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Quadratic Programming-Based Reference Spreading
Control for Dual-Arm Robotic Manipulation With
Planned Simultaneous Impacts
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, Gijs van den Brandt

Abstract—With the aim of further enabling the exploitation of
intentional impacts in robotic manipulation, a control framework is
presented that directly tackles the challenges posed by tracking con-
trol of robotic manipulators that are tasked to perform nominally
simultaneous impacts. This framework is an extension of the refer-
ence spreading (RS) control framework, in which overlapping ante-
and post-impact references that are consistent with impact dynam-
ics are defined. In this work, such a reference is constructed starting
from a teleoperation-based approach. By using the corresponding
ante- and post-impact control modes in the scope of a quadratic
programming control approach, peaking of the velocity error and
control inputs due to impacts is avoided while maintaining high
tracking performance. With the inclusion of a novel interim mode,
we aim to also avoid input peaks and steps when uncertainty in
the environment causes a series of unplanned single impacts to
occur rather than the planned simultaneous impact. This work in
particular presents for the first time an experimental evaluation of
RS control on a robotic setup, showcasing its robustness against
uncertainty in the environment compared to three baseline control
approaches.

Index Terms—Control, robot control, manipulators, robot
learning.

1. INTRODUCTION

E AS humans are naturally skilled in exploiting impacts
W to perform or speed up the execution of contact tasks.
Examples of this include activities like running or kicking a
ball, or more everyday tasks like opening a door or grabbing
objects. While straightforward for us, exploitation of impacts is
challenging to translate to the world of robotics. State-of-the-art
robot control approaches such as [1] enforce almost-zero relative
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Fig. 1. Depiction of the dual-arm robotic setup used for experimental valida-
tion of the presented control approach.

velocity between the end effector and the object or environment
when establishing contact, avoiding impacts altogether. While
establishing contact at zero speed is viable and sometimes neces-
sary, there are various applications where exploiting impacts in
a human-like way can be beneficial. The exploitation of impacts
has been and is still an active area of research in robot locomo-
tion [2], [3], [4], while it is now starting to be explored also in
robot manipulation with objects of non-negligible weight [5],
[6].

One particular example of an industrial use case that would
benefit from exploitation of impacts concerns swift pick-and-
place operations using robotic dual-arm manipulation [7], [8]
in logistic scenarios, such as palletization or depalletization.
Utilization of impacts in dual-arm manipulation in a human-like
way can decrease cycle times in such operations. However,
several challenges arise when dealing with robotic impact-aware
manipulation.

A. Challenges in Impact-Aware Manipulation

While the field of impact-aware manipulation holds too many
challenges to all address in this work, some key challenges that
are relevant to this endeavor are presented here.

1) Hardware Limit Violation: First of all, hardware damage
as a result of excessive external forces needs to be avoided. This
can be done by using suitable hardware solutions, for example,
series elastic actuators [9], variable impedance actuators [10],
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series viscoelastic actuators [11], compliant end effectors [7],
or an overload clutch in the drivetrain [12]. Other approaches
focus on control-based solutions, limiting ante-impact velocities
to avoid such violation of hardware limits [13].

2) Impact-Consistent Reference Generation: Another chal-
lenge is related to motion planning, as tracking control ap-
proaches require references that are consistent with the impact
dynamics to avoid steps in the velocity tracking error. These
steps can result from impact-induced jumps in the joint veloc-
ities, and can translate to undesired steps in the actuator input
torques, potentially damaging or destabilizing the system, and
increasing energy consumption. One way to formulate such
impact-consistent references is by using an analytical impact
map [14] to generate matching ante- and post-impact refer-
ences [15]. However, this impact map formulation does not
translate easily to complex impact scenarios of one or multiple
nDOF robots, such as the scenario considered in this work.
Alternatively, one could consider approaches based on realistic
simulations, which do require appropriate software. Another
possibility, which will be considered in this work, is the use
of demonstrations on real hardware [16] to generate motions
containing impacts and extract suitable references.

3) Error Peaking: The main challenge addressed in this work
is the avoidance of so-called error peaking. Under traditional
tracking control, impact-induced jumps in the joint velocities
will cause the velocity tracking error to peak around the impact
time as a result of an inevitable mismatch between the actual
impact time and the nominal impact time [17], [18], [19].
This peak in the tracking error can result in similar peaks in
the input torques, potentially inducing additional vibrations, or
damage/destabilize the system and increase energy consump-
tion as described for impact-induced input steps. An additional
challenge arises when several impacts are planned to be exe-
cuted simultaneously [20] as is the case for humanoid jumping,
manipulation tasks with impacts between significantly large
surfaces, or dual-arm manipulation. Inevitable differences in the
impact timing between different bodies, or misalignment of the
impacting surface(s) of the robot and the object leads to multiple
separate impacts to take place. This results in uncertainty in
the contact states during this impact sequence, complicating
tracking control when compared with a single impact scenario.
The goal of this article is hence to enable tracking control in
mechanical systems that experience nominally simultaneous
impacts at multiple contact points.

B. Related Work on Impact-Aware Tracking Control

Several works have been devoted to tackle the issues related to
error peaking that arise when dealing with single or simultaneous
impacts in the context of tracking control. This includes [17],
which resolves the problems with error peaking by redefining the
tracking error using a distance function that takes the predicted
velocity jumps into account, such that possible discrepancies
between the predicted and actual impact times do not affect
the tracking error. Alternatively, Yang and Posa [21] removes
peaks in the velocity error by projecting the control objectives
onto a subspace that is invariant to the impact event, essentially
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removing velocity feedback around the impact event for all
control objectives affected by the impact, while retaining full
control over all other control objectives. In [22], a so-called
transition phase is introduced to apply tracking control dur-
ing contact transitions, which is proven to result in a stable
closed-loop system. A heuristic approach to deal with contact
transitions is proposed in [23], which blends the gains from an
anteimpact linearquadratic regulator (LQR) controller to those
of a post-impact LQR controller as soon as an impact is detected,
in order to remove discontinuities in the joint torques.

Another framework that was designed to tackle the issues
related to error peaking, which will be extended in this work, is
the framework of reference spreading (RS). RS was introduced
in [24] and has been further developed in [25] and [26] for
single impact events, with [27] providing a formal proof of local
exponential stability for motions with isolated single impacts.
This framework enables tracking control of mechanical systems
through a hybrid control approach with an ante- and post-impact
reference that overlaps about the nominal impact time. Switch-
ing from the ante- to the post-impact control mode is done based
on detection of the impact, instead of being tied to the nominal
impact time, to remove the peak in the velocity error.

While RS control was initially defined for single impact
events, an approach to deal with nominally simultaneous impacts
has been introduced in [20]. Uncertainty in the environment
could cause a sequence of impacts rather than the planned
nominally simultaneous impact, resulting in unexpected velocity
jumps and a contact state that neither corresponds to the ante-
impact nor the post-impact state. To avoid peaks and steps in the
actuator inputs that would occur when naively applying velocity
feedback, an additional interim-impact mode was defined. This
interim mode is active in the time frame when contact be-
tween two impacting bodies has only been partially established,
and uses a feedforward signal based on the ante-impact mode
without any position or velocity feedback to be independent
from any jumps in velocity. In [15], an extension to the RS
framework was proposed by defining a novel interim mode,
which also uses position feedback during this interim mode
to pursue persistent contact establishment without relying on
velocity feedback. Furthermore, the approach in [15] is cast into
the quadratic programming (QP) robot control framework [28],
[29], [30], where the control input is obtained from a linearly
constrained quadratic optimization problem. QP control can be
used for control of robots with multiple tasks in joint space
or operational space, under a set of constraints ensuring, for
example, adherence to joint limits or avoidance of unwanted
collisions. This is essential in real-life robotic applications, and
is required to eventually extend the RS framework to other more
complex robotic systems, such as humanoids or quadrupeds. A
control algorithm based on RS using time-invariant references
rather than the traditionally used time-based references has been
developed in [31] and [32], also using a QP control framework.
While experimental validation for RS has been provided for
a 1 degree of freedom (DOF) mechanical system with single
impactevents in [33], RS for systems with simultaneous impacts,
or for nDOF robots with n > 1 in general, has not yet been
realized.
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C. Contribution

In this work, a QP-based control approach is presented that is
used to prevent error peaking in robot control for motions that
include nominally simultaneous impacts. This approach uses
the aforementioned RS framework with an ante-impact, interim
and post-impact control mode to prevent unwanted peaks and
jumps in the velocity tracking error and thus in the actuator
input signals, even when uncertainty causes a mismatch between
the actual and predicted impact timing. The interim mode in
particular is designed to achieve full sustained contact without
input peaks and steps when this uncertainty additionally causes
an unexpected loss of impact simultaneity. The approach is
validated using a real-life setup consisting of two 7DOF Franka
Emika robots in a dual-arm grasping scenario as shown in
Fig. 1.

This article is an extension of [15], which validated a similar
RS control approach for simultaneous impacts using numerical
simulations of a 3DOF planar manipulator. This work extends
that numerical validation to an experimental validation, which
marks the first time that the RS control framework is validated
using a physical robot setup containing more than a single DOF.
Furthermore, compared to the one in [15], a novel interim mode
is defined. The interim mode is in both approaches entered upon
detection of the first impact, but given the practical challenges
in determining when sustained full contact is established on
a real setup, it was now decided to switch to the post-impact
mode after a predefined time duration, assuming the impact is
completed in this time frame. The novel interim mode design
ensures a smooth transition not only from the ante-impact to the
interim mode, but also from the interim mode to the post-impact
mode, avoiding unwanted input steps even when the system
resides in the interim mode for a longer time than strictly
necessary.

Additional effort was put into resolving the first two chal-
lenges mentioned in Section I-A that arise with validation of
RS on a physical dual-arm setup (violation of actuator limits
and impact-consistent reference generation). While the proposed
control approach limits peaks in the control inputs in response to
impact-induced velocity jumps, the physical impact event will
still cause a peak in the external force, potentially leading to
hardware failure or joint limit violations. To mitigate these prob-
lems, a custom compliant silicone end effector was created and
used, reducing such external force peaks. A reference consistent
with the impact dynamics is generated by demonstrating the task
at hand on the real robotic setup using a teleoperation framework
with impedance control, see Fig. 2. This demonstration provides
insight into the impact dynamics for the task at hand without
requiring explicit knowledge of impact models, and can hence
be used as starting point for the reference used in autonomous
execution of the desired motion. Since a human operator can
modify his reference accordingly to compensate for poor track-
ing, low control gains can be used during teleoperation. This
heavily reduces the effect of input peaks and steps resulting
from the impact-induced velocity jumps. As autonomous control
cannot make use of a user that closes the loop with vision,
high gains are required to accurately execute a desired motion,
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Fig. 2. Depiction of the teleoperation procedure, where a user uses the VIVE
handheld controller devices to prescribe a reference for both end effectors.

which motivates the use of the proposed RS framework. Please
note that the teleoperation-based approach for generation of an
impact-consistent reference can be replaced by an autonomous
impact-aware motion planner without requiring any modifica-
tions to the presented control approach.

D. Outline

The rest of this article is organized as follows. Section II
presents the adopted notation together with the equations of
motion of the setup that will be used to demonstrate the control
approach. In Section III, the teleoperation-based approach used
to generate a reference consistent with the impact dynamics
is described, as well as the reference extension procedure to
formulate extended ante- and post-impact references used in
RS. In Section IV, the control approach itself is formulated.
An experimental validation of the proposed approach is finally
presented in Section V. Finally, Section VI concludes this article.
A video highlighting the experimental validation is additionally
supplied.

II. NOTATION AND ROBOT DYNAMICS

While the approach proposed in this work is broadly ap-
plicable for robot control in different scenarios with (ideally
simultaneous) impacts, the dual 7DOF robot-arm setup depicted
in Fig. 1 is used throughout this articlre to illustrate and demon-
strate the approach. Both robots contain a silicone end effector,
with a frame E;, i € {1, 2}, attached. Using a shortened variant
of the notation of [34], we denote the position and rotation of
the end effector frames E; with respect to the inertial frame
A as p; :=“pp, and R, := “Rg,, respectively. We denote
its twist as v; = [v;,w;] = (Aly, A, B, and its acceleration as
a; = [a;, o] == Ei[A]aA g, with linear and angular velocity,
and linear and angular accelerations v;, w;, a;, o, respectively.
Each robot contains seven actuated joints, which are assumed to
be rigid, with joint displacements g; for robot index i € {1,2}.
The end effector twists and accelerations can be expressed in
terms of the joint velocities and accelerations as

v, = J;(q)q; (1)
a; = Ji(q)d; + Ji(q,9)a; 2)
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Fig. 3.
red, the controller-related signals are blue, and the recorded signals are black.

with geometric Jacobian J;(q). The equations of motion of both
robots are given by

M(q:)g; + hi(qi,q;) = i + J7 (a:)f; 3)
with mass matrix M ;(q;), vector of gravity, centrifugal and
Coriolis terms h;(g;, q;), applied joint torques 7;, and contact
wrench f;. For ease of notation, the explicit dependency on gq;
(or q;) is dropped for the remainder of the document.

III. EXTENDED REFERENCE GENERATION VIA TELEOPERATION

At the core of RS lies the formulation of ante-impact and
post-impact references that are consistent with the impact dy-
namics and overlap around the impact time. In this section, first,
a methodology for obtaining ante- and post-impact references
that match the impact dynamics is described, which uses teleop-
eration with a QP-based impedance controller. We reiterate that
the proposed RS control approach is not tied to this teleoperation
approach, and can be replaced by an autonomous impact-aware
motion planner. Subsequently, a methodology for extending the
obtained reference around the nominal impact time is described.
This allows for a formulation of the tracking error that does not
contain impact-induced peaks or jumps, which would translate
to the input torques, as mentioned in Section I.

A. Teleoperation Controller

The teleoperation interface in this work consists of two HTC
VIVE handheld controller devices,! which are used in combi-
nation with the openVR SDK.? By tracking the movements of
the handheld devices, a reference for the end effector position,
orientation, and twist of both robots is obtained, as depicted
in Fig. 2. These desired references are described over time ¢
with subscript d for a robot with index i € {1,2} as p; q(t),
R, 4(t), and v; 4(t), corresponding to p;, R;, v;, respectively,
as described in Section II.

'VIVE handheld controllers: https://www.vive.com/eu/accessory/controller/
ZopenVR SDK: https://github.com/ValveSoftware/openvr

Visualization of the robot control scheme based on QP robot control employed for recording a reference through teleoperation. All physical entities are

During teleoperation, a QP control approach [30], [35] is used
to generate a control action that drives the end effectors to the
prescribed reference. Using QP control carries the benefit of
allowing to pursue multiple tasks while enforcing constraints
that can prevent, e.g., joint limit violations, as further empha-
sized in Section I. A visualization of the different steps in
the control approach used for teleoperation, including which
signals are recorded, is shown in Fig. 3, with further details
provided in the remainder of this section. Specifically, a QP
with optimization variables g; with ¢ € {1, 2} is solved online
at fixed time intervals At to determine a suitable desired joint
acceleration g; for both robots. This acceleration is converted
into a desired joint torque 7 by using the equations of motion
of the robot in free motion, i.e.,

M, + h,.

*_
T;

“)

To limit the number of optimization variables and to comply
with the QP solver of the mc_rtc software framework used
for experimental validation, g; is converted to 7 using (4)
after solving the QP rather than including both g; and 7; as
optimization variables in the QP itself. This 7 is sent as joint
torque reference to the low-level torque control scheme built into
the Franka Emika robots, with additional friction compensation
provided according to the approach described in [36].

The cost function of the QP is described by means of a
weighted sum of the costs corresponding to different tasks that
are to be executed. By minimizing this cost function under a
set of yet-to-be-defined constraints, all tasks are executed to the
maximum extent possible without violation of these constraints.
The tasks and constraints that make up the QP will be described
now, followed by the full QP formulation.

Impedance Task: Using the reference signals p; 4, R; 4, and
v;.4, the operator aims to control the end effector’s movement
and the wrench it exerts on the environment. This may be
achieved with a Cartesian impedance controller [37], which
effectively makes the end effector behave as a mass-spring-
damper system that is attached to the reference frame defined by
(R 4, pi.a)- QP control can be used to apply impedance control
to kinematically redundant robots [38], while controlling the
null-space. We want to select input torques 7; in such a way
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that the apparent applied wrench at the end effector is identical
to a desired spring-damper wrench f; .. We determine the force
contribution of this wrench using a standard PD control law,
while the torque contribution is inspired by the PD control law
on SO(3) in [39], resulting in

pia(t) — pi
fir =D, (viq(t) —vi)+ K, —(log(RfRi’d(t)))v 5
with operator ¥ (vee) defined in accordance with [40] as
0 —2 wy ! T
z 0 —x| =y]|. (6)
-y 0 z

The 6 x 6 matrix K, is diagonal with user-defined entries, spec-
ifying the desired apparent stiffness between the end effector and
its reference pose in each direction. Inspired by [41], we select
for the damping gain

D, = VAVK, + VK. /A, (7)

with task-space equivalent inertia matrix
_ -1
A= (J:M; I (8)
to pursue a critically damped closed-loop response. We then
formulate a corresponding task error e; iy to be used in the cost
function of the QP as

~1
€irimp = a; — A, f; . )

If €; - imp is brought to 0, which is pursued in the QP control
scheme, the corresponding closed-loop behavior of the end
effector will indeed resemble that of an impedance control law,
as is shown in Appendix A.

Posture Task: To address redundancy when tracking a 6DOF
impedance task using 7DOF robots, an additional degree of
freedom has to be prescribed to preserve uniqueness of the QP
solution, while enforcing stable null-space behavior. We also
want to make sure that the null-space configuration at the time of
impact is identical between teleoperation and autonomous con-
trol, as the impact dynamics are configuration-dependent [42].
Without loss of generality, we chose to do so by formulating a
so-called posture task that defines a desired acceleration f3; . for
a given joint as

61’77' =2 kr,pos <€'i,d(t) - 61) + kr,pos(gi,d(t) - fz) (10)

where the signal &; := Sq, with selection matrix S € R**7
prescribes the position of a given joint, and k. o is a user-defined
proportional gain. The index of the joint for which the task is
prescribed, in our approach joint 1, was selected with maximum
shared workspace and manipulability of the robots as criteria. A
corresponding task error is then defined as

& — Bir- (1)
Constraints: To prevent the robots from exceeding any joint
limits, constraints are defined that aim to prevent the robots from
reaching the upper and lower limits of the joint positions, ve-
locities, and torques, defined as @,y » Gmax> Tmax A0 G@pins Tinins

€i,r,pos -—
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Tmin, Fespectively. Since the optimization variables are given by
q;, the corresponding constraints are defined as in [30] by

1. )
Qnin < iqutQ + qlAt +q; < A max (12)
Qmin S qut + qz S iImax (13)
Tmin < M;q; +h; < T (14)

with QP time step At. This implies that torque limit violation is
prevented for the present time step, while position and velocity
limits are prevented in a soft sense for the subsequent time step.

Full QP Formulation: Using the formulation of tasks and
constraints given above, the full teleoperation-based impedance
QP control approach is formulated as

2

(qﬁiv q;) = a('rgml)n Z (wimp”ei,r,imp”2 + wposeir,pos) (15)
91.92) ;—1

subject to constraints (12)—(14) for i € {1, 2}, with task weights
Wimp and wWpos € RT. As already mentioned, desired joint
torques are then formulated using (4), which are sent to the
robots.

During demonstrations, the measured end effector 6D poses
and velocities are recorded and stored as p; - (¢), R; ,-(¢), v; - (t),
as well as the joint position and velocity relevant to the posture
task, stored as &; (t) and fw(t) These signals will form the
basis of the reference that is to be tracked autonomously using the
RS-based control approach. We also record the desired wrench
f; -(t) from (5) and desired posture task acceleration j3; ,-(t) from
(10), which will be used as basis for the feedforward reference.
Note that especially saving f; ,-(t) is essential for replicating
contact forces, as these are not captured otherwise, which will
become apparent in Section IV-C.

B. Reference Extension

In accordance with the core idea of RS to always have a
reference at hand that corresponds to the current contact mode,
as further explained in Section I, the recorded signals are used to
generate extended ante-impact and post-impact references sig-
nals that overlap around the nominal impact time. This nominal
impact time 7;. is extracted from the recording using an impact
detection method, of which details are provided in Appendix B.
However, the impact typically has a short but finite duration that
is longer than that of a single time step. Furthermore, impact
detection is typically slightly delayed, and directly after the
impact, oscillatory responses are typically observed that are to
be ignored in the reference extension procedure as these oscil-
lations will die out over time. Therefore, a user-defined interval
AT, before and after the impact is excluded when splitting the
recording. Regarding the reference extension procedure, we first
consider the feedforward signal f; ,.(¢), which is extended by
means of a constant hold, resulting in, respectively, the extended
ante-impact and post-impact signals t_"z-‘fr(t) and f'fj ,(t) defined
as

£, (t) = £ (min(t, Tn)), £7,.(t) = fi»(max(t, T,))  (16)
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(@ (b)

Fig. 4.

with T, := T, — AT, and T}, := T, + AT,.. The posture task
feedforward signals and velocity signals are extended by means
of a similar constant hold, resulting in BgT(t), Vi), fr (1),
37, (t), V7 .(t), and ff ,-(t). To ensure consistency between the
extended velocity and position references, we extend p; . (t)
through integration of the corresponding velocity reference,
resulting in extended ante- and post-impact position references

pf,.(t) and p} (t) as

. - pz,r(t) ift <T,
po0= {0 -y et 0D
_p o pi,r(t) lft Z Tp
PO =0T oty 12, 09

where the ante- and post-impact linear velocity reference are ob-
tained from the respective twist reference as v{, = [v{ ., w{ ],
vy, = [v},,@],]. In similar fashion to (17) and (18), we can
extend &;,(t) to the ante- and post-impact references &,.()
and f_zp (t) using the corresponding velocity references. The

extended ante- and post-impact orientation reference Rir(t)
and R .(t) are obtained from R; ,(t) using integration of the
corresponding angular velocity as

Rq (t) _ {Ri,r(t) %ft S Taa
o R; (T,) exp (w}, (To)(t = T,)) ift > Ty,
(19)
R, (1) = Bl ift > 1o,
’ R, . (T,)exp (wﬁr(Tp)(Tp — t)) ift <7,
(20)
with operator " (hat) in accordance with [40] defined as
A
-2y
= | z —x 21
z -y 0

Snapshots of the system during reference recording via tele-
operation for the use case considered in this article are depicted
in Fig. 4. The position, velocity, and desired wrench of the end
effector of robot 1 in the y-direction normal to the impact surface
obtained from this recording are shown in Fig. 5, together with
the extended ante- and post-impact reference extracted from
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Snapshots of the system during reference recording procedure. (a) Ante-impact state. (b) Simultaneous impact. (c) Post-Impact state.
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Fig. 5. Depiction of the recorded position, velocity and force signals around
the impact time in y-direction, i.e., the direction normal to the impact surface,
together with the extended ante- and post-impact references. The black dashed
lines indicates the recorded impact time 7). together with the time interval of
exclusion AT;..

these signals. Depending on the contact state of the manipulator,
the corresponding reference will be used for feedback control,
as will be explained in Section IV.

IV. RS BASED QP CONTROL APPROACH

In Section III, a method to acquire a reference motion based
on QP-based robot control and teleoperation is detailed together
with a concrete example, that is provided for illustration. This
motion is then used to generate extended ante- and post-impact
references that match the impact dynamics of the system, which
will now be used to construct a RS-based control action without
a human in the loop. In this section, we detail how ante-impact,
interim, and post-impact control actions can be realized via
suitable QPs, obtaining for each mode a suitable joint torque
75, with ¢ € {1, 2}, to be applied to the robot arms after every
time step At.
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Fig. 6.

Visualization of the ante-impact QP control scheme employed for tracking the recorded reference using the proposed RS-based control framework. The

physical robot signals are red, the controller-related signals are blue, and extended reference signals are black.

A. Ante-Impact Mode

The ante-impact mode is initially active until a first impact
is detected using the approach detailed in Appendix B. Its
objective is to establish near-simultaneous contact in the desired
ante-impact state provided by the corresponding ante-impact
reference. The ante-impact QP controller is very similar in
structure to the QP controller defined in Section III-A used
to generate the reference signals. The main difference is that
the impedance and posture task are set to follow the extended
ante-impact reference signals defined in Section III-B, with ad-
ditional feedforward control. Furthermore, the control gains are
considerably higher to enable accurate autonomous tracking, as
discussed in Section I. A similar diagram to Fig. 3 corresponding
to the ante-impact mode is shown in Fig. 6 to give a visual
overview of the ante-impact QP controller, with further details
provided as follows.

First, the impedance task is modified by defining a desired
ante-impact wrench £ in similar fashion to (5) as

£ = £2,(t) + D" (v2,(t) — Vi)

pZT(t) — Di

T os(RTRE (1))

(22)

with user-defined K¢, and D® selected accordingly as in (7).
We then define the impedance task error €; jmp in similar fashion
to (9) as

€iimp = a; — A (23)
The posture task is also updated as the new desired joint accel-
eration /3 is redefined based on (10) as

ﬁza = zq,r(t) +2 k&)s( zq,r(t) - 61) + kgos( z('l,r(t> - 52)
(24)
with user-defined proportional gain k. We then redefine a
corresponding task error e; pos as

€i,pos = gz - ﬂza (25)

This leads to the full QP controller

2
(qﬁiv qs) = aI;ngin Z ('wimp”ei,impH2 + Wpos (ei,pos)Q)

91,92 ;—1
(26)
subject to constraints (12)—(14) for i € {1,2}. Desired joint
torques are again formulated using (4).

B. Interim Mode

As mentioned in Section I, the interim mode is active after
the first impact is detected, since uncertainty can cause contact
to be only partially established at this time. In the following,
we propose a corresponding interim mode controller that is
active for a predefined time duration Aty,, starting from the
moment the first impact is detected through the impact detection
approach highlighted in Appendix B, called Ti,,. We select
At;n conservatively in such a way that, despite some acceptable
level of uncertainties, full contact will be established within this
time based on recorded experiments. Furthermore, we assume
sufficient dissipation in the interim mode is provided by the
environment, implying that active damping to reduce the effect
of post-impact vibrations, as, e.g., proposed in [43], is not
required.

In line with previous works on RS with simultaneous im-
pacts [15], [31], [32], we want to initially disable velocity
tracking control in the interim mode given the lack of a velocity
reference that matches the uncertain contact state, and apply
feedforward and position feedback based on the ante-impact
references to ensure input continuity with the ante-impact mode.
However, as we opt to select a conservatively large value for
Aty itis possible that the robot state would diverge significantly
from the desired post-impact robot-state if we apply control
based on the ante-impact reference for the entire duration of
the interim mode as done in [15]. Such an interim mode design
could lead to alarge jump in the velocity tracking error and large
resulting input steps when transitioning to the post-impact mode.
Hence, it is opted to define the interim mode desired wrench f;m
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as
BN = (1= (1) +EL, (1)
+ DM (1= 7)vi + 997, (1) = Vi)

+ Kinl (1 - ’Y)pgr(t) + ’Yﬁﬁr(t) —Pi

~(log(RT RI")" @7

with user-defined K™, with D™ again selected as in (7), with

Ry = R, () exp (vlog (R}, ()] R}, (1)) (28)
and with so-called blending parameter -y defined as
t— ﬂmp
= —— (29)
7 Atint

Please note that the ante-impact velocity reference v, (¢) that
one would expect to see in (27) is instead replaced by the
measured velocity v;. At the start of the interim mode, i.e.,
when v = 0, this implies the velocity feedback term in (27) is
equal to zero, removing velocity feedback at the beginning of
the interim mode to avoid peaking during the uncertain contact
state. The feedforward and position feedback terms of (27) for
v = 0 are, however, identical to those in (22). Meanwhile, at
the end of the interim mode, the desired wrench is identical
to the desired post-impact wrench f!’ as will become apparent
later in this section. This implies that the transition from the
ante-impact to the interim mode and from the interim to the
post-impact mode are smooth, hence removing any possible
input step at switching times that would result when using
previously formulated interim mode formulations [15], [31],
[32]. Meanwhile, the overall reduction of velocity feedback,
especially early in the interim phase, implies that the effect of
rapid and unpredictable velocity jumps on the input torques is
greatly reduced, while feedforward and position feedback using
the ante-impact references is used during this time to make sure
the impact event is successfully finished.
Using (27), we can redefine the impedance task error during
the interim mode as
€iimp = a; — A; ™. (30)
In a similar fashion, we redefine the posture task to obtain desired
joint acceleration 3™ as

B = (1= 7)B(t) + 87, (1)

+ 2y /K (1= 7)E + €8, (1) — &)

+ koo (1= &L (0 +780. (1) — &) GD
with user-defined proportional gain k;‘gs and task error
ipos = & — B". (32)

The full interim mode QP controller is then given by (26), using
€;,imp and e; o5 as formulated in (30) and (32), respectively.
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C. Post-Impact Mode

The post-impact control mode is entered at time Ty, + Atin
as mentioned earlier in this section. The objective in the post-
impact mode in dual-arm manipulation is to not only follow a
desired reference pose with the end effectors, but also maintain
sufficient force to manipulate the object. Despite this different
objective, the controller is almost identical to the ante-impact
mode, only replacing the ante-impact reference signals with the
post-impact reference signals. The reason why the post-impact
mode does not require any structural update compared to the
ante-impact mode is that the desired contact force is maintained
through the feedforward signal fff ,.(t). This signal contains both
the wrench used to accelerate the robots and the object, as well
as the wrench required to clamp the object with a desired force.

To summarize, by using a reference associated to the current
contact state in the ante-impact and post-impact mode, and by
blending between the ante-impact and post-impact references
with reduced velocity feedback in the interim mode, the peaking
phenomenon, mentioned in Section I, is avoided. This implies
that impact-induced input peaks and steps are avoided through-
out all of the three control modes.

V. EXPERIMENTAL VALIDATION

In order to experimentally validate® the proposed framework,
the control approach described in Section IV is used to au-
tonomously perform a grabbing task for a variety of objects using
multiple references generated through the approach described
in Section III-B. We have used the QP solver provided by the
software framework mc_rtc* to perform these experiments. To
emulate uncertainty in the environment, the to-be-manipulated
object is shifted in the y-direction of the world frame defined in
Fig. 1 over a range of distances during different experiments.
As depicted in Fig. 7, which shows snapshots of an experiment
where the object displacement was —30 mm, this can result in
a nonsimultaneous impact, where one of the robots impacts the
object before the other one, and before the nominal impact time
T,.

The proposed approach is compared against three baseline
approaches. In the first baseline approach, referred to as the
approach with no RS, we assume the ante- and post-impact
reference do not overlap around the impact time, implying that
we switch from the ante-impact mode directly to the post-impact
mode at the nominal impact time 7. rather than at the detected
impact time Tipp.

In the second baseline approach, referred to as the approach
with no velocity feedback, we still switch from the ante-impact
to the post-impact mode at the nominal impact time, but we
additionally remove velocity feedback entirely around the time
of the nominal impact event to reduce the effect of peaking.
This approach is similar to that of [21], which removes velocity
feedback in the subspace affected by the impact for a predefined
time range. We select this time range as At;,, seconds before and

3A video showcasing the experimental validation can be found here: https:
/lyoutu.be/jKzKd-z-EGE.
“mc_rtc: https://jrl-umi3218.github.io/mc_rtc/
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Fig.7.
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Snapshots of the system during autonomous control. By adding an offset in the object location compared to the reference recording procedure, environmental

uncertainty is simulated, causing a nonsimultaneous impact. (a) Ante-Impact state. (b) Nonsimultaneous impact. (c) Post-Impact state.

TABLE I
TABLE CONTAINING PARAMETER VALUES USED IN REFERENCE RECORDING
PROCEDURE AND PROPOSED CONTROL APPROACH

Parameter Value

At 0.001

ATy, Atiye 0.1

K, diag(300, 300, 300, 20, 20, 20)
K¢, K™ KP diag(2000, 2000, 2000, 20, 20, 20)
K pos- kgos, k;,‘}}s, kgos 500

Wimp,Wpos 1

after the nominal impact event, recalling that Aty is the pre-
defined duration of the interim mode in the proposed approach.
The amount of time without velocity feedback is thus twice as
much as that of the interim mode, which is chosen as the interim
mode only needs to cover the duration of the impact sequence,
while the velocity feedback removal additionally has to cover
the uncertainty of the initial impact timing.

In the third baseline approach, referred to as the approach
with no interim mode, we do take into account the actual impact
time Tj,,. However, rather than switching to the interim mode,
we switch directly to the post-impact mode, as done in previous
iterations for RS with single impacts [24], [33].

The parameter values used for all of the performed exper-
iments are shown in Table I. Please note that the apparent
stiffness matrices K, K™ and K? in the different modes
used for the impedance task are identical, allowing for a fair
comparison between the baselines and the proposed approach.
While a summary of the results for all experiments is shown later
in this section, we first focus on one of these experiments for the
grabbing of a 1.25 kg rice box with an object displacement of
—30 mm. This experiment, which is deemed representative, is
used to highlight the beneficial effects of the proposed approach.
The resulting end effector velocities and desired wrenches of
robot 1 in y-direction normal to the impacting surfaces for
the representative experiment are reported in Fig. 8, both for
the three baseline approaches as well as for the proposed ap-
proach. As predicted given the displacement of the object, an
initial impact between robot 1 and the object occurs before sus-
tained contact is eventually established with both end effectors,
apparent from two distinct velocity jumps for each of the four
control approaches.

Considering the desired force in the approach with no RS
in the left of Fig. 8, it can be seen that after the initial impact,
marked by the first velocity jump, a positive force is commanded,
imposing an acceleration of the end effector toward the object.
This is explained by the fact that the robot is trying to follow
the ante-impact reference, which commands a higher velocity
than that of the end effector after the first impact. Due to this
acceleration, the velocity at the nominal impact time is signifi-
cantly higher than the post-impact velocity reference, which is
followed after the nominal impact time. This causes the velocity
tracking error to spike up, resulting in a significant and undesired
step in the desired force, as shown in the figure.

In the approach with no velocity feedback, second from the
leftin Fig. 8, a small peak in the desired force can be observed at
the moment of switching from the ante-impact to the post-impact
mode. This peak mainly results from the discontinuity between
the ante- and post-impact feedforward force, but is small com-
pared to the peak shown for the approach with no RS. However,
with the lack of any velocity feedback, a big vibration can be
observed in the velocity signal after the impact, resulting in a
temporary loss of contact between the robot and the object. This
temporary loss of contact can result in a poor grasp or even
dropping of the object, which is definitely undesired.

In the approach with no interim mode, shown as third from
the left in Fig. 8, a less extreme, but similar undesired effort
can be seen as in the approach with no RS. Here, the system
switches directly to the post-impact mode at the moment of
impact detection before full contact is established. This also
results in a large velocity tracking error, causing an unnecessary
negative desired force and a resulting deceleration.

To the contrary, the desired force only shows a minor peak
in the proposed approach, depicted on the right in Fig. 8, which
results from a slightly delayed detection of the first impact. As
soon as the impact is detected, the system enters the interim
mode, and the desired force jumps back to the level before the
impact occurred. This is in accordance with the philosophy of
the interim mode, which is identical to the ante-impact mode at
the beginning of the interim mode, while only removing velocity
error feedback that is unreliable due to the uncertain contact
state. The desired force then gradually approaches that of the
post-impact mode as aresult of the blending of the ante- and post-
impact references. The continuity in the desired force during the
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Fig. 8.

Velocity and desired wrench in y-direction of the end effector of robot 1 during a representative experiment with the rice box object, compared against

the ante- and post-impact velocity reference and the ante- and post-impact feedforward wrench. Black dotted lines indicate mode transitions, with nominal impact

time 7., recorded impact time T}p,, and interim mode duration Atiy.

transition from interim to post-impact mode is also in accordance
with the philosophy of the proposed approach, which ensures the
QP task errors in the interim and post-impact mode are identical
at the moment of transitioning. Despite the initial removal of
velocity feedback when entering the interim mode, the large
vibration seen in the approach with velocity feedback is avoided
by gradually increasing the velocity error feedback.

In summary, only in the proposed approach is the risk of
destabilization reduced as input peaks and steps are avoided,
while a big vibration upon contact establishment is also avoided.
Despite not being shown here, a similar reduction of the force
peak is observed for robot 2 when using the proposed approach
compared to the baseline approach with no RS, and with no
interim mode, as well as a reduction of the effort related to
the posture task. And, also for robot 2, a vibration upon contact
establishment is observed only for the approach with no velocity
feedback.

To further validate the approach, a total of 10 different refer-
ences have been generated to grasp the 1.25 kg rice box using the
teleoperation-based approach described in Section III, resulting
in anatural variety of grasping motions. Initial experiments using
the proposed approach and the three baseline approaches have
then been performed for each reference, with a y-displacement
of —30 and 30 mm, resulting in 80 total experiments. As a result
of this displacement, not every experiment results in a successful
grasp. Vibrations during contact establishment can result in the
object being dropped, or safety limits of the Franka Emika robot’
being exceeded. The success rates for each control approach are
depicted in the first column of Table II, where a successful grasp
is defined as a grasp, where the robot establishes and maintains

SFor more information on the safety limits of the Franka Emika robot, see:
https://frankaemika.github.io/docs/control_parameters.html#limits- for-panda

TABLE I
TABLE CONTAINING 1) SUCCESS RATES FOR GRAB MOTIONS OF A RICE BOX
USING THE PROPOSED CONTROL APPROACH AND THE THREE BASELINE
APPROACHES, USING 10 DIFFERENT REFERENCES AND AN OBJECT
DISPLACEMENT OF 30 AND —30 MM AND 2) AVERAGE DIFFERENCE FOR
PROPOSED AND BASELINE APPROACHES BETWEEN MAXIMUM LIFTING HEIGHT
OF THE RICE BOX AND AVERAGE MAXIMUM LIFTING HEIGHT FOR
EXPERIMENTS WITH IDENTICAL REFERENCE AND OBJECT DISPLACEMENT (AS
A MEASURE FOR A SUCCESSFUL GRABBING ACTION)

Succesful grab Average max lifting
percentage [%] | height difference [mm]
No reference spreading 80 9.81
No velocity feedback 40 -17.07
No interim mode 85 0.78
Proposed approach 90 6.47

sustained contact without triggering any safety limit before the
prescribed release of the object.

From this table, it can be observed that the approach with
no velocity feedback results in the the worst performance by
far. This can be partially attributed to the aforementioned large
vibration upon contact establishment also observed in Fig. 8§,
causing a delay in the establishment of sustained contact while
both robots are moving up, resulting in the object to be dropped.
But aside from this, the lack of damping in the approach also
causes a significant increase in the percentage of experiments
with safety limit violations upon impact, either in the maximum
joint torque or the maximum joint velocity. This is clearly highly
undesired. The number of successful experiments significantly
increases for the other two baseline approaches (no RS and no
interim mode), but we still see that the proposed approach results
in the largest number of successful experiments. This can be
explained by the removal of the input peaks in the proposed
approach, causing a reduction of the peak torques and hence
reducing the number of times the safety limit for the maximum
torque is violated.
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Fig. 9.
(d) Juice bottles (2.12 kg).

Out of the 10 recorded references using the 1.25 kg rice
box, three were selected that consistently produce successful
experiments for all of the control approaches. On top of this,
a single successful reference was recorded for three different
grasping scenarios using 1) a single 0.64 kg parcel, 2) two parcels
with a combined weight of 1.24 kg, and 3) a pack of plastic drink
bottles weighing 2.12 kg. All of the test objects are depicted
in Fig. 9. Experiments with each of the six references were
then performed for five different initial object positions, with
a y-displacement of —30, —15, 0, 15, and 30 mm compared to
the object position used during teleoperation. Five experiments
have been performed for the proposed control approach and the
three baseline approaches for each object displacement value,
resulting in a total of 6 X 5 x 5 x 4 = 600 additional experi-
ments. The main goal of these experiments is to evaluate the
effectiveness of the approach in reducing the peaks and steps in
the input forces.

For the three references with the rice boxes, correct task
execution is additionally evaluated by means of a motion capture
system consisting of four Optitrack Prime x22 cameras, which
records the position of the box during a grabbing cycle. Ide-
ally, sustained contact between the box and the end effectors
is established as soon as possible to reduce the risk of the
box dropping, and to make sure the actual contact locations
match the expected contact locations. The maximum lifting
height of the box throughout a successful experiment indicates
how quickly contact is established given the upward motion
of the reference during impact. The higher the box reaches,
the sooner contact is established. The average maximum lifting
height is then determined for every combination of reference and
y-displacement. For each experiment, the difference between
the recorded maximum lifting height and the average for that
reference and y-displacement is computed, and these differences
are averaged for each of the four control approaches.

The results of these motion capture measurements are shown
in the second column of Table II. From these results, it is clear
that by far the lowest average maximum lifting height and hence
the slowest contact establishment is recorded for the approach
with no velocity feedback. This observation matches with the ob-
servations for a single experiment shown in Fig. 8, which shows
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Pictures of the different test objects used in the experimental validation. (a) Rice box (1.25 kg). (b) Single parcel (0.64 kg). (c) Two parcels (1.28 kg).

aclear vibration in velocity when contact is established, and also
matches with the large number of failed experiments depicted
in the first column of Table II. The second lowest maximum
height is recorded for the approach with no interim mode. This
is likely caused by the premature transition to the post-impact
mode, which results in a large velocity error that translates to
a repulsive desired force away from the box, as shown in the
third column of Fig. 8. In the proposed approach, this repulsive
drive is removed with the initial removal of velocity feedback
while position feedback based on the ante-impact reference is
retained. However, the gradual transition into the post-impact
mode prevents the problems apparent from the approach with
no velocity, which is reflected by the higher average maximum
box height compared to both of these approaches. The highest
average box height is recorded for the approach with no RS,
which is likely due to the nature of the uncertainty experiments,
causing impacts to take place earlier than expected. Since the
ante-impact velocity reference is followed until the nominal
impact time, the velocity error initially pushes the end effectors
further toward the box, causing faster contact establishment.
However, this acceleration after the initial contact also causes a
higher peak torque in the joints, increasing the amount of failure
cases as previously mentioned and as seen in the first column of
Table II.

To evaluate the success in reducing the peaks and steps in the
input forces in each of the 600 experiments, we computed for
every time step the norm of the desired force, i.e.,

foorm = | [£7%, €17, £ £7 €57 £5 ]|

with m € {a,int, p} as the control mode at the corresponding
timestep. This desired force norm is plotted around the time
of the impact event in Fig. 10. This plot depicts fyhorm for 20
experiments performed using the rice box for a single reference
with an object displacement of —30 mm. First of all, it can be
seen that the experiments are repeatable, as the desired force
norms for the five experiments with the same control approach
are highly similar over time. Second, in both the approach
with no RS and the approach with no interim mode, a clear
undesired jump in the desired force norm can be observed. For
the approach with no RS, the largest jump occurs at the nominal

(33)
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Fig. 10.  Desired force norm for the proposed control approach and baseline

approaches, using a rice box with initial displacement of —30 mm.
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Fig. 11.  Average desired force norm around the nominal impact time for a total

of 600 experiments with different objects and different initial displacements for
each object, shown for the proposed control approach and the three baseline
approaches.

impact time, as the post-impact mode is then activated regardless
of the actual contact state. The largest jump for the approach
with no interim mode occurs when the first impact is detected,
since the post-impact mode is then activated before the impact
event is completed. Meanwhile, no similar peaks or jumps of
the desired force norm are observed for the proposed approach,
again validating the approach. The severity of the force peak
is, while still present due to the aforementioned discontinuity of
the force feedforward signal, unsurprisingly also much lower for
the approach with no velocity feedback. However, as shown from
the results in Table II, this comes at the cost of control perfor-
mance, while this is not the case for the proposed approach.

To further quantify the effect of reducing the input peaks,
an average of fom () is taken for each individual experiment
over a 200 ms time frame centered around the nominal recorded
impact time 7;.. This 7). can be recognized in Fig. 10 as the time
where the desired force norm in the approach with no RS spikes
up. We then take another average of the obtained average force
norms over the 30 experiments performed for each combination
of displacement and control approach, obtaining a scalar value
for each combination. These averaged desired force norms are
depicted in Fig. 11. When looking at this diagram, it is apparent
that the proposed control approach has the lowest desired force
norm for each object displacement value, further highlighting the
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robustness of the proposed control approach in reducing input
peaks and jumps under environmental uncertainty.

One more thing that can be noticed is that even with 0 mm
object displacement, the average desired force norms for the
baseline approaches with no RS and no interim mode are high
compared to the proposed approach, even though the impact
between both end effectors and the object is happening simul-
taneously almost perfectly at the nominal impact time. The
reason for this high force norm is that the compliance of the
end effectors, the objects and the joint transmission causes the
simultaneous impacts to occur over a finite time rather than at a
single moment of time. This means that even in the absence of
environmental uncertainty, still neither the ante-impact nor the
post-impact reference can be reliably used for velocity feedback
during this contact transition. Please note that using a fixed
continuous reference would also not be a good solution, as
the velocity during this transition can be hard to predict, while
environmental uncertainty causes the time, where the contact
transition starts to be uncertain. By removing velocity feedback
at the beginning of the interim mode, the proposed approach
is robust to this finite transition time, despite still having only
discontinuous ante- and post-impact references at hand. When
a near instantaneous impact event would be considered, it is
expected the average desired force for the baseline approaches
in the case of 0 mm displacement will shrink to the level of the
proposed approach, while remaining larger than the proposed
approach for increasing displacement values.

VI. CONCLUSION

This work has proposed and evaluated a RS based QP robot
control framework used for motions containing nominally si-
multaneous impacts in the context of dual-arm robotic grabbing.
The aim of this framework is to accurately track a desired
reference while avoiding impact-induced input peaks and steps.
This is done by formulating overlapping ante- and post-impact
references that are consistent with the impact dynamics, in this
case generated through a novel teleoperation-based approach
that uses impedance control with low gains. These references
are used to generate a control action via three control modes:
an ante-impact, interim, and post-impact mode, each with a
corresponding QP that uses high gains for accurate tracking.

Experimental validation for dual-arm grabbing of different
objects shows the control framework is successful in reducing
input peaks and steps compared to three baseline approaches
while still successfully executing the task at hand. By artifi-
cially adding uncertainty in the object location, modifying the
impact timing and thus causing a loss of simultaneity between
the different impacts, we show the robustness of the proposed
approach.

The key contributions of this particular work are the exper-
imental evaluation of RS on a complex dual arm robot setup,
and a novel interim mode controller that avoids input peaks
and jumps also during transitions between the interim- and
post impact-phase without the need for a contact-completion
detection mechanism that was advocated in previous RS hybrid
control literature.
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A possible future extension is the formulation and inclusion
of such a contact-completion detector into the control scheme,
which could robustify the RS framework to an even larger
amount of uncertainty in the environment. Other future ex-
tensions are the inclusion of an impact-aware motion planner,
removing the need for a user to demonstrate the desired motion
using teleoperation, further investigation of impact detection in
partially established contact conditions, and the formulation of
a formal proof of stability for the proposed control approach.

APPENDIX
A. Derivation Impedance Control

To show that forcing the error €; imp in (9) to zero results in
closed-loop behavior that is identical to that of an impedance
controller, we first rewrite the robot equations of motion in task
space [44] by premultiplying (3) with J; M ;1 to give

Jig; +J;M; ' hy = ;M ' + M7 IS (34)

Adding and subtracting J iq,, we can rewrite (34) as

Jid;+Jdiq;—Jiqi+ M hi=J: M i MU
(35
and eventually in the form

Aiai +o; = fi,appl + fi (36)

with task-space inertia A; := (J;M;'J] )™, task space vec-
tor of Coriolis, ;entrifugal and gravitational terms o; :=
Ai(JiM; h — J;q;), and £ g1 := A J; M s

Following the same procedure outlined to obtain (36), we can
also convert (4), which is used to transform the desired joint
acceleration into a desired input torque, to task-space, which
results in

* f— . * .
f1',,appl - Alai to;

(37)
where ;) denotes the input wrench, and a} denotes the desired
end effector acceleration. Convergence of €; jmp from (9) to zero
implies that

2{-K = A,:l fi,r .

(3

(38)

Combining (5), (37), and (38), the applied wrench fi*’appl from
(37) is given by

Did — Di

D, (via—v;) + K,
(Vi — Vi) R;(log(RTR; 4(t)))Y

+O’i

(39
which is indeed corresponding to traditional impedance control
with compensation of the gravity, Coriolis, and gravitational
terms. Substituting (39) into (36) results in the desired task-space
closed-loop behavior

* p—
2,appl —

DPid — Pi

Aia; — Dy (vig — Vi) —
a (Via = Vi) R;(log(RT R, 4(1)))"

K., =f;

(40)
which does resemble a mass-spring-damper system, where the
end effector is attached to the target reference, indeed corre-
sponding to traditional impedance control.
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B. Impact Detection

Since both the reference extension procedure in Section I1I-B
as well as the control approach in Section IV rely on detection
of the first moment of impact, an impact detection approach
has been formulated that is used in both these instances. Please
note that this procedure can be replaced by any other impact
detection approach with equal performance without requiring
any modification to the approaches presented in Section III
and IV.

Since we do not use a force sensor, the signals at hand are the
end effector velocity v;(¢) and an estimation of the externally
applied force f; o« (t) using a momentum observer [45], in our
use case provided by the Franka Control Interface. Upon an
impact of either robot with robot index i € {1,2}, a sudden
change should be apparent in both signals. However, solely con-
sidering sudden changes in v; (¢), similar to approaches like [46],
could lead to false positives in impact detection with a flexible
joint robot when an aggressive control strategy is used while
the robot is in free motion. Meanwhile, only considering rapid
changes in fi7est(t) could lead to false positives when the robot
is already in contact, and an aggressive control strategy causes
a sudden increase in the contact force. Hence, our proposed
impact detection approach considers both signals. We identify
an impact has happened when the following three conditions
hold for a given time ¢:

1) ||.f7l,est(t - Atdet)” < bf,low

2) || fiest(D)|l > by nighs

3) 'Uz'(t - Atdet) : fi,est(t) < _bvllfi,esl(t)”a
for a predefined time interval Aty and predefined force and
velocity bounds by iow, by nigh, by € RT, with b high > b 1ow-
The parameter values used for the experiments in this work are
bf,low = 4N, bf,high = SN, bv =0.025 m/s, and Atdet =0.2s.

The interpretation of conditions 1 and 2 is that a sudden
increase in the estimated force must be observed in a short
time frame Atge. Condition 3 implies that before the suspected
impact, a significantly large velocity in opposite direction of the
estimated contact force is measured, removing the false positive
that appears when a sudden increase of the contact force is
measured while contact is already established. The first time
t for which each condition holds for any of the two robots is
marked as the initial impact time, called 7. in the recording
procedure in Section III, and Tiy, in the autonomous control
approach in Section IV.
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