nodes of the
graph, i.e. from v; to vy using the oriented edge e; . (or eg ;).

Similarly, the wrenches of the system can be computed by
propagating the information from one edge to the other. How-
ever, in the classical RNEA initialization is always performed
at the end-effector, thus following a unique order in visiting
the graph. With the EOG framework, we overcome these
limitations, and furthermore we give the possibility to include
different sources of dynamic information, with a generic
procedure to build dynamically the spanning tree from the
graph description of the dynamics, taking into account knowns
(e.g. measured wrenches) and unknowns (e.g. wrenches to be
estimated) of the system.

B. Enhanced Oriented Graphs

Whatever the orientation of the graph and the set of re-
cursive equations used to propagate kinematics and dynamics,
some initial information must be set to initialize the compu-
tations. When we have measurements of kinematic variables
(by means of suitable gyroscopes and/or accelerometers) and
applied wrenches (by means of 6-axes FT sensors), the graph
representation of the kinematic chain can be enriched, using
a specific set of symbols. The graph with this additional
information is called Enhanced Oriented Graph (EOG).

Kinematic variables representation: when the kinematic
variables w;, w; and p; of the ¢-th link can be measured (e.g.
the link is a fixed base or an inertial sensor is attached to the
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Figure 2. A representation of the classical Newton-Euler computations for an
open n-links chain, with the EOG notation. Kinematics are assumed known
at the base (w). Wrenches are assumed known at the end-effector (¢, e.g.
zero if there is no interaction with the environment) and propagated to the
base.

link) we represent this information with a black triangle (w)
connected to v; by a n additional edge. Remarkably, knowing
w;, w; and p; for a single node v; is sufficient to propagate the
kinematic information to the entire graph, where the unknown
kinematics variables are represented with a white triangle (7).

Dynamic variables representation: within a kinematic chain,
we can always consider the problem of computing wrenches
applied at specific locations given the knowledge of wrenches
at (other) locations. Black rhombi (¢) are used to represent
known (i.e. measured) wrenches. White rhombi () represent
unknown wrenches which need to be computed. The reference
frame associated to its edge represents the location of the ap-
plied or unknown wrench. The latter can be located anywhere
in the chain, and generally are dynamically changing, being
due to contacts of the manipulator with the environment. Thus,
the edge associated to the ¢ and the node to whom is attached
are (without constraints or further hypotheses) dynamically
changing.

Fig. shows the enhanced graphs associated with the
classical RNEA kinematic and dynamic steps: in this case
kinematic variables are known at the base (w), wrenches are
known at the end-effector, since they are assumed to be null
(#). It is important to point out that, while the positions of
¢ is static within the graph (because FT sensors are fixed
in the mechanical structure of the manipulator), the location
of ¢ instead can be dynamic, since contact point locations
are dynamically detected by the distributed tactile sensors.
If a contact moves along a chain, the graph is modified
accordingly. This rule shows a great benefit of the EOG; which
dynamically adapts in response to the location of the unknown
wrenches. It should be noticed that in absence of the artificial
skin, the EOG rule can still be applied, if other methods for
estimating external forces locations are used [9]. However, if
it is not possible to retrieve the point of contact, the latter can
be assumed fixed at certain positions, e.g. the end-effector,
where the most interaction is more likely to happen.

C. Representing FT measurements in a graph

The dynamic information from a 6-axes FT sensor can be
inserted in the EOG representing the kinematic chain: the
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Figure 3. The graph shows how to insert a FTS into an EOG. The node
on which the sensor is attached (highlighted), is practically divided into two
sub-nodes, each corresponding to the physical sub-link created after cutting
the link with the FTS. The graph is then divided into two sub-graphs and two
¢ (known wrenches corresponding to the sensor measurement) are connected
to the sub-nodes.

graph is divided into two sub-graphs, and two ¢ (i.e. two
known wrenches), one on each sub-graph, are used to represent
the FT measure . In detail, suppose that an FTS is placed
in the ig-th link. Let {s) be the frame associated to the
sensor. The sensor “divides” the link 7g into two ‘“sub-links”
(hereafter denoted forward and backward sub-links). Therefore
the sensor measures the wrench exerted by the “forward” sub-
link to the “backward” sub-link (this will be represented by a
first rhomboidal node). However, a wrench equal and opposite
to the sensor measurement is also exerted by the “backward”
sub-link to the “forward” sub-link (this will be represented
by a second rhomboidal node). Under these considerations,
the FTS within a link is represented by splitting the node
associated to the link into two sub-nodes, usually represented
by a double circled node in the EOG symbolism. A sub-
node has suitable dynamical properties, since it corresponds
to a ’sub-link®, i.e. to a portion of the original link which is
physically cut after the insertion of the FTS. As an example,
consider the ig-th link divided in two halves by an FTS: mass
m;g 1s divided in m and m , and the original Center Of
Mass (COM) C;, is replaced by two COM, CF and C for
the two sub-links. The overall procedure is shown in Fig. 3).

D. Computing the system dynamics from FTS measures

We now describe how to solve the dynamics of an open
(multiple branches) chain exploiting the information from a
single inertial sensor and multiple FTS. The fundamental step
consists in enhancing the oriented graph adding the known and
unknown kinematics and dynamics variables within the chain,
and in particular to split the graph into two subgraphs anytime
a FTS is inserted. External forces can be computed accurately
if their contact location is measured by suitable tactile sensors
or otherwise known a priori.

Given a graph description of the chain, we perform the
following operations to enhance the graph:

1) insert a w and an edge directed to the link where the
inertial sensor is attached to, to represent its measure-
ments

2) insert a v and an edge directed to each “terminal”’node

3) for each FTS define the sub-links nodes (with suitable
dynamical properties); define two ¢ associated to the
sensor measurements, and connect them to the sub-nodes
as described in the procedure in Fig. 3}

4) for each unknown wrench, acting on the generic i-th
link, insert a ¢ with an associated edge connected to v;;

5) rearrange each subgraph so that each ¢ is the root of a
tree: for each leaf node (each node connected to only
another node) insert a ¢ with null wrench associated
(notice that this node is not influencing the system
dynamics since it is associated to a null wrench). At
this point, leaves are all ¢.

The EOG is now complete. The first two steps define the
kinematic EOG, which is used to compute the kinematics of
chain. Precisely, given the measurements of w, linear and
angular velocities and accelerations can be computed for each
joint recursively following a pre-order traversal of the tree,
and simply applying the kinematic step of the RNEA.

The last three steps define the dynamic EOG, used to com-
pute either externally applied wrenches and internal wrenches
and joint torques. Considering each EOG subgraph indepen-
dently, wrenches can be propagated from the leaves (which at
this point can be only ¢, i.e. measured or known wrenches) to
the root (which is the unknown wrench). More precisely, the
propagation of the dynamics information follows a post-order
traversal of the tree, with the elementary operations defined
by the dynamic step of the RNEA. Given N FTS distributed
on the chain, N + 1 graphs are produced and therefore a
maximum of N + 1 external wrenches can be estimated (one
for each sub-graph). Remarkably, in the considered case (one
¢ per subgraph at maximum) each edge in the subgraph is
visited during the tree visit, thus all the internal wrenches
are computed and therefore a complete characterization of the
system dynamics is retrieved. Indeed, once the ¢-th wrench is
known, then the ¢-th joint torque 7, can be computed with the
usual formula [[18]:

Ty = [ Zie1 4)

where z;_; is the z-axis of the reference frame (i —1).

III. 1ICUB WHOLE BODY DYNAMICS

The method described in the previous sections is universal,
non-exclusive, i.e. can be applied to a variety of robotic
platforms. In this work, it has been specifically implemented
for the 53 DOF humanoid robot iCub.

iCub is equipped with a 3D Orientation Tracker (Xsens
MTx-28 A33G25 [23]) at the top of the head, and four custom-
made 6-axes FTS [8], one per leg and arm, each placed
proximally. Excluding the hands, 32 DOF have been taken
into account. Given the sensors position and the description
of the robot kinematics, it is quite easy to build the kinematics
and dynamics EOG: the inertial sensor is the unique absolute
source of kinematic information (w - encoders are relative
sources, and their information is considered as a property of
the links); unknowns (v) are placed by default at the end-
effectors, so that kinematics variables are propagated through
all the graph nodes.

Since the complete knowledge of the kinematic information
is a prerequisite for the computation of the dynamics, the
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Representation of iCub’s kinematic and dynamic EOG. Left{(@)): iCub’s kinematic EOG. It is noticeable that the inertial sensor measure (W)

is the unique source of kinematic information for the whole branched system. Center (@(b)): iCub’s dynamic EOG, when iCub is standing on a mainstay
and moving freely in the space. Given the four FTS, the main graph is cut by the four links hosting the sensors, and a total of five subgraphs are finally
generated. The unknowns are the external wrenches at the end-effector: if the robot does not collide with environment, they must be zero, whereas if a collision
happens, an external wrench must arise. The displacement between the expected and the estimated wrenches allows detecting contacts with the environment.
Of course, the hypothesis holds that interactions can only occur at the end-effectors. The external wrench on top of the head is assumed to be null. Notice
that the mainstay is represented by an unknown wrench ¢. Right @({)): iCub’s dynamic EOG, when the iCub is crawling like a baby, as shown in Figure[l]
As in the previous case, five subgraphs have been generated after the insertion of the four FTS measurements, but unlike the free-standing case, here the
mainstay wrench is missing, being the iCub floating (unfixed) on the floor. Specific locations for the contacts with the environment are specified as being
part of the task: thus, the unknown external wrenches ({) are placed at wrists and knees, while wrenches at the feet and palms are assumed known and null
(#). Interestingly, while moving on the floor the contact with the upper part could be varying (e.g. wrists, palms, elbows), so the unknown wrenches could

be placed in different locations than the ones shown in the graph.

kinematic EOG shown in Figure [(a)| is adequate for all
applications. The dynamic EOG is instead task-dependent.

As the iCub is provided with a set of four FTS, the dynamic
EOG is divided in five subgraphs, each containing a wrench
measure (¢). The head terminal wrench is usually set to zero,
so it is treated as a known variable (again ¢). The choice
of the nodes where unknown wrenches (¢) are applied is
instead totally arbitrary and depends on the application point
of an interaction force. For example, if the robot is moving
unconstrained in the space, without incurring into contacts
with itself or the surrounding, unknown wrenches (¢)) can be
statically attached to the end-effectors of the main limbs, hands
and feet. Whereas in an interaction scenario, such as the robot
crawling on the floor (see Fig. , external wrenches must be
assumed on wrists and knees’)

More in general, unknown wrenches due to any sort of
contact cannot be statically attached to a specific link, since
the application point of the external force (i.e. the centroid
of the contact) is unknown and generally difficult to predict
(visual feedback can be exploited to predict possible contact

3This application also highlights the importance of the inertial sensor, which
allows performing the Newton-Euler computations without a fixed base frame
(as it is usually assumed in its classical applications).

situations, but not for generic applications). However, thanks
to the artificial tactile skin [2]] it is possible to retrieve such
information dynamically. Therefore, the EOG structure can be
defined on the fly based on the contact position at each time
instant. In such cases, as a consequence of the fact that only
one unknown is allowed per subgraph, the external force due
to contact is the unknown ¢, while wrenches located at the
end-effectors are assumed to be known and null (¢).

IV. EXPERIMENTS

Three experiments are reported hereinafter. First, the dyna-
mical model is validated by comparing measurements from the
FTS with their model-based prediction. Second, an external
commercial FTS has been used to produce known external
wrenches, by manually pushing the sensor itself on specific
locations (e.g. the wrist): then the external sensor measure-
ments have been compared with the estimation predicted by
the EOG. Finally, joint torques computed by (@), after the
solution of the EOG, have been compared with a joint torque
estimate obtained by projecting a known wrench (once again
measured with the external FTS) on the joints.
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Figure 5. Left arm: comparison between the wrench measured by the FT
sensor and the one predicted with the model, during the “Yoga” demo.
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Figure 6. Enhanced graphs for predicting the four FT sensor measurements,
wWs (¢), when the external wrench acting at the end-effectors (hands and feet)
is known (4), typically null.

A. Validation of the Dynamical Model

To validate the dynamical model, the wrenches w, from the
four six-axes FTS embedded in the limbs are compared with
the analogous quantities w, predicted by the dynamical model,
during unconstrained movements (i.e. null external wrenches).
A rigid-body dynamic model is used to describe the whole
robot. Kinematics and dynamics parameters are retrieved from
the CAD model of the robot.

Sensor measurements wy can be predicted assuming known
wrenches at the limbs extremities (hands or feet) and then
propagating forces up to the sensors. In this case, null wren-
ches are assumed, because of the absence of contact with the
environment. In practice, this operation can be represented
with the EOG in Fig. [6] Table [I] summarizes the statistics of
the errors ws — ws for each limb during a standard, periodic
sequence of movements, during which the robot is supported
by a rigid metallic mainstay, and all the limbs are moving
freely without collision with the robot own body or the
environment.

Table (Il shows the mean and the standard deviation of the
errors between measured and predicted sensor wrench during
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Figure 7. Left arm: comparison between the external wrench estimated
after the FT sensor measurements and the one measured by an external FT
sensor, manually placed on the palm of the left hand. Besides the obvious
measurement noise, the displacement between the estimate and the measure,
evident in some peaks, must be attributed to the fact that the human was
manually pushing the external FT sensor on the palm while the end-effector
was moving, thus the alignment between the axis of the two sensors may have
changed because of human error, and so the position of the frame representing
the external contact.

the movements. Fig. [5] shows a comparison between w, and
W, for the left arm (only one limb out of four is shown without
loss of generality).

B. Estimation of an external wrench

When solving the dynamic EOG, it is possible to retrieve
one external wrench per subgraph. Thus, in the second ex-
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Figure 8. Left arm: comparison between the torques computed exploiting
the FT sensor and the ones obtained by projecting the external FT sensor on
the joints.

periment, we show the effectiveness of our procedure for
computing unknown external wrenches due to contacts. Thus,
we compare the estimation of an external wrench applied at
the end-effector with a direct measure of it, through a free-
standing six-axes FTS which is manually “pushed” on the
terminal link. In particular, a wrench w® is exerted on the
left hand and measured with the external FTS. Its value is
then compared with wE, the estimation of the external wrench
obtained by propagating the embedded FTS measure in the
subgraph until the frame corresponding to the application point
of w¥. A plot of w” and w?¥ is reported in Fig.

C. Estimation of torques

As a counter evidence of the reliability of the method, we
compare the torques 7, determined with (@) with the ones
corresponding to the projection on joints of an external wrench
applied at the end-effector 77 = J]}wE , where Jp € R®*"
is the Jacobian (here referred to the frame of the node
connecting torso, head and arms). During this experiment,
the arm is not moving, while the external force is applied
on the hand. Joint torques measured with the virtual torque
sensors are 7 = 71 + #F_ being 7! the internal joint torque,
i.e. the torque which is due to the intrinsic dynamic of the
system. The external force projected on joints, 7, instead is
not affected by the internal dynamics (e.g. the gravitational
component in this specific static case). Figure [8| shows a
comparison of the variation of torque, due to an external
wrench application. In particular, we show the comparison

between 7F and 7F = 7 - 71,

V. DISCUSSION

1) A convenient solution: The proposed method is parti-
cularly convenient because it can be successfully applied to

existing robots, which are not equipped with Joint Torque
Sensors (JTS), without requiring a significant redesign of
their mechanical structure, at a limited cost (at minimum the
FTS). In iCub, passive solutions were not considered at design
stage [20], therefore active strategies are the only solutions to
achieve force control. Analogously to other humanoid robots,
iCub is not equipped with JTS, and the joint torques cannot
be either estimated by measuring the current absorbed by
motorsﬂ In such cases, the most adopted solution to provide
a force feedback consists in modifying the motor/joint group
in order to insert strain-gauge based torque sensors (e.g. in
[11], for a Stanford manipulator). Unfortunately, providing
pervasively JTS in the existing platform is an expensive
solution, which would require a complete makeover of its
mechanical structure. Indeed, the new mechanical structure
featuring such sensors is currently under design, and so far
only preliminary studies on the arm have been presented
[[14]. With the proposed method, only few sensors are needed
to provide iCub with access to its dynamics, which can be
added on the existing platform while preserving its original
mechanical structure.

2) Virtual JTS: The main advantage of the active regulation
over the passive one is the possibility of regulating forces
within a wider range of values. One disadvantage is the
response delay of the regulator, which typically limits the
bandwidth of the controlled system. Once the i-th wrench
is known, the i-th joint torque 7; can be computed by (@).
Estimated joint torques can be then used in different active
force control strategies, but of course the EOG must be solved
first in order to compute the link wrenches first, and typically
these operations are performed in a remote PC and not directly
on the boards controlling the joints.

3) A better representation: We remark that JTSs alone do
not provide a complete perceptual representation of the forces
arising in consequence of contacts. Indeed, they yield a single
component of the manipulator dynamics and are affected by
structural singularities. This highlights again the benefit of the
EOG approach exploiting 6 axis FTS, which provide a full
representation of the internal dynamics of the system and its
interaction with the environment.

4) On tactile feedback: Thanks to the tactile feedback,
the main feature of the EOG is that it is built (and solved)
dynamically: thus, the robot internal dynamics and the external
wrenches caused by physical interactions can be computed on
the fly, without making any hypotheses about the location of
the contacts. If a tactile feedback is missing, than the EOG
can be typically built a priori, since inertial and FT sensors
are embedded in the mechanical structure of the manipulator
(i.e. fixed). In this case, unknown external wrenches can be
manually set in the structure, depending on the task: e.g.
in hands during manipulation tasks, wrists and knees during
crawling.

“This solution is feasible only when most of the motor torque is transmitted
to the joint (low friction). Therefore, highly efficient transmissions need to
be employed (see for example [10]) which is intrinsically incompatible with
compact solutions such as planetary or harmonic drive gear trains.



5) Open-source library: A software library (iDyn) for
performing these computations has been released with an open
source license [1]], and included in the iCub software.

6) Applications: The effectiveness of the algorithm has
been proved in several experiments with the iCub: in fact,
the computation of the so called “virtual joint torques” by
means of the iDyn library enabled different forms of active
force control, ranging from torque to impedance control, not to
mention the possibility to detect external forces, thus allowing
a compliant interaction with the environment and the humans
cooperating with the robot. Numerous videos of realized ap-
plications can be found at http://www.youtube.com/robotcub.

VI. CONCLUSIONS AND FUTURE WORKS

We presented a method for exploiting measurements from
multiple sensors distributed on an open (multiple branches)
kinematic chain, which provides a complete representation of
the dynamics of a robot.

A graphical representation of the sensory information of
the robot, called EOG, combined with standard dynamics al-
gorithms allows propagating wrench measures and computing
both joints torques and external wrenches due to contacts,
applied at known locations. It was also shown that given N-
FT sensors, a maximum of N + 1 external wrenches can be
estimated. The theoretical framework presented in this paper
can take into account information coming from different sets
of sensors, such as force/torque, inertial, tactile. In the future,
we plan to integrate the numerous additional sensors (inertial
measures from the boards, JTS from the main joints in the
limbs) in order to have a more accurate representation of the
dynamics of the robot, particularly by means of sensor fusion
algorithms. Moreover, having more measurements would no-
tably improve the estimation of the dynamic parameters of the
rigid-body dynamics model of the robot.
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