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Extensions to Dynamically-Consistent Collision Reaction Control for
Collaborative Robots

Marie Harder1, Maged Iskandar1, Jinoh Lee1,2 and Alexander Dietrich1

Abstract— Since modern robots are supposed to work closely
together with humans, physical human-robot interaction is
gaining importance. One crucial aspect for safe collaboration
is a robust collision reaction strategy that is triggered after
an unintentional physical contact. In this work, we propose a
dynamically-consistent collision reaction controller, where the
reactive motion is performed in one particular desired direction
in Cartesian space, without disturbing the remaining ones. This
results in more intuitive and more predictable behavior of the
end-effector. In addition, the proposed reaction control law is
independent of contact and internal observer dynamics used
for collision detection. The theoretical claims are validated in
simulation and experiments. The proposed reaction controller
is experimentally compared with a conventional approach for
collision reaction. All experiments have been conducted on a
torque controlled KUKA LWR IV+ lightweight robot.

I. INTRODUCTION

As today’s robots are supposed to work closely with
humans, safe physical human-robot interaction (pHRI) has
become an important field of research. Undesired collisions
between the robot and humans should be prevented and
unavoidable physical contacts should be handled in a safe
and predictable way. An extensive overview of the different
phases of robot collision handling is given in [1]. In the
pre-collision phase the aim is to completely avoid undesired
physical contacts. Therefore one can either define forbidden
areas in the workspace of the robot [2] or use information
from external sensors such as on-board vision [3] or prox-
imity sensors [4].

During the impact phase, the use of lightweight robots
[5], compliant joints [6], or protective soft covering [7], [8]
can help to reduce the impact force by design. A protective
soft skin as presented in [8] can not only be used as
passive padding. If it is additionally equipped with sensors, it
can provide valuable information for collision detection and
localization. There are many other techniques for collision
detection that only rely on proprioceptive sensor information
and are therefore very attractive [9], [7]. A popular method
is the momentum-based observer for collision detection [16]
and its various extensions such as [11]. It has the advantage
that no joint acceleration or inversion of the inertia matrix is
needed.
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Fig. 1. The torque controlled KUKA LWR IV+ robot with 7 DoF is used
for experimental evaluation of the collision reaction strategies.

After a collision has been detected, a collision reaction
strategy should be triggered, in order to reduce the impact
of the collision and thus prevent the human operator and
the robot from being harmed. The most trivial strategy is
to stop the robot immediately after detecting the collision
either by engaging the brakes or by switching to a high-gain
position controller with the desired link position being the
one at the moment of collision detection [12], [13], [14].
Stopping the robot can lead to situations, where parts of the
body of the human operator are clamped. For safer human-
robot interaction, the preferred alternative is to switch to
zero-gravity control mode after the collision occurred [15].
That enables the operator to freely move the manipulator
away from the critical configuration and push it away from
the point of collision. Numerous methods for collision de-
tection provide additional information on the collision to
be exploited in the reaction control [11], [16]. For example
the momentum-based observer [10] yields a residual whose
directional information can be used in order to bounce
back from the collision along the same resulting direction
[16]. This approach is well-established as reflex strategy and
widely deployed in real world applications [17], [18].

In all of the collision reaction strategies mentioned so far,
the current motion path is aborted. In contrast to that, in
[19] the desired motion path is preserved, even if a collision
occurred. Through scaling of the trajectory in time, it is
possible to step back and forth along the desired motion path



[19]. If a collision is detected, the robot moves back along
the trajectory. Thus, a compliant behavior is achieved, while
the original motion path is preserved. Another approach that
preserves the original task as best as possible was proposed
in [18] and makes use of kinematic redundancy. Unlike most
of the reaction controllers, which are operating on joint-level,
[18] exploits the task-space. The main objective is to follow
a Cartesian reference trajectory of the end-effector with a
robot that is kinematically redundant with respect to the main
task. Using a dynamically consistent null space projector,
the reflex torque [19] is included in the null space of the
original task in order to not affect task execution [18]. If that
is not sufficient and the impact force still exceeds a defined
threshold, the original task can be partially relaxed [18].

Inspired by the exploitation of kinematic redundancy
during collision reaction [18], we propose an alternative
method of dynamically-consistent collision reaction control.
To comply with the solution of nature, the “acceleration
energy” [20] should be minimized. That optimization leads
to an interpretation of the dynamically-consistent null space
projector [21]. In contrast to [18], in this paper the collision
reaction control is not projected onto the null space of a
main task, but onto the null space of directions, in which
no accelerations should occur. The contribution of the paper
is the development of a collision reaction controller that
results in a reactive motion in only one particular direction.
This makes the behavior of the end-effector more predictable
and can be useful in applications, where the manipulator
operates in proximity to delicate surfaces, that should not be
damaged. Furthermore the proposed strategy is not dependent
on observer dynamics. The theoretical findings are evaluated
in simulation and in experiments on a torque controlled
KUKA LWR IV+ lightweight robot.

After some preliminaries in Sec. II, the derivation of
the dynamically-consistent collision reaction control is in-
troduced in Sec. III. Results from simulation are shown in
Sec. IV. Sec. V presents the experiments and a conclusion
is drawn in Sec. VI.

II. PRELIMINARIES

The rigid-body dynamics of a manipulator with n degrees
of freedom (DoF) can be written as

M(q)q̈ +C(q, q̇)q̇ + g(q) = τ + τ ext (1)

with q, q̇, q̈ ∈ Rn being the link-side positions, velocities,
and accelerations, respectively. The symmetric and positive
definite inertia matrix is denoted by M(q) ∈ Rn×n, and the
generalized gravity forces are represented by g(q) ∈ Rn. The
Coriolis and centrifugal matrix C(q, q̇) ∈ Rn×n is formu-
lated such that Ṁ(q, q̇) = C(q, q̇) +C(q, q̇)T holds [22].
The quantities τ , τ ext ∈ Rn describe the control inputs and
generalized external forces, respectively.

The generalized external forces τ ext can be estimated
using a momentum-based observer [16]. Using the general-
ized momentum p = M(q)q̇ as monitoring signal, a residual

vector r [16] can be defined as

r(t) = Ko

(
p(t)−

∫ t

0

(τ − n(q, q̇) + r)dt− p(0)

)
(2)

The diagonal matrix of observer gains is denoted by
Ko > 0. For a more compact presentation, the term
n(q, q̇) = g(q)−C(q, q̇)T q̇ is introduced. From the dy-
namics of the residual results r ≈ τ ext for the limit case
Ko →∞ [16]. One can specify a limit τ limit ∈ Rn for the
joint torques, with rlimit,j (j = 1, ..., n) being the components
of τ limit. If the condition |rj | > rlimit,j with j = 1, ..., n is
satisfied, a collision will be detected.

III. DYNAMICALLY-CONSISTENT COLLISION REACTION
CONTROL

In this paper, a dynamically-consistent collision reaction
controller is proposed, where the reactive motion of the end-
effector of the robot after a collision is performed in one
particular direction in Cartesian space. It is assumed that
this direction is known. In practice it can be obtained from
a vision system or tactile sensors.

The basic idea of the proposed collision reaction strategy
is to minimize, what was introduced in [20] as “acceleration
energy” which is the solution of nature that complies with the
Gauss- and D’Alembert principles [21]. This quantity is to be
minimized under the constraint that there is no acceleration
in all directions that are not the specified direction for
the reactive motion. That can be formulated as quadratic
optimization

min
τ

1

2
τ̃TM(q)−1τ̃

JR(q)M(q)−1τ = 0,
(3)

with τ̃ = τ − τ 0. The Jacobian J(q) ∈ R6×n of the end-
effector of the robot is separated into Jc(q) ∈ R1×n,
which describes the direction of the desired reactive mo-
tion and JR(q) ∈ R5×n being the remaining rows of
J(q). The torque τ 0 is defined as τ 0 = Jc(q)TFdes with
Fdes = Ωcades. Herein ades denotes the desired acceleration
that pushes away from the collision. The respective collision
inertia is described by Ωc:

Ωc = (Jc(q)M(q)−1Jc(q)T )−1. (4)

The desired acceleration ades together with the collision
inertia Ωc leads to the force Fdes pushing away from the
collision. In case the desired direction for the reactive motion
does not align with one Cartesian direction of the end-
effector, one can use a transformation to change the frame
of reference of the Jacobian J(q).
To solve the optimization problem (3), one can use the stan-
dard method of Lagrange multipliers [23]. The corresponding
Lagrangian function is

L(τ ,λ) =
1

2
τ̃TM(q)−1τ̃ +

[
JR(q)M(q)−1τ

]T
λ (5)

with λ ∈ R5 being the Lagrange multiplier. Solving that,
yields

τ = Ndyn(q)Jc(q)TΩcades (6)



with

Ndyn(q) = I − JR(q)TΩRJR(q)M(q)−1 (7)

ΩR = (JR(q)M(q)−1JR(q)T )−1. (8)

With that reaction control law (6) one can apply a desired
acceleration ades away from the collision, which together
with Ωc defines the respective force Fdes in the direction
of the reactive motion. With Jc(q)T this Cartesian force is
mapped back to joint space and the dynamically-consistent
null space projector Ndyn(q) [21] projects the joint torques
onto the null space of JR(q). Meaning that the generated
torques will lead to zero accelerations in the undesired
directions.

To avoid unlimited reactive motion after a collision, one
possible approach is to design the scalar desired acceleration
ades in such a way that it has its maximum value at the
beginning (ades,0) and then goes to zero after the end-effector
moved away a defined distance. Since it is desirable to have
the strongest reaction at the beginning, it is reasonable to
have the maximum value of ades at the beginning and even
scale it to the maximum torques of the individual axes.

IV. VALIDATION IN SIMULATION

For the validation of the theoretical claims
made in Sec. III, we simulate a 7-DoF robotic
manipulator in MATLAB Simulink. The initial
configuration of the end-effector of the robot is
q0 =

[
−0.44, 0.9, 0.68,−1.1, 0.2,−0.4, 1.6

]T
rad, where

the robot is at rest. A PD+ joint controller [24] holds the
robot at q0 until the collision reaction strategy is triggered
automatically at a fixed time t = 0.1 s. The direction
specified for the reactive motion is the Cartesian x-direction
at the end-effector (see Fig. 1).

In simulation the proposed reaction control (6) is com-
pared with one omitting the projection:

τ compare = Jc(q)TΩcades. (9)

Except for the pre-multiplication by the dynamically-
consistent null space projector in (6), both are equivalent.

To provide the conditions for a fair comparison, the initial
desired acceleration ẍdes,0 in both methods are chosen such
that the peak acceleration in the reaction direction is similar.
This can be seen in the upper plot of Fig. 2. At time t = 0.1 s,
when the collision reaction strategy is activated, the peak
accelerations for both strategies match.

The upper three plots of Fig. 2 show the acceleration
of the end-effector in x-,y-,z-directions and the three plots
below the angular acceleration in terms of the Euler angles
φ̈x, φ̈y and φ̈z . Following the theory from Sec. III one
would only expect an acceleration in x-direction for the
proposed reaction control with null space projector (6). The
accelerations in the remaining directions should be zero. This
is also illustrated in Fig. 2, showing the results from the
simulation. With the proposed reaction controller (6) there
is only a sudden change in acceleration in the desired x-
direction and only small drift in the other directions (dashed
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Fig. 2. Acceleration of the end-effector in x-,y-,z-directions (upper three
plots) and angular acceleration in terms of the Euler angles φ̈x, φ̈y , φ̈z
(lower three plots) with the proposed strategy with dynamically-consistent
null space projector (6) (dashed) and the method without projection (9)
(solid) in simulation.

line in Fig. 2). In contrast to that we see accelerations in all
six Cartesian directions with the approach without null space
projector (9) (solid line in Fig. 2).

How the position of the end-effector of the robot evolves
under the two different collision reaction strategies can be
observed in Fig. 3. During the time period shown in Fig. 3 the
end-effector moves almost 0.2 m in the desired x-direction.
With the proposed control law (6) the motion in y- and
z-directions is only about 2 mm and 4 mm, respectively
(dashed line in Fig. 3). This slight deviation in position
is mainly due to small numerical drift in the acceleration
signal and the fact that it is integrated twice through the
robot dynamics. With the strategy without projection (9) the
deviation is about 28 mm in y-direction and 60 mm in z
(solid line in Fig. 3).

The results from the simulation show that with the pro-
posed controller (6) we can limit the reactive motion to
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Fig. 3. Position of the end-effector in x-,y-,z-directions with the proposed
strategy with dynamically-consistent null space projector (6) (dashed) and
the method without projection (9) (solid) in simulation.
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Fig. 4. Experiment 1: Acceleration of the end-effector in x-,y-,z-directions
with the proposed strategy with dynamically-consistent null space projector
(6) (dashed) and the method without projection (9) (solid)

one particular direction in Cartesian space. The theoretical
claims made in Sec. III hold in simulation. In the following,
experiments are made on real hardware for which, in contrast
to the simulation, there is no perfect model available.

V. EXPERIMENTAL EVALUATION

The experiments are conducted on a KUKA
LWR IV+ robot with seven DoF as shown in
Fig. 1. The robot starts at the initial configuration
q0 =

[
−0.2, 0.9,−0.21,−1.1, 0.20, 1.14, 0

]T
rad . For all

experiments on the hardware z is the direction of the desired
reactive motion (Fig. 1).

In the first experiment the robot is initially at rest until the
collision reaction strategy is manually triggered. We scale the
desired acceleration profile such that the peak-accelerations
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Fig. 5. Experiment 1: Position of the end-effector in x-,y-,z-directions
with the proposed strategy with dynamically-consistent null space projector
(6) (dashed) and the method without projection (9) (solid)

z̈max of both reaction strategies are similar (see Fig. 4). That
results in an initial desired acceleration z̈des,0 = 30 m/s2

for the proposed strategy (6) and z̈des,0 = 25.8 m/s2 for the
method without projection (9). Looking at the accelerations
in x- and y-directions (Fig. 4) the difference between the
two reaction strategies is not as visible as in simulation
(Sec. IV, Fig. 2). Although with the proposed control (6)
we aimed at only accelerating in one predefined direction,
the experiments on the real hardware show that the end-
effector is also accelerated in the other directions. This can
be due to errors in the inertial model or unmodeled friction.
The effect of friction could be reduced by using model-
based friction compensation techniques [25], [26] and/or
motor disturbance observers [27]. Noticeably, even the small
amplitude oscillations in the acceleration signal during mo-
tion are dynamically coupled in the reaction control without
projection (9) (solid line in Fig. 4).

The visualization of the position of the end-effector in
x-, y- and z-directions, shown in Fig. 5, reflects the same
behavior. While the end-effector moves about 0.25 m in the
desired z-direction, the deviation in x-direction is 0.07 m
and 0.095 m and in y-direction 0.005 m and 0.011 m for the
proposed strategy (6) and the method without dynamically-
consistent null space projector (9), respectively. One can still
see a smaller deviation in the remaining directions, when
using the projection, but the difference is not as significant
as in the simulation (Sec. IV).

In the second experiment the proposed collision reaction
controller is compared to a well-known reaction strategy,
called the reflex strategy [16]:

τ reflex = Kreflexr. (10)

The vector r ∈ Rn (2) describes the residual from the
momentum-based observer used for collision detection [16].
The gain matrix Kreflex ∈ Rn×n is diagonal and positive
definite with Kreflex,i denoting the i-th diagonal element.
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Fig. 6. Experiment 2: Position of the end-effector in x-,y-,z-directions
with the reflex strategy (10) [16] (dotted) and the proposed controller (6)
(dashed)
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Fig. 7. Experiment 2: Acceleration of the end-effector in x-,y-,z-directions
with the reflex strategy (10) [16] (dotted) and the proposed controller (6)
(dashed)

In this experiment the manipulator is not at rest at the
moment of collision. It moves in z-direction and collides
with a paper box (Fig. 1). We deploy the momentum-based
observer from [16] to estimate the external torques. If the
estimated external torque in one joint exceeds the defined
limit τ limit =

[
9, 9, 4, 4, 1.5, 1.5, 1.5

]T
Nm, a collision is de-

tected and the control law is switched from a Cartesian
impedance controller [28] to either (10) or (6). We tuned
the controller gains such that a comparable motion in z-
direction (see bottom plot of Fig. 6) after activation of the
reaction controller is achieved. We used Kreflex,i = 4 for all
i = 1...n for the reflex strategy (10) and z̈des,0 = 5 m/s2

for the proposed reaction controller (6). Fig. 6 shows that
the reflex motion (dotted line) stops abruptly at t = 1.8 s.
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Fig. 8. Experiment 3: Acceleration of the end-effector in x-,y-,z-directions
with the proposed strategy with dynamically-consistent null space projector
(6) (dashed) and the method without projection (9) (solid) with initial
velocity

This is due to pressing the emergency stop, because the
system became marginally unstable. This is also illustrated
by the oscillations that can be observed in the associated
accelerations in x-, y- and z-directions (Fig. 7). Increasing
the gains of the reflex controller (10) to Kreflex,i = 5 for all
i = 1...n reinforces this effect and led to instability.

With the oscillations that occurred with the reflex con-
troller (10) it is hard to assess the accelerations for both
reaction strategies shown in Fig. 7. The accelerations of
the reflex strategy (10) appear much higher, but this high-
frequency oscillation in the acceleration signal is only due
to the stability margin and cannot be seen in the positions
shown in Fig. 6. The deviation of the position in x-direction
is comparable in both strategies ((10) and (6)).

The advantages of the theory (6) as seen in Sec. IV are
not as clear in the experiments. One recognizes couplings
(Fig. 6), which could be reduced by a higher quality of the
model. One advantage of the proposed strategy (6) over the
reflex strategy (10) is that no problems with marginally stable
behavior have been present. In our experimental setup we
could not increase the controller gain of the reflex strategy
(10) any further due to stability problems. The maximum
speed with which we moved away from the collision in
the second experiment was żmax = 0.1 m/s. In that regard
the proposed reaction control (6) is more robust. This can
be due to the fact that the estimated external torque from
the observer is not used in the proposed reaction control
(6). Since the reflex strategy (10) is directly using the
residual r from the momentum-based observer [16], it is
more dependent on its dynamics.

The feasible gain for the reflex strategy (10) that we
could achieve with our experimental setup, results in rather
slow reactive motions. Since the advantage of dynamical
decoupling comes into play at faster motions, we conducted
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Fig. 9. Experiment 3: Position of the end-effector in x-,y-,z-directions with
the proposed strategy with dynamically-consistent null space projector (6)
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a third experiment, comparing the proposed strategy (6) and
the method without projection (9) in a more dynamic setting.
Due to the limitations of the reflex control (10) that we saw
in the previous experiment for the given parameters in our
experimental setup, a comparison with the reflex strategy
(10) is not included at this point.

In the third experiment the end-effector is moving more
dynamically in x- and z-directions until it collides. The
collision is detected using the momentum-based observer
[16]. With z̈des,0 = 30 m/s2 for the proposed strategy (6)
and z̈des,0 = 23 m/s2 for the method without projection (9),
we could achieve a maximum acceleration in the desired
z-direction of comparable magnitude (see bottom plot of
Fig. 8).
The resulting acceleration of the end-effector in x-,y- and
z-directions with the proposed strategy with dynamically-
consistent null space projector (6) and the method without
projection (9) are presented in Fig. 8. One cannot see a
significant difference in the accelerations from (6) and (9).
The respective position of the end-effector (Fig. 9) shows
similar results as in the first experiment (Fig. 5). The end-
effector moves about 0.2 m in the desired z-direction after
the collision occurred (see bottom plot of Fig. 9). With
the proposed strategy (6) the motion in x- and y-direction
is about 0.06 m and 0.004 m, respectively (dashed line in
Fig. 9). With the strategy without projection (9) the deviation
is about 0.1 m in x-direction and 0.007 m in y (solid line in
Fig. 9).

VI. CONCLUSION

In this work a dynamically-consistent collision reaction
control for collaborative robots was presented. It is designed
such that the reactive motion is performed in one particular
desired direction in task-space (e.g. always away from a
human operator). This results in a more predictable behavior

for the end-effector motion. Dynamical simulations confirm
the theoretical claims and show that the robot is accelerating
in the desired direction without disturbing the other ones. The
experimental evaluation on a torque controlled KUKA LWR
IV+ robot shows the effect of the null space projector. The
proposed approach shows a better performance with respect
to conventional methods for realizing a single direction
reaction motion. However, due to modelling uncertainties
and unmodeled friction the full dynamical decoupling could
not be achieved to a similar extent as in simulation. The
fact that the control law of the proposed reaction strategy
is independent of observer dynamics can be important in
practice (e.g. in terms of robustness). An in-depth analysis
of the robustness properties of the proposed collision reaction
control is part of future work.
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