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ExecuƟve Summary

This deliverable of work package WP3 summarizes the work performed in Task 3.1 on developing and com-
bining in a single control architecture various techniques for robot collision avoidance in highly dynamic en-
vironments and physical collision detecƟon and robot reacƟon to guarantee safety. The two features of colli-
sion avoidance and collision detecƟon/reacƟon complement themselves in allowing human-robot coexistence,
where the robot and the human share closely the same workspace. These features are also the prerequisite
for human-robot physical collaboraƟon (which is the subject of a different Task 3.4), which can be integrated
in this same framework. The results presented in this document use the sensing capabiliƟes and real?Ɵme
processing developed in WP4 and provides a layout of the low-level control capabiliƟes used in WP6. Some of
the results on collision detecƟon have been used also for kinestheƟc teaching within WP5.
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1 IntroducƟon

The proper handling of the different modaliƟes of physical interacƟon between humans and robots is one
of the requirements in service and industrial roboƟcs that the SAPHARI project is addressing. To fulfill this
requirement, human safety must always be guaranteed, both when the human and robot are supposed to
just work side-by-side without contacts or exchange of forces and when they should strictly collaborate in the
execuƟon of complex task. Seƫng the pathway to a safer collaboraƟon will allow merging the adaptability
skills of humans with the precision and high payload capability of robots.

Passive safety was one of the core guidelines of the former FP6 project PHRIENDS (2006-09), mostly de-
voted to the development of lightweight robot structures with (variable) mechanical compliance, and their
low-level control intended to detect collisions and recover performance. In the SAPHARI project, a new physi-
cal Human-Robot CollaboraƟon (pHRC) framework has been developed. This framework is conceived as nested
layers of consistent behaviors that the robot must guarantee and accomplish: Safety, Coexistence, and Collab-
oraƟon (see Fig. 1).

Collaboration 
Coexistence 

Safety 

Figure 1: Stack of nested consistent behaviors for pHRC [4].

Safety is the inherent and most important feature of a robot that has to work close to human beings.
Classical soluƟons for preserving safety in industrial environments, i.e., using cages or stopping the robot in
the presence of humans, are inappropriate for many pHRI tasks. The latest industrial safety standards and the
technical specificaƟon ISO/TS15066 in preparaƟon limit the total instantaneous power of a roboƟc system in
operaƟon and determine a maximum speed of moving robots in human environments. However, they may
sƟll fall short in some desired professional or personal service applicaƟons.

Coexistence is the robot capability of sharing theworkspacewith other enƟƟes, most relevantwith humans
in which case human safety requirements must be consistently guaranteed (i.e., safe coexistence). An example
of coexistence is when a robot and a human operatorwork together on the same object, without ever requiring
mutual contact or coordinaƟon of acƟons.

CollaboraƟon is the robot feature of performing a complex task with direct human interacƟon and coor-
dinaƟon in two different, not mutually exclusive modaliƟes: physical collaboraƟon, where there is an explicit
and intenƟonal contact with exchange of forces, and contact-less collaboraƟon, where coordinated acƟons are
guided by an exchange of informaƟon (such as through gestures or voice commands). We refer to safe physical
collaboraƟon when this acƟvity is consistent with safe coexistence, i.e., when safety and coexistence features
are guaranteed during physical collaboraƟon phases.

When collaboraƟon is not the main concern (for this, see the project work in Task 3.4), the safest possible
soluƟon is to avoid any undesired contact (collision) with humans or environment obstacles. To this end, in
SAPHARI we have explored different soluƟons for real-Ɵme sensor-based collision avoidance, as reported in
Sec. 2. Unfortunately, collision avoidance may fail due to the dynamic limitaƟons of sensors and robot moƟon,
e.g., if the human moves faster than the robot can sense or counteract. In this event, it is sƟll possible to de-
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tect a physical contacts (Sec. 3), more specifically disƟnguishing between intenƟonal contacts and unforeseen
collisions (Sec. 3.2), so as to or react to collisions by immediately removing the robot from the collision area
(Sec. 4).

In this combined treatment of collision avoidance, collision detecƟon, and collision reacƟon:

• mulƟple sensing capabiliƟes and real-Ɵme processing are those developed in Task 4.1;

• sensor-based collision avoidance has used mainly a Kinect sensor connected to KUKA robot controllers
(via the FRI or RSI interface), using the depth informaƟon to realize reacƟve behaviors that anƟcipate
relaƟvely slow human-robot potenƟal collisions;

• for the detecƟon of unescapable/fast collisions, propriocepƟve sensing (encoders, motor currents data
or torque sensors at the robot joints) has been used in the evaluaƟon of residual signals that monitor
the generalised momentum of the robot;

• the reacƟon strategies considered here aremainly those originally developed in [1,9] for the DLR LWR-III
robot, reimplemented in the current roboƟc systems and control architectures;

• further robot reacƟon strategies following a recognized intenƟon of collaboraƟon (see, e.g., [13,14]) are
not included here being part of Task 3.4, but would fit within the same control architecture;

• complete validaƟons have been conducted on different instances of the KUKA LWR roboƟc plaƞorm,
at DLR, IOSB, TUM, UNINA, and UNIROMA1, while few results have been obtained also on a small-size
industrial KUKA KR5 robot with closed control architecture, see [8];

• many results are supported also through videos, which are available on the project website (as well as
on YouTube channels).
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2 Collision Avoidance

Avoiding an undesired collision is indeed the safest approach for human-robot coexistence. Thus, different
approaches have been explored in SAPHARI. All of them have been tested on a KUKA LWR arm with 7-DOF.

2.1 Collision avoidance in the depth space [UNIROMA1]

The main informaƟon needed by any on-line collision avoidance algorithm is the relaƟve distance between
the robot and some obstacle in its workspace, as acquired by exterocepƟve sensors either fixed in the environ-
ment or mounted on the robot. In this respect, without any extra informaƟon about the environment and the
obstacles, also occluded points (points behind a detected obstacle) have to be considered as obstacles (see
Fig. 2).

Figure 2: IllustraƟon of the occluded points that forms the gray area generated by a depth sensor.

The performance of any algorithm will depend also on the fast processing capability of the sensor data.
In [6, 7], we have proposed a new efficient method for esƟmaƟng obstacle-to-robot distances that works di-
rectly in the depth space associated to a depth sensor (e.g., a Kinect monitoring the HRI scene). This method
allows to take into consideraƟon also occluded points and pixel sizes (the so-called frustum associated to a
pixel, as shown in Fig. 3).

Figure 3: Depth space distance evaluaƟon to a point of interest when also the pixel dimension is taken into
account. The two possible cases of obstacle depth larger or smaller than the depth of the point of interest are
shown.

Once the robot-obstacle distances have been evaluated, they are used to modify on-line the current tra-
jectory of the manipulator so as to avoid collision. Many different approaches for obstacle avoidance can be
used [10, 12, 17]. In [6], we have presented a simple but effecƟve collision avoidance algorithm based on a
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modificaƟon of arƟficial potenƟal fields, including also a pivoƟng strategy to escape local minima. An example
of collision avoidance in close human-robot coexistence is shown in Fig. 4. The robot should avoid the human
as well as the other (staƟc) obstacles detected on line in the environment. See [6, 7] for more details.
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Figure 4: Example of collision avoidance using the depth space, with a human operator trying to touch the
robot end-effector. The first and second rows refer to four instants of a typical experiment (t = 0, 1, 2, 3 s).
Snapshots of the experiment are shown in the first row, while the second row illustrates the main quanƟƟes of
interest: end-effector trajectory [red]; distances between control points and nearest obstacles [green]; end-
effector repulsive velocity [blue]. The last row shows the evoluƟon of the components of the end-effector
repulsive velocity [leŌ] and of the minimum distances for a number of control points on the robot surface
[right].

2.2 PredicƟve moƟon planning and control [IOSB]

Based on informaƟon on staƟc obstacles, an iniƟal robot trajectory from the current to the goal posiƟon is
calculated by means of an A*-search algorithm in the configuraƟon space, where a discreƟzaƟon of valid con-
figuraƟons is computed offline and augmented with Ɵme (Fig. 5).

The three-dimensional work space of the robot is divided into cells with a fixed edge length. The Cartesian
space occupied by the robot in a certain configuraƟon is determined by approximaƟng the robot by several
cubes (Fig. 6)

Moving obstacle are detected using a external sensor, and their moƟon is predicted using a Kalman fil-
ter. This predicƟon, together with the robot representaƟon, is used to update the configuraƟon-Ɵme map.
Thus, the robot trajectory is periodically updated to take unforeseen changes into account, similar to a model
predicƟve control approach. Therefore, it is essenƟal that the trajectory is computed in real-Ɵme.

Figure 7 shows a simulaƟon of the collision avoidance obtained with this approach. For further details
please refer to Milestone MS10 [15].
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Figure 5: Discrete configuraƟon-Ɵme space for a 2-DOF robot.
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Figure 6: Modeling of the Cartesian space: ApproximaƟon of the robot by cubes [leŌ] and sub-dividing the
robot workspace into cubic cells [right].

S G
C,D

S G

B C

!

Figure 7: Example of collision avoidance: (A) iniƟal path, (B) predicted collision and updated path, (C ,D)
collision-free robot moƟon.
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2.3 Dynamical systems modulaƟon [TUM]

Another approach to reacƟve collision avoidance is based on the assumpƟon that the robot moƟon is gener-
ated using a first-order, in general Ɵme-variant, Dynamical System (DS):

ṗ = f(p, t), (1)

where p ∈ Rd and ṗ ∈ Rd represent the robot end-effector posiƟon and velocity, respecƟvely. Driving
robots with a DS has several advantages in terms of robustness to external perturbaƟons, such as unexpected
contacts or changes in the goal/iniƟal posiƟon. The DS structure allows, for example, to easily implement a
human-based velocity scaling algorithm for safe HRI [19].

To avoid collisions, a local deformaƟon of the moƟon path is introduced. This deformaƟon is obtained by
modulaƟng the DS with a suitable modulaƟon matrix M(p) by:

ṗ(t) = M(p)f(p, t) . (2)

Matrix M reduces the robot velocity along the normal to the obstacle surface, spliƫng the moƟon on the
tangenƟal direcƟons. This generates an escapingmoƟon that preserves the equilibriumpoint of themodulated
DS [16]. On the obstacle surface, the velocity in the normal direcƟon is zero. Hence, the robot will never
penetrate a convex obstacle [11] and, under certain assumpƟons on the degree of concavity [17], neither a
concave obstacle.

To calculate the modulaƟon matrix in (2), we assume that the normal vector n̂(p̄) to the obstacle surface
is defined for all the points p̄ of the surface. Then, a tangenƟal hyperplane can be defined at each point on
the surface. Let the matrixV (p̄) = [n̂(p̄) v̂1(p̄) · · · v̂d−1(p̄)], be an orthonormal basis of the d-dimensional
space, where [v̂1(p̄) · · · v̂d−1(p̄)] is a base of the tangenƟal hyperplane. Introduce Φ′ = Φ(p̄) − α as the
distance between the robot and the surface of the obstacle, including a posiƟve scalar α as a safety margin,
where p̄ is the point of minimum distance. Define a diagonal matrix E(p̄) = diag {λ1(p̄), . . . , λd(p̄)}, with:

λ1 =


1 − 1

(Φ′ + 1)1/ρ
ṗT p̄ < 0 or m = 1

1 ṗT p̄ ≥ 0 and m = 0

λi = 1 +
1

(Φ′ + 1)1/ρ
i = 2, 3, . . . , d.

(3)

In (3), the posiƟve scalar ρ is the reacƟvity parameter, used to change themagnitude of themodulaƟon, and the
boolean variable m = 0, 1 is used to interrupt the modulaƟon (m = 1) aŌer passing the obstacle (ṗT p̄ < 0).
Finally, the modulaƟon matrix can be calculated as

M(p̄) = V (p̄)E(p̄)V (p̄)−1 . (4)

The described distance-based modulaƟon can be directly applied in the same way, no maƩer how many
obstacles exist in the work space. We simply calculate the distance from the closest object and the normal at
the point of minimum distance. So, the number of objects affect the performance of the algorithm only mildly.

In the case of moving obstacles, the modulaƟon in (2) does not guarantee impenetrability. Indeed, in-
creasing the reacƟvity or the safety margin does not guarantee either to find a collision-free path to the goal
in dynamic environments [18]. Let us consider one moving obstacle (whenmulƟple obstacles exist in the work
space, consider simply the closest or most dangerous one), with translaƟonal and angular velociƟes ṗt and ṗa.
In order to guarantee impenetrability, the modulated system becomes:

ṗ = M(p̄)(f(p, t) − ṗO) + ṗO = M(p̄)f(p, t) + (I − M(p̄))ṗO (5)
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where ṗO = ṗt + ṗa × p̄, I is the d-dimensional idenƟty matrix and M(p̄) is calculated using (4). The
term M(f − ṗO) is a modulaƟon in the obstacle coordinate system, that guarantees the impenetrability in
the current instant. The addiƟonal term ṗO puts the system in the robot coordinate system and guarantees
collisions avoidance in the following Ɵme instant.

The effecƟveness of the proposed approach can be observed in two validaƟon experiments with a KUKA
LWR. In the first experiment the robot has to reach two goal posiƟons, one of which is located at the center
of a box of size 40cm×35cm×20cm. One side of the box is open (Fig. 8(a)). StarƟng from a point outside the
box, the robot is guided to the first goal g1 inside it by the system ṗ(t) = k(g1 − p(t)), k = 2. Then, starƟng
from g1 the robot comes out of the box and reaches the second goal g2 of ṗ(t) = k(g2 − p(t)), k = 2. A
collisions free path is found by modulaƟng this switching linear DS, as represented in Fig. 8(b).

(a) Task execuƟon (b) 3D view

Figure 8: The task of going into and out of a box. Given the point cloud (yellow points) of the box and two goal
posiƟons, the robot is driven into (red line) and out of (blue line) a box, by modulaƟng a switching linear DS.
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Figure 9: The robot has to avoid collisions with the human and return to the iniƟal posiƟon. The norm of the
esƟmated hand velocity comes from 0.45 to 0.6 m/s.

In the second experiment the robot has to keep the end-effector in a fixed posiƟon while the user tries to
hit it. The robot trajectory is generated integraƟng the linear DS ṗ = 3(g −p), where g is the iniƟal reference
posiƟon. The human is tracked at 30Hz using an RBG-D camera and the OpenNI library (www.openni.org). A
Kalman filter is used to reduce the noise on the hand posiƟon esƟmaƟon and to esƟmate the hand velocity. To
implement the filter, we assumed a constant velocity in each Ɵme step. The robot is removed from the sensor
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depthmap using a shader-based filter (github.com/jhu-lcsr-forks/realƟme urdf filter). The robot configuraƟon
at six different Ɵme instants, together with the robot end-effector and the human hand trajectories, are shown
in Fig. 9.

3 Collision DetecƟon

DetecƟon of physical collisions is the innermost feature for a safe control of the robot behavior, since collision
avoidance cannot be always guaranteed in unpredictable dynamic environments. To be useful, real-Ɵme col-
lision detecƟon must be very efficient, in order to allow as soon as possible a fast robot reacƟon. This limits
the use of exterocepƟve sensors, such as cameras, due to their low bandwidth. Moreover, achieving detec-
Ɵon based only on basic propriocepƟve sensors is very appealing in terms of on-board availability (without
workspace restricƟons) and limited costs.

3.1 Residuals

We have used the residual-based method originally proposed in [5] for esƟmaƟng the effect of external forces
arising in a collision during robot moƟon. This method needs an accurate knowledge of the dynamic model
terms, but uses only robot joint posiƟon measurements, as given, e.g., by encoders. For a robot with rigid
links and joints, the motor torque τ applied to the robot is also needed, as commanded by the user, e.g., by
imposing motor currents, and fully independently of its origin (feedforward, feedback, model-based or PID
law, and so on). A powerful result is that the same detecƟon and isolaƟon features are obtained also in the
case of robots wirh flexible joints (of constant or variable sƟffness), by replacing the commandedmotor torque
τ with the joint elasƟc torque τJ , as measured by joint torque sensors [1].

For a rigid robot, based on its generalized momentum

p = M(q)q̇, (6)

we define the residual vector r ∈ Rn as follows:

r(t) = KI

(
p(t) −

∫ t

0

(
τ + CT (q, q̇)q̇ − g(q) + r

)
ds

)
, (7)

with r(0) = 0, a gain matrix KI = diag {KI,1, . . . , KI,n} > 0, Coriolis/centrifugal matrix C (of Christoffel
symbols) and gravity vector g. It is easy to show that each component ri, i = 1, . . . , n, is an independent,
first-order, unity-gain filtered version of the component τext,i of the unknown joint torque τext resulƟng from
a collision that occurs at any place along the robot structure.In the ideal condiƟon of KI → ∞, which means
in pracƟce that the gains should be taken as large as possible, we have

r ≃ τext. (8)

Thus, a physical collision will be detected as soon as some norm ∥r∥ > rthres, being rthres > 0 a suitable
scalar threshold used to prevent false detecƟon due to measurement noise and/or model uncertainƟes acƟng
on r. Note also that when a contact/collision is over, the residual r will return to zero at an exponenƟal rate.

As menƟoned, for a robot with elasƟc joints (as the KUKA LWR arm), a similar residual can be built based
on the so-called link-side dynamics of the robot. The following residual has the same properƟes as (7):

r(t) = KI

(
p(t) −

∫ t

0

(
τJ + CT (q, q̇)q̇ − g(q) + r

)
ds

)
, (9)

More details can be found in [1, 5, 9].
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3.2 DisƟnguishing intenƟonal contacts from unforeseen collisions

According to our framework for pHRC, safety must be guaranteed even when a contact between human and
robot occurs. To establish the pathway toward physical collaboraƟon, the robot has to disƟnguish, aŌer a
detecƟon phase, between an unforeseen (thus, undesired) collision and an intenƟonal physical contact (which
may signalize the human desire to collaborate), and then it should react accordingly. Indeed, also in this case
detecƟon and reacƟon have to be as fast as possible.

In [8], we have proposed a signal-basedmethod that used two filters working in parallel on the robotmotor
currents in order to separate soŌ from hard type of contacts. In that case, we worked on the motor currents
since no knowledge of the robot dynamics was available and there was no possibility of imposing torque or
current commands.

The idea was to apply a High-Pass Filter (HPF) and a Low-Pass Filter (LPF) to the motor currents. In fact, in
most robot tasks the desiredmoƟon is smooth and repeƟƟve in nature and the frequency content of the associ-
ated commands (in feedback of feedforward mode) is limited and predictable in advance. On the other hand,
noise as well as the effect of hard (and thus unintenƟonal) collisions typically appear in the high-frequency
range of closed-loop control signals. A LPF cleans the signals from high-frequency noise, and possibly from
the effect of hard collisions, while retaining the command frequencies needed for execuƟng the moƟon task
in a limited bandwidth. On the other hand, soŌ contacts between the robot and a human (intended for col-
laboraƟon) may be sƟll recognized in the filtered signal. A HPF removes components that are slowly varying in
Ɵme, down to constant offsets. The filtered signal will sƟll be very noisy, but is mostly sensiƟve to the effect of
hard impacts (i.e., undesired/unexpected collisions). Therefore, by applying simultaneously a HPF and a LPF it
should be possible in principle to disƟnguish between an intenƟonal contact and an unforeseen collision. This
guess was confirmed by the detailed results presented in [8].
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Figure 10: By using signal processing by HPF and LPF, unforeseen collisions can be disƟnguished from inten-
Ɵonal contacts.

The same concept of double filtering could be extended also to the residual signal, as generated by (7) or (9
and sketched in Fig. 10. This signal contains in fact much more structured (and model-based) informaƟon with
respect to the motor currents and is well suited to separate behaviors based on frequency contents, especially
in posiƟon-controlled robots like the KUKA LWR. However, we found out that the most reliable results with a
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residual-based approach were obtained by exploiƟng the (low-pass) filtering acƟon of the residual itself. This
is described in the following (yet unpublished results).

From (7), the dynamics of r is, component-wise in the Laplace domain,

Wj(s) =
rj(s)

τext,j(s)
=

KI,j

s + KI,j
=

1
1 + sλj

, j = 1, . . . , n, (10)

which represent n decoupled low-pass transfer funcƟons with unitary gains. The filter constants λj = 1/KI,j

corresponds to a cut-off frequencies fcut,j = 1/2πλj = KI,j/2π. Therefore, the bandwidth of the j − th
filter is proporƟonal to the corresponding value ofKI,j in the gain matrixKI : the larger is the gain, the easier
is to recognize fast contacts, such as undesired collisions.

To disƟnguish in efficient way the nature of the contact, we have considered two residual vectors rL and
rH working in parallel and having different bandwidths, as obtained from two different diagonal gain matrices
KL and KH respecƟvely, with KH,j > KL,j , for j = 1, . . . , n. SoŌ contacts will excite in the same way both
residuals rL and rH . On the other hand, hard and fast contacts will be excite rH more than rL. For sake of
simplicity, consider a generic joint j and the associated residual components rL,j and rH,j . Their frequency
responses WL,j(f) and WH,j(f) are shown in Figure 11. DenoƟng by fcont the generic frequency content in
a human-robot contact, if fcont belongs to both residuals bandwidths, i.e., fcont ≤ fcut,L,j(< fcut,H,j), the
contact will be considered as intenƟonal (green area in Fig. 11). Otherwise, if fcut,L,j < fcont ≤ fcut,H,j , the
contact will be considered as an undesired collision (red area in Fig. 11). Finally, if fcont > fcut,H,j the contact
will not be perceived, at least instantaneously, by the robot.

Figure 11: Frequency responses of rL and rH and classificaƟon of contact types.

At this stage, in order to uniquely discriminate the two type of contacts, we define a signal σ(t) that indi-
cates the presence or not of an undesired collision. It is computed as

σ(t) =

{
1 if ∃ j ∈ {1, . . . , n} :

∣∣∣ r̄H,j(t)
rL,j(t)

∣∣∣ ≥ σth,j

0 else,
(11)

where

r̄H,j(t) =

{
rH,j(t) if |rH,j(t)| ≥ rth,j

0 else.

Since at the cut-off frequency fcut,L,j we have an aƩenuaƟon of 3dB, to be consistent with Fig. 11, we have
chosen as threshold for classificaƟon a value σth,j ≥ 10−3/20 ≃ 1.41. Moreover, since a residual with higher
cut-off frequency is more sensiƟve to torque measurement noise, a threshold rth,j > 0 has been introduced
to prevent false collision detecƟons during robot moƟon.
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Figure 12: Experiment for disƟnguishing the nature of contacts. The components of rL and r̄H associated
to the first robot joint and their threshold rth,1 = 16 Nm are shown at the top, while signal σ(t) evaluated
from eq. (11) is shown at the boƩom. Undesired collisions are correctly detected at t = 1.6 s, t = 22.5 s and
t = 28.3 s.

This method has been tested on the KUKA LWR (type 4+) and the best performance was obtained using
the following parameters: kL = 5, kH = 60, σth,j = 1.8 and rth,j = 16 (for all j). The robot is performing
an hexagonal trajectory with its end-effector when a human enters accidentally in the workspace, without
any intenƟon to collaborate (see the situaƟon depicted at the boƩom-right of Fig. 10). Figure 12 shows the
components of residual vectors rL and r̄H associated to the first joint and the signal σ(t). When the robot
hits the human, an undesired collision is detected (at the three instants t = 1.6 s, t = 22.5 s and t = 28.3 s)
and the reflex reacƟon strategy is used to drive away the robot from the human and to then to stop it. AŌer
a few seconds in which the robot remains at rest, the task is resumed. Note that, when the human wants to
collaborate with the robot and touches it soŌly (as in the situaƟon depicted at the top-right of Fig. 10) σ(t)
remains at zero as it should be in case for soŌ contacts. This happens for the contact events starƟng around
t = 13.6 s and t = 37.1 s in Fig. 12.

4 Collision ReacƟon

Once an undesired physical collision has been detected the robot switches as fast as possible from the control
law associated to normal task execuƟon to a reacƟon control law. A series of alternaƟve reacƟon strategies
have been considered and implemented, see Fig. 13, mostly based on the value of the residual r and on the
use of different thresholds.

Beside stopping the robot, the basic reflex reacƟon once the collision has been detected is to apply a
reacƟon torque, including gravity compensaƟon, of the form

τR = KR r + g(q), KR > 0 (typically, diagonal) (12)

for the rigid robot case. For the KUKA LWR, because of its joint elasƟcity, the reacƟon command is modified as

τR = KR r + ḡ(θ), (13)

where ḡ is a quasi-staƟc approximaƟon of the required gravity compensaƟon which uses only motor measure-
ments θ and guarantees passivity (see [2]). This torque is then fed via the FRI as a user commanded torque (in
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impedance mode), that will be realized by the low-level KUKA controller using joint torque sensing. The result
is that the robot flies away from the collision area (disregarding the original task).

Not all of the reacƟon strategies abandon completely the original task execuƟon. For instance, a Ɵme
scaling of the original joint or Cartesian trajectory can be realized [9] for mild collisions, so that the robot
stops or moves back along the previous path and recovers forward moƟon as soon as the collision is over. So,
the trajectory is scaled in Ɵme but the originally planned path is never leŌ by the robot, unless a very criƟcal
collision is detected. In [3], the redundancy of the robot with respect to the original task (e.g., the end-effector
tracking a desired trajectory) is exploited by accommodaƟng the robot reacƟon command in a suitable dynamic
null space. As a result, the Cartesian task execuƟon is preserved in full or parƟally, provided that the residual
signal r does not reach a higher safety threshold. Otherwise, the persistent contact may lead to a potenƟal
human injury, and then the task is eventually abandoned. More details can be found in [1, 3, 4, 9].

Finally, we remark that a variety of reacƟon strategies is being developed within SAPHARI in response to
the human intenƟon to collaborate with the robot, as recognized through intenƟonal physical contact, hapƟc
touch, voice, or gestures. These are not included in the present document.

Figure 13: Porƞolio of robot reacƟon strategies (excluding those intended for collaboraƟon)
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