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Impact-Robust Posture Optimization for Aerial Manipulation
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Abstract— We present a novel method for optimizing the
posture of Kinematically redundant torque-controlled robots
to improve robustness during impacts. A rigid impact model
is used as the basis for a configuration-dependent metric
that quantifies the variation between pre- and post-impact
velocities. By finding configurations (postures) that minimize
the aforementioned metric, spikes in the robot’s state and input
commands can be significantly reduced during impacts, improv-
ing safety and robustness. The problem of identifying impact-
robust postures is posed as a min-max optimization of the
aforementioned metric. To overcome the real-time intractability
of the problem, we reformulate it as a gradient-based motion
task that iteratively guides the robot towards configurations that
minimize the proposed metric. This task is embedded within
a task-space inverse dynamics (TSID) whole-body controller,
enabling seamless integration with other control objectives.
The method is applied to a kinematically redundant aerial
manipulator performing repeated point contact tasks. We test
our method inside a realistic physics simulator and compare
it with the nominal TSID. Our method leads to a reduction
(up to 51% w.r.t. standard TSID) of post-impact spikes in the
robot’s configuration and successfully avoids actuator satura-
tion. Moreover, we demonstrate the importance of kinematic
redundancy for impact-robustness using additional numerical
simulations on a quadruped and a humanoid robot, resulting
in up to 45%, reduction of post-impact spikes in the robot’s
state w.r.t. nominal TSID.

I. INTRODUCTION

The last two decades have witnessed significant progress
in the field of Aerial Manipulation [1]. A key industrial
application is Non-Destructive Testing (NDT), where aerial
manipulators (AMs) are required to perform multiple point-
contact inspections in a fast manner, reducing asset downtime
and providing significant economic benefits [2]. However, for
robotic systems, including AMs, fast making and breaking
contact remains a challenging manipulation skill. In particu-
lar, impacts—contacts that occur at non-zero speed—induce
a sudden change of momentum over a short time scale
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(milliseconds). If not handled properly, impact events can
potentially lead to spikes in robot actuator commands and
in extreme cases to even actuator saturation [3]. Such phe-
nomena can significantly compromise both the safety and
robustness of the robot during impact events.

Operational space control is widely used for motion and
force control of robotic systems [4]. Task Space Inverse
Dynamics (TSID) extends this framework by solving a
Quadratic Program (QP) with multiple prioritized tasks in the
operational space while respecting the robot’s full dynamics
and constraints, making it well-suited for kinematically re-
dundant robots [5]-[9]. However, in its basic formulation,
TSID is impact-unaware, as it assumes smooth contact
dynamics and does not explicitly model the instantaneous
velocity changes caused by impacts. These changes are
typically managed through high-frequency feedback loops,
which may be insufficient for handling impacts.

The question of how to deal with impacts effectively has
been studied in the robotics community, with a focus on
fixed-base manipulators and legged robots. In [10], [11], a
control technique known as reference spreading is proposed.
Reference spreading smooths out the reference target used
in the feedback controller by “spreading” signal disconti-
nuities over a short time window of the impact event. A
limitation of this approach is that the tracking performance
of the controller can degrade if the impact time is uncertain.
Another approach in [3] defines a subspace of generalized
velocities that remains unaffected by any contact impulse.
Feedback control objectives (e.g., velocity tracking errors)
are projected onto this impact-invariant subspace, which
results in the controller ignoring parts of the state that are
unpredictable due to impact, while still exerting full au-
thority over the invariant dynamics. Although this approach
is robust to any possible contact impulse, it can lead to
overly conservative behavior. In [12], an impact-aware TSID
formulation is proposed that explicitly models sudden state
jumps (in joint velocity and torque) due to impacts. In this
QP formulation, constraints are adjusted to anticipate these
jumps within robot hardware limits, preventing controller
infeasibility post-impact. However, one limitation of this
approach lies in the challenge to accurately identify the
post-impact velocity and torque bounds without being overly
conservative, and it does not minimize the impact effect. The
method closest to our proposed approach is presented in [13],
where kinematic redundancy is exploited to optimize robot
configurations for improved impact handling via differential
inverse kinematics and a projected gradient approach. How-
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of hard constraints.

Impact-handling approaches are still relatively unexplored
in aerial manipulation contexts [14]. For AMs, impacts have
been addressed by leveraging energetic concepts, for exam-
ple, in [15], where a passivity-based framework including
energy-tanks is used to enable safe interaction with any
passive environment. Impacts have also been dealt with via
hardware designs, as in [16], [17].

In this work, we tackle impacts by exploiting kinematic
redundancy for improving a robot’s impact-robustness, that
is, to reduce the risk of spikes in both the state and con-
trol commands and consequently avoid actuator saturation.
Inspired by [13], we adopt a rigid impact model to derive
a configuration-dependent metric that quantifies the robot’s
susceptibility to impacts. We propose a whole-body TSID
controller that includes the search for an impact-robust
posture within its cost objective. Different from [13], our
QP-based approach is suitable for torque-controlled robots
and allows for multiple task objectives and hard constraints
applied to complicated, highly dimensional robotic sys-
tems. Our method is tailored for anticipated impact tasks,
i.e., contact tasks where impacts are expected to occur.
Consequently, the robot can assume a “brace for impact”
posture before the actual impact. Our results show that our
method effectively optimizes postures that reduce the risk
of actuator saturation and lead to safer and more robust
performance during impacts. Since our approach achieves
impact-robustness via redundant degrees of freedom (DoF),
our method is not conservative and does not compromise
the task-space feedback control action as in [3], [10], [11].
Moreover, our approach does not require the identification
of post-impact state bounds as in [12], which can affect the
controller’s feasibility.

Our contributions can be summarized as follows:

e We propose a novel and generic method to improve
robustness during impacts by optimizing the postures of
kinematically redundant torque-controlled robots. The
optimization is formulated as a motion task within a
TSID whole-body QP-controller.

o Using a kinematically redundant AM, We test and
validate our method in a realistic physics simulator on
multiple contact NDT-like scenarios. Our method leads
to a significant reduction of post-impact robot motion,
w.r.t. nominal TSID, up to 51% and avoids actuator
saturation during impact events.

o We confirm the generality of the approach in a multi-
contact, high kinematic redundancy setting of legged
robots, by incorporating the impact-robustness task in a
whole-body controller tailored for legged robots. The
validity of the approach is confirmed via numerical
simulations on a humanoid and quadruped robot. Again,
our method results in a reduction of post-impact motion
in the configuration (up to 45% w.r.t. nominal TSID).

II. PRELIMINARIES

In this section, we define our system dynamics modeling
and present the feedback control challenges that robots face

when interacting physically with the environment.

A. Floating Base Robot Dynamics

The robots considered in this work are modeled as
floating-base systems. The robot configuration is q =
(gf,q;) € M = SE(3) x R", where g represents the
floating-base pose, expressed in the inertial frame Z, while
g; denotes the joint positions of the robot, with n; Degrees of
Freedom (DoF). The generalized robot velocities are denoted
as v € RS, The equations of motion of such a system
can be derived using the Euler-Lagrange equations of motion
as [18]:

M(q)v + h(q,v) = G(q)u + J.(q)" F.. (1)

The inertia matrix is denoted as M (q) € R(6+mi)x(6+n;)
and h(q,q) € RSt is the vector capturing the Coriolis,
centrifugal, and gravity effects. J,. represents the contact
Jacobian associated with the generalized contact forces F.

B. Aerial Manipulator Actuation Model

The AM considered in this work is composed of a fully
actuated hexarotor with fixedly tilted propellers and a 3-DoF
robotic arm attached to its base. The AM can be modeled
as a floating base system as in Eq. (1) where n; = 3. The
actuated control commands are denoted as w = [u] , 7]
where u;, € RS represent the propellers’ angular velocities
of the hexarotor, and 7 € R? being the manipulators’ joint
torques. Each propeller angular velocity w;, Vi =1,...,6 is
related to its thrust and drag moment, in good approximation,
quadratically. For more details, we refer the interested reader
to [19]. The AM control inputs are then mapped to the state
tuple using the actuation matrix G(q) € R™*™,

bl

C. Whole Body Control as a QP

Whole-body control of kinematically redundant robots can
be formulated using TSID [5]—[8]. Given the current state of
the robot (g and v), the control objective is to find the set
of controls u, and joint accelerations v, that minimize the
residual of a stack of tasks in the operational space subject
to the dynamics and physical constraints of the robot. This
problem can be formulated as a QP to achieve real-time
instantaneous feedback control as follows:

Problem 1 Vanilla TSID

Nlask:
minimize Z w;|ei(z)]? (2a)
z:=(u, v i1
subject to
M(q)v + h(q,v) = G(q)u + Jc(q)" Fe, (2b)
u<u<u, U<USUD. (20)

The total optimizers are denoted as z (acceleration and
controls). The cost objective (2a) is the summation of the
weighted > norm of the task acceleration residual e; :=
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Yy; — Y7, where w;, Vi =1, ..., Ny is the ith task weight,
and

§ = Jil@)v +Ji(q)v, (3a)
y;k = ydesi + Kp(ydesi, - y) + Kd(ydesi - y) . (3b)
~~~

Utfwd

Widbk

The output task acceleration ¥y € R™ in (3a) is achieved
using the desired output-feedback controller ¢ in (3b)
comprising a feedforward acceleration command ¥ges,, and
a feedback control action with K, >~ 0, and K4 > 0 being
the positive definite position and velocity task feedback gains
respectively. J;(g) € R™*"™ represents the task Jacobian that
maps the joint velocities to the operational space velocity,
with n; being the task DoF. Finally, (2¢) represent the lower
and upper bounds on the controls and joint accelerations,
respectively.

Remark 1 The task residuals in problem (1) in the cost
objective are realized in a weighted fashion. An alternative
approach can be enforcing a strict hierarchy between tasks,
where lower-priority tasks are projected into the null space
of the higher-priority tasks [5]. This hierarchical approach
can be particularly advantageous for our AM application,
as will be presented in the subsequent sections.

D. Feedback Control Challenges during Impacts

Feedback control of robots in contact with the environment
is a challenging task due to the fast, discontinuous nature of
impacts that occur in orders of milliseconds [20]. We sum-
marize this challenge here for completeness, as highlighted
in [3] as a motivation for our approach. Assuming a robot
makes contact with a rigid body, the contact is established
instantaneously (i.e., the robot’s configuration g remains
constant during the impact event, assuming no contact slip-
page). Simultaneously, there is an instantaneous change in
the robot’s velocity due to the impulse A. Mathematically,
this rigid impact model can be written as follows:

(4a)
(4b)

qat=q°
vt —v™ =M '(q)J.(q)" A,

where, g7, q—, and vT, v~ are the post- and pre-impact
configurations and velocities respectively. Consider the fol-
lowing PD feedback controller similar to (3b):

ufpk = Kpep, + Kge,, )

where e, and e,, are the position and velocity errors simul-
tenously. According to the rigid impact model assumption
in (4), the magnitude of the feedback command during the
impact is dominated by the change in velocity error since
the configuration change is almost zero. This implies the
following variational relationship at the impact event:

Auggpk = KgAe,. 6)

In simple words, large changes in the velocity feedback
error exhibit large feedback residuals in problem (1), which
in turn lead to large control commands in milliseconds

duration (spikes) that can potentially be infeasible for the
robot actuators. This can degrade the controller’s perfor-
mance and hinder the robot’s safety. The above analysis
suggests that feedback alone may not suffice for controlling
robots during impacts. We highlight that this analysis is
generally applicable to feedback controllers during impact
events, whether in joint space or operational space. In the fol-
lowing sections, we propose a method that demonstrates how
to incorporate anticipated impacts into feedforward control
commands to enhance the robustness of reactive controllers,
particularly in kinematically redundant, optimization-based
TSID controllers.

III. METHOD: OPTIMIZING IMPACT-ROBUST POSTURES

We aim to minimize the variation between the pre- and
post-impact velocities, resulting in smoother control com-
mands and improved robustness during impact events.

Assumption 1 (Anticipated bounded impacts) We
assume anticipated impacts, i.e., impacts that are part
of a contact task and for which the prospective contact
Jacobian J.(q) and its contact normal m are known a
priori, with the impact magnitude \ along m being a
bounded uncertainty |\| < \.

Given Assumption 1, expanding the impulse vector at the
velocity jump with its magnitude and direction becomes:

Av =M Yq)J nA=T(q)n ),
L(q) £ M'(q)J. .

(7a)
(7b)
To minimize the variation between pre- and post-impact

velocities, we formulate the following robust optimization
problem:

min max ||Av|?, (8)
4 A=A
Substituting (7a), we obtain
[Av|? =X nT (J.M 2T )n, 9)
Ac(q)

where A, = (J.M~2J) is known as the Dynamic Impact
Ellipsoid [13], which is a form of the effective inertia in
the operational-space. The shape of this ellipsoid, computed
using its SVD decomposition, determines how much the
robot’s inertia varies in the contact space. Since the worst-
case A satisfies [A\| = )\, the min—max problem reduces to

min A n' Ac(g)n.
q

(10)

The above optimization problem chooses a posture g that
maximizes the effective inertia along the impact direction. In
other words, the robot is required to adjust its configuration
to absorb impacts with larger body inertia in the impact
direction.

Problem (10) is a nonlinear optimization problem and
can be intractable to solve online. Instead, we propose
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approximating it locally as a low-priority posture task within
TSID. Define

H(q) =n'A(q)n,
€IM-posture = v— I)I*M—posturev
I)IT\/[—posture £ _quH(Q) + Kp(qdes -

where qges is a desired robot configuration. K > 0 is a
tunable gain. We call H(qg) € R the Impact-Robustness
Metric, which quantifies the effect of impacts along a specific
direction on the robot’s effective inertia. The higher this
number is, the higher the robot’s effective inertia in that
direction. Finally, V,H (q) is defined as the gradient of the
impact-robustness metric with respect to q.

The weighted lo norm for the impact-robustness task
residual emvposwre Can be incorporated within TSID as part of
the objective function in Eq. 2a, in addition to an appropriate
weighting choice that represents its priority. The proposed
task residual will iteratively reconfigure the robot’s posture
to achieve the local minimization of H(q). Since we consider
impacts which are part of a contact task, the robot can
choose, e.g., based on a finite state machine, to activate this
task residual (introduce a non-zero weight) before attempting
the impact action. This highlights the flexibility of the
method in being applied only when required by the task

(11a)
(11b)
q) — Kqv(llc)

IV. APPLICATION TO AERIAL MANIPULATION

In this section, we apply the proposed method to an AM.
We focus on inspection tasks where AMs are required to
make fast repeated contacts with the environment.

A. Aerial Manipulator Stack of Tasks

As mentioned in remark 1, different from problem (1), we
adapt a strict hierarchy of tasks inside TSID that prioritizes
the reduced-attitude (tilt) control of the fully-actuated multi-
rotor as the highest priority task, the EE as a second
priority, and the robot’s posture as the third priority. Unlike
earlier works on the control of fully actuated kinematically
redundant AMs [21] [22], we prioritize the tilt angle control,
as it has a strong influence on the robot’s stability.

1) Reduced Attitude Task: We assign a desired tilt of the
hexarotor base as a first priority task. This is achieved using
the control command wj, € R2, specifying the angular
acceleration of the hexarotor around its tilt axis (i.e., the x-y
directions). The desired angular acceleration is then related
to the joint accelerations v through the Jacobian task matrix
Jiiie € R2X6+75 ag:

.
Wy

y = Jun?, (12a)
A0 0 01 00 0 0O

Jic =10 000100 0 of U

The reduced attitude error ey € R? is a measure of the
error between the aerial robot’s body frame’s z-axis and the
z-axis of the desired frame which is calculated based on the
shortest rotation that aligns both z-axes [23]. The desired
reduced attitude controller is then calculated as

——
Wy, =

red€red — wawy~ (13)

2) End-Effector Pose Task: The second priority task con-
trols the EE pose. We consider a desired EE impedance
command [24] 7} € RS, with the following task kinematics
expressed at the acceleration level as

I): = Je(q)l'/ + je(q)ya (14)

where J.(q) € R6*6+7) s the EE task Jacobian. We
impose that the EE pose task does not affect the reduced
attitude task, by projecting it in its null-space as follows:

v = J(@)Naw + Jo(@) T @uy + Je(@)v, (15)
Naw 2 (I — I} Ja), (16)

where IV is the null-space projection matrix in the reduced
attitude task [4], I is the identity matrix with the respected
size. The superscript T denotes the Moore-Penrose inverse.

3) Posture Task: The third priority task comprises a
desired posture of the AM. This task is incorporated as the
least square error in the cost objective of the OCP. Notice
that this cost is equivalent to projecting the task in the null
space of the higher-priority task.

Finally, we can write down the nominal TSID QP that
solves for the above stack of tasks.

Problem 2 Nominal TSID for Aerial Manipulation

mlnlmlze | ‘V - D]T/om-poxture' |%V (17a)
subject to

M(q)v + h(q,v) = G(qu+ J.(q)"F., (17b)

W;U = Ju, (17¢)

v} = Jo(@) Nu? + Je(@) T3, + Je(q)v, (17d)

usu<u, U<U<D, (17e)

where the desired nominal posture controller is
I):Iom-posture = Kp(qdes - Q) - Kyv. (13)

W > 0 denotes the posture task weight, and F. represents
the measured contact forces.

Remark 2 Problems (1) and (2) do not account for post-
impact velocities, relying instead on fast feedback loops to
address impact disturbances during contact establishment,
which leads to control spikes as presented in Sec. II-D. This
remains a challenging research question for robots perform-
ing contact-rich tasks, such as loco-manipulation [3], [12].

To address this drawback in nominal TSID feedback
controllers, we leverage the developments in Sec. III to
include the impact-robustness residual in the cost function
as a remedy to account for post-impact impulses that can
be difficult for only feedback to handle. We formulate the
following OCP:

Problem 3 Impact-Robust TSID for Aerial Manipulation

mlnllee HV - I./I*M-posture”%/V

uw,r

subject to
(17b), (17¢), (17d), (17e).

(19a)
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(b) Impact-robust TSID.

Fig. 1: Left to right: snapshots of robot configurations in the vertical
contact scenario.

The desired impact posture acceleration command becomes:

~KVgH(q).  (0)

- _ex
v IM-posture — VNom—posture

Notice that the only difference between the impact-robust
TSID problem above and the (2) is the gradient of the impact-
robustness term in the desired posture acceleration. Thanks
to this term, the impact-robust TSID controller utilizes the
robot’s kinematic redundancy to iteratively optimize postures
that are robust to anticipated impacts.

Remark 3 Since the impact direction is known a priori
(Assumption (1)), Vo H(q) can be computed offline using an
off-the-shelf automatic differentiation tools, which results in
a negligible computational overhead online w.r.t. the nominal
TSID in problem (2) (an extra matrix-vector multiplication).

V. RESULTS

We evaluate our method in the Gazebo physics-based
simulator ! using the Open Dynamics Engine (ODE) 2 on a
fully actuated hexarotor equipped with a 3-DoF robotic arm.
The open-source framework telekyb3 3 interfaces the robot
software stack with the simulator, incorporating Gazebo
plugins to model rotor dynamics via a first-order motor
model. To enhance simulation fidelity, we model propeller-
induced vibrations on the hexarotor body, which affect the
simulated IMU measurements. For controller development,
we use the Whole-Body toolbox [25] to compute dynamic
quantities (e.g., inertial, Coriolis, and gravitational matri-
ces) of the aerial manipulator model. The derivative of the
impact-robustness metric with respect to the robot configu-
ration, V,H(q), is computed using ADAM * and CasADi
auto-differentiation [26], which is essential for the impact-
robustness residual task in Problem 3. Both nominal and
impact-robust TSID whole-body control problems are solved
using the open-source QP solver qpOASES [27].

A. Aerial Manipulation Scenarios and Robustness metrics

The AM is tasked with making and breaking contacts
repeatedly with a known contact surface normal using its

Uhttps://gazebosim.org/home
Zhttps://www.ode.org/
3https://git.openrobots.org/projects/telekyb3
“https://github.com/ami-iit/adam

(b) Impact-robust TSID.

Fig. 2: Left to right: snapshots of robot configurations in the lateral
contact scenario.

EE, similar to a contact inspection task. In particular, we
devise the following contact scenarios:

« Vertical

(Fig. 1).
« Lateral pushing: five repeated lateral contacts (Fig. 2).

pushing: five repeated vertical contacts

The robot’s whole-body controller is tasked with maintaining
zero tilt of the floating base of the hexarotor as its highest
priority task (Sec. IV-A.1). Moreover, the robot controls
a desired EE pose as the second priority (Sec. IV-A.2).
Finally, the robot is assigned a desired posture as the third
priority task (Sec. IV-A.3). We compare the robustness of our
Impact-robust TSID controller in problem (3) that optimizes
for the impact-robustness residual (20) against the nominal
TSID controller problem (2) that is impact agnostic. We
use the following metrics to quantify the robustness of both
controllers during the impact events:

o Constraint saturation: We consider the saturation of
the control commands during impact events as a critical
robustness metric, since constraint saturation leads to
unsafe motions.

e Motion during impacts: this metric quantifies the
change in robot configuration during impact events,
computed as the integral of the /5 norm of the actual
robot velocity v,

t=T
g, = / va(t)]dt, @

where 7T is the sum of impact durations.

B. Aerial Manipulation Simulations

We plot the impact-robustness metric H(q) in Fig. 3,
which serves as a feedforward term in the desired impact-
robustness residual (Eq. (20)). Recall that this term drives the
robot’s whole-body reconfiguration to achieve impact-robust
postures. Starting from the same initial configuration for
both controllers, the impact-robust TSID controller adjusts
the robot’s posture to minimize H(q) while maintaining
the desired EE pose in both test scenarios. As shown in
Fig. 3, the impact-robust TSID significantly reduces H(q)
for both the vertical and lateral contact scenarios compared to
the nominal TSID, proactively accounting for impact distur-
bances. This reconfiguration can be visualized in Figs. 1 and
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Test Scenario qi‘:;gllcl nominal TSID q}r‘]’:S[acl impact-robust TSID
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Lateral push 9.2 5.5
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Fig. 3: The evolution of the impact-robustness metric H(q) for the
vertical and lateral contact scenarios.
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Fig. 4: AM’s whole-body controls (rotors’ angular velocities, and
joint torques) for the vertical pushing scenario. Left: nominal TSID
controller saturates the angular velocities control limits during
impacts. Right: impact-robust TSID controller optimizes smoother
and safer control inputs without saturation.
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Fig. 5: AM’s whole-body controls (rotors’ angular velocities, and
joint torques) for the lateral pushing scenario. Left: nominal TSID
controller. Right: impact-robust TSID controller.

2 before the impact event. Thanks to this reconfiguration,
it becomes evident that the impact-robust TSID absorbs
impacts more gracefully than the nominal TSID (see the
multimedia attachment for reference).

TABLE I: Comparison of the integral of the /> norm of the joint

velocities over impact duration gjpa-

As a consequence of minimizing the impact-robustness
metric H(q) in problem (3), the impact-robust TSID con-
troller avoids saturating control limits (rotor angular ve-
locities and joint torques) and generates smoother control
commands compared to the nominal TSID, as shown in
Fig. 4 and Fig. 5 for the vertical and lateral contact scenarios,
respectively. In contrast, the nominal TSID frequently satu-
rates rotor angular velocity limits and produces aggressive
control actions during impacts, since it is agnostic to im-
pacts and relies solely on feedback. Such control saturation
compromises robot safety and may cause motion failures in
real-world applications.

Finally, we quantified the change in robot configuration
during impact events qitg}glm in (21) as our second safety
quantification measure. As reported in Table I, impact-robust
TSID compensates better for impact disturbances, which in
turn resulted in less motion during contact events (51%, and
40.2%) w.r.t. to nominal TSID for the vertical and lateral
pushing scenarios, respectively. The joint configuration pro-
files are plotted in Fig. 6 for the lateral pushing scenario for
completeness, which shows the change in joint configurations
during the repeated impacts (pink rectangles). As shown in
the figure, the robot state varies less during impact for the
impact-robust TSID w.r.t. the nominal TSID, thanks to the
impact-residual minimization of the posture task (20).

C. Application to contact-rich redundant robots

We complement our results with additional numerical
simulations performed on highly dimensional multi-contact
scenarios for legged robots. We test our approach on the
humanoid robot Talos [28] and the open-source quadruped
robot Solo [29]. Such simulations aim to emphasize the role
kinematic redundancy plays in improving impact robustness,
which becomes more evident for such systems. Due to the
high dimensionality of these systems and the multi-contact
nature, we added the following tasks to both the nominal
TSID problem (2) and the impact-robust TSID problem (3),
which are essential for stabilizing the robot.

o Center of mass position task: To regulate the configu-
ration of the floating base.

 Friction pyramid constraints: We additionally optimize
the contact forces to give more DoFs to the solver,
and constrain them to be inside the friction pyramids
to ensure dynamic feasibility of the contact forces.

o Non-holonomic contact tasks: To constrain the kine-
matic motion at the robots’ end effectors in contact.

o A posture task: to regulate a desired robot posture in
the joint space.
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Fig. 6: Evolution of the joint angles profiles during impact events
(pink rectangles). Top: nominal TSID. Bottom: impact-robust TSID
(ours).

Similarly, we compare our impact-robust TSID approach to
the nominal TSID for disturbance compensation for stabiliz-
ing an initial configuration of the robot. First, we simulate an
impulse force of 6.5 N for 400 ms in the sagittal direction of
the base of the quadrupedal robot Solo as shown in Fig. 7.
This is an interesting case since this version of Solo legs
has only 8 DoF, which limits the base rotation around the
sagittal axis. Despite such a kinematic disadvantage, the
impact-robust TSID controller was able to reconfigure the
base upwards along the tangential direction to compensate
for the force in the sagittal direction (check top row Fig. 7).
Similar to the AM, we report how much the norm of the robot
configuration changed during impact events qﬁ;ilct for both
controllers, as shown in Table I. Thanks to the impact-robust
residual that drives such reconfiguration before impact (20),
the impact-robust TSID controller allowed the robot to move
less (16.8% w.r.t. the nominal TSID).

This metric is even more evident in the humanoid robot
scenario due to the high kinematic redundancy of Talos. This
time we simulate a higher impact of 32 N for 400 ms. As
shown in Fig. 8, the impact-robust TSID used the robot’s
kinematic redundancy as an advantage to reconfigure its
upper-body to better compensate for the impact disturbance
before the impact. On the other hand, the nominal TSID
maintained its initial configuration as it is agnostic to the
impact event. gjoal , is even more evident here, resulting in
45.6% w.r.t. the nominal TSID controller. This shows that
impact-robust TSID can be used as a complementary ro-
bustness tool that is easily extendable to highly dimensional
multi-contact systems.

VI. DISCUSSION

In this section, we outline the strengths and weaknesses of
our method and compare it with state-of-the-art approaches.
A key strength of our method is its implementation sim-
plicity. By leveraging the rigid impact model residual, the
impact-robustness metric is incorporated as an additional

(a) Impact-robust TSID moves less during the impact event.

(b) Nominal TSID moves more during the impact event.

Fig. 7: Snapshots of Solo reacting to an impulse force disturbance
(red arrow) at the base of 6.5 N for 400 ms.

feedforward term within the desired posture acceleration
task. Our method addresses impact discontinuities in a
closed-loop feedback manner within a hierarchical TSID,
uilizing gradient descent on the impact residual. In contrast,
reference spreading handles this issue offline by smoothly
blending pre- and post-impact reference states, which does
not reduce the actual impulse but rather smooths the con-
troller’s tracking target.

Another key advantage of our method is that it’s not
conservative. Different from the work of [12] that enforces
extra hard constraints to avoid infeasibilities of the post-
impact acceleration, impact-robust TSID tackles the problem
by finding impact-robust postures softly through a task
residual in the cost prior to the impact. At the same time, a
limitation of our method arises when the robot’s redundancy
is exhausted, as the impact-robustness task is mapped to the
null space of higher-priority tasks. Moreover, we differentiate
our method from the work of [3], which takes a robust control
approach by mapping the robust controls to an impact-
invariant space. Despite being agnostic to impact magnitude,
direction, and timing, this approach can be quite conservative
and becomes hard to scale for highly dimensional systems
like full humanoid robots. Our approach, on the other hand,
assumes an impact direction as a trade-off for performance.
Thanks to this assumption, impact-robust TSID does not add
a computational overhead online w.r.t nominal TSID as the
gradient of the impact-robustness term is computed offline.

Finally, we view this work as a complementary robustness
tool that can be used in combination with the state-of-the-art
methods as [3], [9], [12], [30].

VII. CONCLUSIONS

In this work, we presented a novel approach to optimize
impact-robust postures as a task residual inside TSID for
kinematically redundant robots. Our results show that the
optimized posture effectively reduces spikes during impact
events, which avoids control saturations and infeasibilities.
Consequently, this leads to smoother robot state profiles
(joint positions and velocities) that minimize robot motion
during impacts, resulting in safer and more stable robot
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(a) Impact-robust TSID optimizes for a posture with lower upper-body
momentum to compensate for the impact.

(b) Nominal TSID exerts higher upper-body angular momentum to com-
pensate for the impact.

Fig. 8: Snapshots of Talos reacting to an impulse force disturbance
(red arrow) at the torso of 32 N for 400 ms.

motions. Our method complements state-of-the-art methods
in impact handling whenever kinematic redundancy is not
exhausted, which is useful for highly dimensional multi-
contact robotic systems. Future work includes extending this
approach to consider uncertainty in the contact normal and
applying our approach to real robot experiments.
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