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Abstract—1In this work, we present a nonlinear Model
Predictive Control (NMPC) scheme for tracking a ground target
using a multirotor with a cable-suspended load. The NMPC
framework relies on the dynamic model of the UAV with the
suspended load and, hence, an estimate of the load state is
obtained by fusing the measurements of a downward-facing
camera and a load cell with an Unscented Kalman Filter (UKF).
Additionally, since the NMPC relies on the future behavior of
the system, the trajectory of the ground target throughout the
predicted time horizon of the NMPC, is required. Towards this
direction, Bézier curves are employed in order to predict the
future trajectory of the target, which moves in an arbitrary
way. The ultimate goal of the proposed framework is to release
the suspended load to the ground target and, consequently,
a condition is checked at each time instant that triggers the
opening of a gripper, located at the lower edge of the cable. The
performance of the proposed control scheme is experimentally
validated using an octorotor.

I. INTRODUCTION

Multirotor UAVs with cable-suspended loads have been
extensively studied in the literature throughout the last
decade due to their versatile nature and their applicability to
multiple tasks and scenarios such as emergency situations,
search and rescue missions, delivery of essential supplies and
equipment, and water sampling from contaminated aquatic
environments [1]. In contrast to the rigid attachment of the
load to the UAV’s frame, the utilization of a cable is a flexible
and simple mechanical solution that can be easily integrated
into different platforms.

However, the degrees of freedom (DoFs) of the system
are increased from 6 to 10, due to the existence of the
cable-suspended load, while the control inputs remain 4.
Additionally, the motion of the vehicle may lead to large
swing angles of the load which put the safety of both the
UAV and the load at risk. Various schemes are demonstrated
in the literature [2] so as to achieve the control of the
under-actuated system; however, the majority of the control
schemes is typically validated in indoor environments with
accurate state feedback, e.g., by utilizing a motion capture
system.

Open-loop controllers, i.e., without feedback of the load
state, have been proposed in [3] and [4] where a nonlinear
hierarchical control law and an Interconnection and Damping
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Assignment-Passivity Based Control (IDA-PBC) are em-
ployed correspondingly to achieve the transportation of the
vehicle with minimum swinging motion of the load. An
open-loop approach is also proposed in [5], where dynamic
programming is implemented for generating swing-free tra-
jectories, according to a linearized model of the system.
Afterward, the authors proposed a reinforcement learning
approach in [6] so as to address the model inaccuracies. A
reinforcement learning control policy is also developed in [7]
where the model-free twin delayed deep deterministic policy
gradient algorithm is used so as to train a policy which drives
the vehicle towards desired waypoints while simultaneously
minimizing the oscillations of the load.

The existing control schemes are not limited to swing-
free load transportation and various controllers, which aim
to take advantage of the full range of motion of the load,
are proposed in the literature. More precisely, Mixed Integer
Quadratic Program (MIQP) trajectory generation, closed-
loop payload control with vision-based state estimation, and
reformulation of the trajectory planning problem as a Mathe-
matical Program with Complementarity Constraints (MPCC),
presented in [8], [9] and [10] respectively, consider agile and
aggressive maneuvers which are essential for tasks such as
execution of trajectories through a slalom course, obstacle
avoidance, payload throwing, or maneuvering through a
narrow window.

Regarding aerial target tracking, various works address the
problem of tracking a moving target with a multirotor UAV
using visual feedback; however without considering the exis-
tence of a cable-suspended load and, hence, the release of the
load towards the target. More specifically, in [11], the authors
present a visual scheme for tracking a maneuvering target
using a UAV with an onboard gimbal camera. The Kernelized
Correlation Filter (KCF) tracker [12] is utilized in order to
detect the target while the full state of the target is estimated
by the Interacting Multi-Model Extended Kalman Filtering
(IMM-EKF) algorithm [13] assuming a Singer model with
an adaptive mean. Considering the aforementioned estimates,
both the gimbal and the vehicle are controlled in order to
achieve the tracking of the moving target. However, the
IMM-EKEF estimator predicts solely the state of the target
at the next time instant while also requiring a target motion
model, which is a priori unknown.

In [14], the authors propose a framework for real-time
target tracking in cluttered environments. More precisely, the
trajectory of the target, observed with the aid of markers, is
approximated and predicted for a short time horizon using
polynomial regression. Based on the predicted target trajec-
tory and the detected obstacles, the A* method is utilized in
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order to find a grid-based collision-free flight corridor for
the UAV. Eventually, a dynamically feasible for the UAV
trajectory is generated using quadratic programming. The
authors validate their approach experimentally in an indoor
environment.

Polynomial regression for predicting the target motion is
also considered in [15], where a Bézier curve is utilized
in order to describe the target trajectory. Additionally, the
authors assume that the target velocity and acceleration
are bounded and, thus, constraints are imposed on the
quadratic programming problem. Given the target trajectory,
a kinodynamic searching method is implemented so as to
find an appropriate flight corridor consisting of obstacle-
free grids and, afterwards, an optimal polynomial trajectory
is generated within the safe flight corridor. The authors
experimentally verify their approach in both indoor and
outdoor environments. In their following paper [16], the
visibility of the target is also incorporated into the trajectory
planning method so as to avoid target loss. Throughout this
work, we adopt the target motion prediction with constrained
Bézier regression since this approach reliably estimates the
future trajectory of the target.

In this work, an NMPC-based scheme is presented for
tracking an unmanned ground vehicle (UGV) using a multi-
rotor with a cable-suspended load. The NMPC is formulated
for the nonlinear dynamics of the system and, thus, an Un-
scented Kalman Filter, which fuses measurements provided
by a camera and a load cell, is deployed in order to estimate
the state of the load. Regarding the detection of the load,
a Convolutional Neural Network (CNN) is utilized so as to
avoid the usage of a motion capture system or/and markers.
A CNN, accompanied by the KCF tracker, is additionally
deployed for uninterruptedly detecting the ground target.
Similarly to [15], the past observations of the target are
integrated into a constrained Bézier regression problem in
order to predict the trajectory of the target. However, in
contrast with previous works, the future target motion is
not utilized for generating trajectories for the UAV, but is
directly incorporated into the predicted horizon of the NMPC
scheme, which computes appropriate inputs to the inner
attitude control loop of the autopilot, and, thus, the following
of the aggressively moving target is achieved. Eventually,
the load is released towards the ground target, by opening a
gripper, as soon as a condition, which relates the predicted
ballistic trajectory of the load and the future target motion,
is met. It is mentioned that the swinging motion of the load
during the tracking of the target renders the successful release
of the load quite challenging even for an experienced human
operator. The aforementioned control strategy is deployed on
an octorotor in an outdoor environment, as depicted in Figure
1, while a UGV is arbitrarily moving on the ground.

II. EQUATIONS OF MOTION

In this section, the equations of motion, that describe the
kinematics and dynamics of the system, are presented [17].
Consider the multirotor UAV with the cable-suspended
load, as illustrated in Figure 1. Let B denote a body-fixed
frame, attached to the vehicle’s center of mass, and I an ENU
Inertial frame, the origin of which is located at a constant

e
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Fig. 1: The multirotor with the cable-suspended load and the
UGV deployed in the field.

position. The positions of the vehicle and the load w.r.t. I are
denoted by 'p =[x Ty ’z]T and 'p, =[xy 1y ’ZL]T
respectively. Assuming that the upper edge of the cable
coincides with the vehicle’s center of mass and that the cable
is taut, the cable unit vector 'n is defined by the following
equation: .

n=(p.~"p) (1)
with / denoting the length of the cable.

Given that the cable unit vector has 2 DoFs, it ma
be parameterized w.rt. I by the angles 1, = [¢r 6]
which describe successive rotations around the x and y axes
correspondingly:

In:[—sQLc¢L sQr —c9Lc¢L]T 2)

where s(-) =sin(-) and ¢(-) = cos(-). By differentiating Eq.
2, a matrix J is computed which relates the derivative of the
cable unit vector ' with the angular velocity 7, :

SGLS(PL —CQLC(])L
‘=1 cor 0 | 3)
cOLsgr  sOcor
J

Moreover, by double differentiating Eq. 1 and assuming
that the quantities OLZ, (])1%, @r - 0, are negligible, the following
relationship is derived:

. L. :
Jip =7 (v ="¥) )
where 'v=[lv, Ty, ’vZ]T, ve = ['ve, T, IvLZ]T are
the velocities of the vehicle and the load respectively.

Based on the Newton-Euler equations of the load, the load
acceleration 'v; is defined as:

1

T
, I,

mp

(&)

VL = —ges
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where ||T]| is the cable’s tension, my, is the load’s mass, €3
is the z-axis of the Inertial frame, and g is the gravitational
acceleration. By substituting Eq. 5 in 4 and given that J”'n =
0,1, the following equation is eventually obtained:

. 1

ML=7
The above Eq. 6 is defined for |¢y | # /2, which is valid in
case of non-aggressive load maneuvers.

As for the multirotor, the rigid body equations of motion
under external disturbances [18], i.e., the tension of the
cable in this particular case, are utilized for the translational
dynamics of the vehicle, whereas a first-order model is
used in order to describe the inner attitude control loop,
due to the capability of the autopilot to efficiently control
the rotational dynamics of the UAV [19]. Eventually, the
complete dynamic model of the vehicle with the cable-
suspended load, considering also Eq. 6, is:

(7) I (—ges—1¥) ©6)

II-):Iv

[
. m
(P = (Kq>¢ref - (b) /T¢
6 = (Kg@ref — 9) /‘L'g (7)

Y= (Klﬂ/ll/ref - W) /TW

nL="1.
. 1 -1 )
=7 (J77) I (—ge3—"¥)
where m is the mass of the UAV, F denotes the thrust,
normalized w.r.t. m, 'Rp is the rotation matrix from B to
I computed by the roll, pitch, yaw angles, i.e., ¢, 0, ¥
correspondingly, and the parameters Ky, Ky, Ky and Ty, Tg,
Ty are the gains and time constants of the inner attitude
control loop, which are obtained by following a system
identification procedure. Finally, the angles ¢z, Orr, Wrer
denote the reference roll, pitch, yaw angles, i.e., the inputs
for the inner attitude control loop, while the actual thrust is
computed according to the reference vertical velocity /v, 7t

’v:—ge3+F1RBe3+ I'n

F g+ (Kzlvsz - IVZ) /Tz
N cOco

where K, and 7, are the gain and the time constant of the
inner thrust controller.

It is mentioned that the inner attitude control loop of the
multirotor’s autopilot, specifically the open source Ardupilot
firmware [20], is incorporated into the aforementioned dy-
namic model. Contrastingly, the outer PID position control
loop is replaced by the proposed NMPC scheme in order
to consider the existence of the cable-suspended load, which
alters the translational dynamics of the system, and to control
the load angles and angular velocity.

®)

III. PROBLEM FORMULATION

In this section, the motion control problem of tracking
a ground target using a multirotor with a cable-suspended
load is formulated. Consider the case in which a ground
vehicle is moving arbitrarily on the ground without sharing

any information about its state, i.e., its position I pr and
velocity Iy, and, hence, the UAV relies only on the visual
information, obtained by the onboard downward-looking
camera, so as to fulfill the requested task.

UGYV Motion NMPC for
Prediction Target Tracking

Estimation of
the Load State

Controlle —»| cable-suspended

Attitude WAl
r load

UAV’s
Navigation
Sensors

Camera
& Load Cell

Fig. 2: The proposed control scheme.

Towards this direction, the control scheme, depicted in
Figure 2, is deployed so as to achieve the tracking of the
ground target and the successful release of the suspended
load. The aforementioned control scheme consists of the
following parts:

1) CNN-based detection of the cable and estimation of the
full state of the load, i.e., 1; and 7}, using a UKF which
exploits the output of the CNN and the measurements
provided by a load cell, located at the lower edge of the
cable,

2) Detection of the target using a KCF tracker and a CNN,
which indicates an initial region of interest (ROI) for
the KCF tracker, and prediction of the target motion,
i.e. the position /pr and the velocity ‘vz w.r.t. I, based
on Bézier curves,

3) Deployment of an NMPC, formulated for the nonlinear
dynamics of the system, which integrates the future
trajectory of the target into the predicted horizon of
the NMPC and produces appropriate references for the
inner attitude control loop of the autopilot so as to
minimize the tracking error between the target and the
load and

4) Check of a condition which, based on the predicted
trajectory of the target and the load, triggers the opening
of a gripper and the release of the load towards the
target.

The above individual parts are explicitly presented in the
following sections.

IV. ESTIMATION OF THE LOAD STATE
A. Detection of the Load

The estimation of the load angles and angular velocity is
a prerequisite for the deployed NMPC. For this purpose, a
CNN is applied to the image provided by the downward-
facing camera, in order to detect the cable. The CNN-based
approach is selected due to its robustness against lighting
conditions, typically observed in outdoor environments.

Among the various models from the Keras image seg-
mentation framework [21], the computationally lightweight
mobilenet_segnet model is selected. Following a supervised
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learning approach, images were initially collected and were
afterwards labeled [22]. The output of the CNN, after the
training procedure, is depicted in Figure 3a.

Given the segmented image produced by the CNN, the
edge of the cable and, hence, the pixel coordinates of the
load (up,v;) are computed. Since the cable is assumed taut
and the upper edge of the cable coincides with the origin
of the body-fixed frame B, the 3D position of the load
Bp; w.rt. B can be computed after applying the appropriate
transformations between the camera frame C and the body-
fixed one B, and considering also that ||®p.|| = I. Eventually,
by dividing the position ®p; with the cable length ! and
converting it to I, the cable unit vector I is estimated.

B. Unscented Kalman Filter

In order to retrieve the full state of the load, the load
angular velocity is required. Consequently, an Unscented
Kalman Filter is applied according to the Newton-Euler
equations of the load (Eq. 5). Specifically, the following state
transition and measurement equations are utilized in the UKF
model:

. Iy n
X7, = |:1n:| = % (—ge3 _ %In—l\") +w (9)
yo="n+o (10)

where w € R® and @ € R? are process and measurement
noise terms and the cable’s tension ||T|| is measured by the
load cell. Eventually, after applying the aforementioned UKF,
the load angle 17; and angular velocity 1], are extracted based
on Eq. 2 and 3.

V. ESTIMATION OF THE TARGET STATE
A. Detection of the Target

Besides the load state, an estimate of the target state is a
prerequisite to achieve the tracking of the ground target and
the successful release of the load towards it. Similarly to
Section IV-A, a CNN is trained in order to detect the target
which moves in an unknown manner.

However, when the load is located above the target, a
part of the area, which corresponds to the target, is visually
occluded by the load and, as a result, the CNN fails to detect
the target consecutively. Hence, a tracker is additionally
exploited so as to achieve the detection of the target in a
more robust and faster manner. Among the various trackers
presented in the literature, the KCF tracker [12] is selected
due to its high speed and accuracy and its ability to track
the target in the presence of partial occlusions.

The pipeline of the detection is as follows:

1) Extract a ROI by utilizing the trained CNN,

2) Based on the aforementioned ROI, deploy the KCF
tracker and

3) Re-detect the target using the CNN after some iterations
in order to reduce the accumulated error or when the
tracker fails.

Based on the aforementioned pipeline, a ROI, which
corresponds to the target, is extracted by means of a bounding
box, as depicted in Figure 3b. The center (ur,vr) of the

Fig. 3: (a) Detection of the cable. The red-shaded transparent
area, surrounded by a convex hull, denotes the detection
mask overlaid on top of the original image. The green cross
corresponds to the pixels of the load. (b) Detection of the
target. The green cross corresponds to the center of the
bounding box.

bounding box defines the pixel coordinates of the target in
the image plane. Since the target moves on the ground, its
known height z7 = h is exploited in order to compute its
3D position. Consequently, after suitable transformations, an
estimate of the target position 1 pPr = [’xT 1 yr IzT]T is
available at each time instant.

B. Target Motion Prediction

However, the estimate of the target position is not adequate
for the deployed control scheme, since the NMPC requires
both the position and velocity of the target not only at the
current time instant but also throughout the predicted time
horizon. In order to predict the future trajectory of the target,
Bézier curves are exploited, as proposed in [15].

More precisely, a Bézier curve is defined, based on the
order n of the curve, as follows:

(1)

where 7 € [0,1], B(7) € R? (since the target is moving
on the x-y plane) is the Bézier curve, b;,(7),i =0,---,n
are the Bernstein basis polynomials of degree n and ¢; =
[Cxi Cyil T ¢ R? are the n+ 1 control points.

In order to estimate and predict the target motion, it
is essential to find the suitable set of control points ¢ =
[co,cl,--- ,cn]. Towards this direction, assuming that N
estimates of the target position /py are available according to
Section V-A, along with the corresponding timestamps 7, a
set D= {(t,)xr1, yr1), -, (tw.!xrn. yrn)} of constant
length is constructed, where the timestamp ty corresponds
to the current time. The aforementioned set D is updated
once a new measurement is available. Since the aim is to
predict the motion of the target up to the future timestamp ¢,
the following mapping is performed between the timestamps
te [z‘l ,tp] and the parameter T € [O, 1] of the Bézier curve:

r—n

T= 12
p— (12)

The optimal set of control points is computed according
to the following optimization problem:

N 2
min ). (1, [B(5) ~'pr (1)) 13)
i=1

10060



where the objective is to minimize the distance between the
measurements and the Bézier curve with w;, denoting weights
which penalise past measurements [15].

Additionally, in order to identify feasible solutions, con-
straints are imposed on the above optimization problem. The
aforementioned constraints arise from the dynamic limits of
the target according to which the predicted velocity and ac-
celeration should lie inside [—tmar; Umax] and [—@max; dmax]
respectively. By differentiating the Bézier curve, the follow-
ing constraints are defined for the x axis (similarly for the y
dimension):

—Upax <N~ (Cx,i - Cx,ifl) / (tp _tl) < Umax
—Qpax <N+ (l’l - 1) : (Cx,i - 2cx,i—l + Cx,i—2) / (lp - tl)z < Aax
(14

The above constrained Quadratic Programming problem
with 2- (n+ 1) primal variables, i.e., the number of control
points, and 2-n+2-(n—1) inequality constraints is solved
using the OOQP software [23] and, eventually, an estimate
of the future trajectory of the target, i.e., 'p7(t) and 'vz(t),
is available throughout the predicted horizon [tN,tp].

VI. NONLINEAR MPC FOR TARGET TRACKING

In order to efficiently track the ground target, an NMPC
is formulated for the nonlinear system dynamics defined by
Eq. 7. Since the objective of the NMPC scheme is to track
the ground target and eventually release the cable-suspended
load towards the target, the following cost functions are
defined:

1p(6) = |B(t) + ()~ "pr ()~ [0 0 za]|
Io(e) = "v(@) + () — v (1[5,

15

JU(I)ZHH’(I) (1) V’(I)_Wdes]THZQO (>

a0 = i@ wio]"

where 0, € R*3, 0, e R*3, 0, € R¥**3 and Q; € R¥** are
diagonal weighting matrices and J, J,, J, and Jy are task-
specific cost functions which penalize the distance between
the load and the target, the relative velocity between the load
and the target, the error between the current orientation of
the vehicle and the desired one, and the swinging motion
of the load. It is mentioned that the UAV should track the
ground target while maintaining a certain altitude above it,
defined by the variable z;.;. The desired yaw orientation W,
is maintained constant. Additionally, the swinging motion of
the load is minimized so as to avoid unnecessary oscillations
and ensure the safety of the load to be delivered.
Considering the total cost function J; = J, +J, +J, +JL
and the input constraints, the following Optimal Control
Problem (OCP) is formulated throughout the horizon [tN, tp] :

2

P

v

. Ip 2
mm/w () + [0 (0)]2) de + i (t) 6

s.t: x(tN) =xN, x= f(x,0) (Eq. 7), v €U
where X = [IpT N ¢ 6 yv nf T']{]T cRB, v =
[Oref  Orer  Wrer Iy, f]T € R* are the state and input

vectors, R is the control input cost matrix and, U is the set
of input constraints specified by the roll, pitch and vertical
velocity limits.

The aforementioned OCP is solved at each iteration ty,
given the predicted target trajectory, and the first control
input of the derived control sequence is sent to the inner
attitude control loop of the autopilot. The ACADO Toolkit
[24], along with the qpOASES solver [25], are utilized for
designing and solving in real time the presented OCP.

VII. RELEASE CONDITION

Regarding the release condition, at each current timestamp
ty, the trajectory of the load is computed assuming that is
released. In this case, the load follows a ballistic trajectory,
i.e. moves only under the influence of gravity, according to
the following equation:

Ipr(t) ="pr(ty) +1vi(ty) -1 — ge3 122,

Given the target’s height ‘z7 and the above equation, the
timestamp #;, at which the trajectory of the load intersects
with the /z7 is computed. Consequently, the release condition
is formulated as follows:

"pe(tn) = "pr(0n)]| < d

where d is the maximum horizontal distance between the
load and the target. It is mentioned that the condition implies
that the timestamp #;, lies inside the predicted horizon of the
target motion, i.e., t;, € [IN,IP} , and, hence, an estimate of the
target motion is available. Otherwise, the release condition
is not checked.

amn

(18)

VIII. RESULTS
A. Experimental Setup

The proposed scheme is evaluated experimentally while
using an octorotor in an outdoor environment. The state of
the octorotor is provided by the Ardupilot firmware, which
fuses measurements by typical navigation sensors via an
Extended Kalman Filter. Moreover, the UAV is equipped
with the embedded computer Jetson AGX Xavier [26], which
communicates with the autopilot through the MAVLink
protocol [27]. The control of the vehicle is achieved with
the aid of Robot Operating System (ROS) [28], specifically
the MAVROS node, an intermediate node between ROS and
Ardupilot. Regarding the UAV’s sensor suite, the octorotor
is additionally equipped with the ZED 2 camera, a load cell
and a servo motor which controls the gripper. A base is 3D
printed in order to assemble the load cell and the gripper,
both located exactly above the load. Both the load cell and
the servo motor are directly connected with an Arduino Uno,
which communicates serially with the Jetson. As for the
load, a bag containing a 0.5 kg load is considered. Finally,
the ground target is a UGV Robotnik Summit which is
manually driven towards random directions through joystick
teleoperation.

As for the computational cost of the proposed framework,
the mean processing time, on the powerful Jetson, of the
individual parts, that comprise the control scheme, is demon-
strated in Table I. It is evident that a real-time performance
is achieved during the tracking of the UGV.
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Step Time[ms]
CNN 32.41
KCF 5.27
Bézier regression (N = 20) 0.93
NMPC 3.33

TABLE I: The computational cost of the individual parts that
comprise the proposed framework.

B. Experimental Results

In order to validate the ability of the proposed control
strategy to uninterruptedly track the UGV, an outdoor ex-
periment was initially conducted without considering the
release of the load. Throughout the first experiment, the UGV
moved with an average horizontal velocity of 1.5m/s and a
maximum equal to 2.5m/s, as estimated by the Bézier re-
gression (Figures 4c, 4d). The deployed vision-based NMPC
scheme, which communicates directly with the inner attitude
subsystem of the UAV, enables the vehicle to respond quickly
to the unknown maneuvers of the target, performed by
the operator, and, hence, the continuous tracking of the
target was achieved, according to Figures 4a, 4b, where
the trajectories of both vehicles in the horizontal plane are
depicted. Additionally, despite the agile motion of the UGV,
the swinging motion of the cable-suspended load, obtained
by the UKF, was not excited and the load angles were
maintained below 20, as illustrated in Figure 4e.

Afterwards, a second experiment was realized in order to
evaluate the ability of the proposed scheme to successfully
release the suspended load towards the target. The UAV
initially tracked the vehicle until the release condition of Eq.
18 was satisfied, as depicted in Figure 5a. At that moment,
the opening of the gripper was triggered and the load was
successfully released and placed into a box, carried by the
UGV, as illustrated in Figure 5.

IX. CONCLUSIONS

In this work, a complete framework is presented for
tracking a ground target while using a multirotor UAV with
a cable-suspended load. The proposed method relies only
on the integration of a downward-looking camera and a
load cell, required for the target motion prediction and the
load state estimation, and on the existence of an inner-
loop controller. Moreover, a gripper is incorporated into the
vehicle’s sensor suite in order to achieve the release of the
load towards the target and, thus, increase the applicability
of our method for a variety of scenarios. The efficacy of the
whole scheme was validated experimentally.

Regarding our future work, we intend to utilize a forward-
looking camera or a LiDAR, so as to consider the presence
of obstacles and, generalize our framework.

s
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Fig. 4: The position /p and the velocity /v of the UAV during
the first experiment compared to the UGV motion, i.e., pr
and Tvr, as estimated by the Bézier regression. (a) Position
x. (b) Position y. (¢) Velocity x. (d) Velocity y. (e) The load

T
angles 1, = [¢ 6L] .

Trajectory

(© (@

Fig. 5: The successful release of the load towards the target
during the second experiment. (a) The position of the load
Tp; (1), assuming that is released, compared to the position
of the target 'pr(t;). The green circle indicates that the
release condition (Eq. 18) is satisfied. (b) The gripper opens.
(¢) The load follows a ballistic trajectory. (d) The load is
placed inside the box.
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