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Abstract— This paper investigates the problem of effective
tool manipulation for motion planning in complex human-like
scenarios. Vector-field-based real-time strategies, although widely
used, usually do not account for unwieldy tools or incorporate
systematic methods to handle these extra maneuvers needed.
Instead, we formalize the problem and propose a novel field-
based reactive planner that explicitly accounts for rotational
forces for seamless maneuvers based on the tool’s geometry
and featured points. Furthermore, we capture and encode robot
performance through capability metrics and improve the same
using an additional quality distribution method. This enables
seamless integration of the robot’s embodiment with the reactive
force-torque (wrench) field giving rise to flexible tool usage in
non-stationary environments. Extensive simulation analysis on
a 7 DoF collaborative robot manipulating a common tool in an
unorganized table-top layout reinforces our claim of robustness
in stationary and non-stationary scenarios.

I. INTRODUCTION

Constructive tool usage in complex tasks is considered
by many to be a hallmark of general intelligence [1], [2]. In
the robotics context, when manipulating objects and tools
in cluttered environments, additional issues like rotational
maneuvers need to be taken care of, as they reduce the robot’s
free configuration space and cast supplementary constraints
in workspace [3]. Therefore, for intelligent decision-making,
these skills need to be grounded in an embodied structure
capturing the robot’s performance. Similar to human manip-
ulation [4], robots need to have intrinsic knowledge of their
feasible postures to meet the arising manipulation challenges.

As an example, consider the case of manipulating an
elongated tool (like a hammer) in an unstructured environment
as depicted in Fig. 1. Intuitive to what we humans do, a
robot should make use of local reactive maneuvers while
also planning moving towards in the goal in configurations
with sufficient ability to perform these maneuvers. Ideally,
the model for scenarios like this should encode a rotational
component that re-orientates the tool in a reactive fashion
in the 6D space—which in turn is only feasible in high
maneuverability workspace.

Most of the scarce works on tool manipulation in collision-
free space emphasize offline solutions. For example, Stillman
and Kuffner [5] deploy a modified RRT-Connect algorithm
for sampling future paths with handheld tools [6]. Similar
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Fig. 1.

Tool manipulation for planning in constrained environments. Left.
Humans intuitively combine wrist rotation and translation movements to
avoid collision while keeping good manipulability along the path (black
solid line). Right. We instill a similar capability for a robot motion planning
task based on reactive forces for collision avoidance and torques along the
tool geometry for tool rotation while actively seeking high maneuverability.

roadmap-based strategies for object retrieval in cluttered
areas are presented in [7], [8]. Additional research has been
conducted on tool usage in a task and motion planning [9]
and sequential planning [10]-[12]. However, the offline
nature limits their application in semi-structured contexts.
In fast-changing situations, constraint manifolds sampling
requires sophisticated strategies that might not capture object-
environment affordances [13], [14]. Moreover, interactions
between the held tool and dynamic obstacles are rarely
considered by the high dimensional manipulation planners
in the literature. Recently, there has been a push toward
generating motion policies that exploit the geometric structure
of the task space for principled vector-field constructions [15]—
[17]. Our long-term goal is to utilize these concepts for
computing motion plans for general tool usage in complex
and non-stationary scenarios.

A more promising paradigm is the use of reactive task-
space motion generation strategies (see, e.g., [18]-[25]) which
often produce trajectories suitable for real-time obstacle
avoidance and compensation, thanks to their close alignment
with the actuation space [26]. Specifically, vector-field-based
approaches [27]-[29] enable smooth reactive maneuvers,
bridging the gap between planning and robot control. The
seminal work [18] used the electro-static potential concepts,
while circular fields (CF)-based planning [21], [30] emerged
as a notable variant. Our prior research shows that CFs can
effectively manage reactive strategies around both stationary
and dynamic objects in both individual [24] and constrained
dual-arm scenarios [31], [32].

Although these methods are effective for 3D Cartesian
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evasion strategies, they fail to capture tool flexibility in
cluttered scenarios. Furthermore, more posture adaptability is
needed for systematic integration of tool geometry. Therefore,
in this work we present a reactive tool handling strategy
that builds on our previous work [26], adding a locally
reactive rotational component activated by the tool’s proximity
and orientation towards obstacles. This results in a six
dimensional force-moment pair (wrench) that extends the
translational avoidance of previously mentioned vector-field-
based approaches, creating a wrench-field. A key enabler in
this regard is our integration of the maneuverability maps,
which leverage robot capability information [33]-[37], in
order to direct the system to regions of higher performance.

Separately, both reactive planning and quality-index maps
are established areas within robotics research. However,
to the best of the authors’ knowledge, no results have
leveraged easy-to-obtain reliable information of the robot’s
workspace — in our case, maneuverability — with locally
reactive planners. Merging maneuverability maps with real-
time responses from wrench-fields reinvigorates the reactive
planning framework and allows for informed reactiveness and
flexibility required for manipulating tools and objects. We
name this approach REactive TOol Maneuvers (RETOM).
Contributions: Our contributions to the state-of-the-art are
the following: (i) A real-time modular framework that extends
current state-of-the-art vector-field-based algorithms through
wrench-fields (ii) Introduction of reactive rotational evasions
of end-effector-tool system depending on its configurations
in relation to obstacles; (iii) Integration of maneuverability
maps to encapsulate global feasibility and manipulability in-
formation to intelligently guide maneuvers towards improved
workspace regions.

II. OVERVIEW AND PROBLEM STATEMENT

We formalize a performance-induced manipulation plan-
ning algorithm as a dynamical system. Our main intention
is to enhance existing vector-field-based methods with robot
capability information such that feasible trajectories are
generated utilizing global knowledge.

A. Terminology

1) Wrench-Fields: For computation of reference control
signals, we generate navigation wrenches F,., € RS in
the workspace. When the tool polyhedron (see Fig. 3) is
outside the proximity sphere of the obstacles, the moment
component becomes inactive. On the other hand, when the
polyhedron interpenetrates the sphere, we obtain an active
force and moment pair which steers the system through the
environment.

2) Maneuverability: We define the capability of the system
at a particular local configuration using a normalized metric
w. We call this our maneuverability metric. This is computed
and encoded using our defined data structure ) containing
information for each voxel v of the voxelized task-space.
B. Problem Formulation

Let S € SE(3) be the task-space of the robot and Sops C
S be an infeasible set of task-space regions occupied by
obstacles. The free region is denoted by Sgee = S \ Sobs-
Let Sgart € Stree be the initial starting point of the planning

process and Sgoa1 € Spree be the final desired goal state. We
define v,y as the set of transitional attractors in Sgee.
Problem Statement 1. Given Sy and Sgoq, find a feasible
path P, passing through the elements of Uy, in Sgree Such
that w is maximized (robot passes through regions of larger
maneuverability).

In other words, the goal of the proposed planning scheme
is to design a reactive evasive maneuver based on our wrench-
field that guides the robot’s end-effector-tool system. For the
purpose of the study, we make the following assumptions:
(i) the end-effector-tool system is rigidly connected (firm
grasp), (ii) the tool admits an allowable deflection in the
form of ‘wrist’ rotation, and (iii) that the robot’s kinematic
structure is known beforehand. Presently, we are interested
in evasive maneuvers for the robot end-effector, but our
algorithm is general enough to be extended to whole body
collision avoidance [38].

Our problem follows and extends the reactive motion
generation paradigm [24]-[27], [30], [31], which defines
Sgoal as a basin of attraction to a force vector-field F,. This
field interacts with a guiding CF force F. stemming from
multiple static and dynamic obstacles to produce a resulting
force vector-field that guides the robot-tool system towards
the Sg0 in the unobstructed space Siree. However, many such
strategies don’t account for the robot’s kinematic structure
and constraints. Even if the force field leads the robot to a
feasible task-space position within Sg;e, it might be infeasible
in the joint space due to joint limits and singularities.

Our approach differs by taking into account the robot’s
kinematics. Maneuverability, as illustrated in Fig. 2, combines
the robot’s manipulability from [39] and the number of
feasible nullspace solutions (maximum of 24 is possible).

Feasible orientations for the end-effector are also consid-
ered by our planner apart from maneuverability information
and obstacle locations. Further, it examines the allowable
deflection of the tool, enabling movement through narrow
passages. This adds additional freedom to the reactive
planning strategy.

III. RETOM ALGORITHM

In this section, we first illustrate the wrench-field-based
motion generation and obstacle evasion framework. Next,
we explain how maneuverability maps are used for attractor
placement to reach the final goal. Finally, we introduce the
reactive tool rotation (RTR) algorithm, which ensures local
flexibility of the manipulated object for task success.

A. Motion Generation and Obstacle Avoidance Strategy

The robot end-effector is guided through the workspace by
a steering wrench F,,. It consists of an attractive potential
force F, € R3 causing a translation towards the goal sy, as
well as a locally reactive circular field force F. € R? and the
reactive tool torques T,.; € R3 enabling obstacle avoidance:

0 0 Tro
.’F'nav = |:Fa.:| + |:Fc:| + |: Ot:| . (1)

The virtual potential field causing the attractive force, towards
the desired goal x4 is a proportional signal as described
in [31]. While this approach has been applied with repulsive
forces for obstacle avoidance [18], they are prone to getting
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stuck in local minima for certain obstacle arrangements and
geometries [40]. Thus, circular fields are employed for local-
minima free! obstacle avoidance of the robot end-effector.
Additionally, we introduce reactive tool rotation for extending
obstacle avoidance to the object held by the robot. Both
strategies are elaborated upon in subsection III-C.

One issue with combining global goal attraction and local
obstacle avoidance is that it can often result in convoluted
paths. This happens because obstacle information is only
used for motion generation when the robot is near the
obstacle, leading to locally reactive force application. As
a result, the robot might backtrack or maneuver into trap-
like situations. As experimentally shown in the ablation
studies in IV-C, avoidance using circular fields can push the
robot into areas with poor manipulability or even infeasible
orientations, which directly affects tool handling capabilities.
To address these challenges, a planner that uses both obstacle
and manipulability information is proposed.

B. Global Planning Perspective using Maneuverability Maps

In this section, we describe how maneuverability infor-
mation is used as an additional metric to guide the planner
toward obstacle-free areas of greater manipulability, enhanced
rotation options, and increased possible nullspace motion.
Like human manipulation, robots should explore posture
configurations that optimize the task by exploiting their
kinematic structure.

1) Precomputed Voxelized Map: To generate the maneu-
verability map, we discretize the SE(3) workspace, the space
of all end-effector (EE) positions and orientations. To this
end, the Cartesian 3D space is uniformly discretized with a
resolution of 0.1 m into Npos positions. For each Vs, we
discretize Ng;, z-axis directions and N, rotations around
one z-axis direction of the EE. If it is a feasible configuration
for the robot, the data is then organized as a rigid body
transformation Teg = {TEE(pos,dir,rot) } -

A scoring function is then used to assign a quality
index, termed maneuverability. This maneuverability is scored
according to the following: (a) the manipulability measure
m (b) the number of possible n-nullspace solutions within
the discretized swivel angle space [37]. 2

ISee the results in [21] for the specific conditions.

2Herein, a maximum of 24 different nullspace configurations for each of
the same 6D voxel are evenly explored (Ng;; = 5 and Nyot = 20).

Number of nullspace solutions

attractor 0.6
candidates

X
(b)
Fig. 2. Maneuverability information of the voxelized workspace of the Franka Emika research robot. (a) We combine the map constructed using the

manipulability metric with the map encoding the number of nullspace solutions to generate the maneuverability map shown in (b). This new map is then
exploited to strategically select regions for intermediate (feasible) target placement for the wrench-field that results in better kinematic flexibility.

The manipulability measure m for each configuration is
defined as proposed in [39],

m = /det(JJT) = s185... 5y, 2)
where J is the geometric Jacobian of the manipulator and
s; denotes the singular values such that the measure ensures
proportionality to the manipulabilty ellipsoid volume. In
other words, the smaller the value of s; is, the closer is
the current configuration to a singular pose. To calculate our
maneuverability score for a specific position, we take the
median of the manipulability of all viable configurations over
each position and normalize it (since m is not a bounded
performance index [41]) to m with reference to the highest
achievable value in the entire robot’s workspace. The number
of possible nullspace solutions n also takes the median of
each orientation and is normalized to n to be used as an
additional scoring factor to favor position with many viable
configurations. We can then calculate our maneuverability
score with a value between 0 and 1 according to

w=1m-"n. 3)
Each discretized position corresponds to a 3D voxel v in the
resulting map (see Fig. 2).

2) Maneuverability-informed Intermediate Target Assign-
ment: To leverage the robot’s advantageous posture(s) during
motion execution, we utilize the maneuverability map gener-
ated in the previous subsection. To this end, we introduce the
maneuverability-informed Intermediate Target Assignment
(MITA) algorithm. The aim is for MITA to target high
scoring regions in the workspace Vicored, Which is the set
of all scored voxels. Throughout the motion execution, the
algorithm continuously monitors the obstacle location and
the predicted path to the goal in an online fashion with a
frequency of 10Hz. It determines if an obstacle (approximated
by spheres) intersects with a voxel and penalizes it based on
a distance related metric. The proposed methodology involves
assessing neighboring voxels in proximity to the predicted
path where the maneuverability and also traversability of the
robot is higher and deploy temporary attractors to enable
movement through regions in the workspace.

As illustrated in Algorithm 1, the predicted path, rep-
resented by the ordered set of traversed voxels Vpum, is
continuously monitored for traversed voxels v; that have
been assigned a score below our predefined acceptable
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Algorithm 1: Intermediate Target Assignment

1 function MITA (Vcurrent Vgoal s Vicored )
2 Vatr < Vgoal s

3 calculate Vpath(vcurrenh Vgoal» Vscored):

4 if w;(v;) € Vpah < Wmin then

5 Wmin,new < W; (vi);

6 vj < Get new voxel (Veand, Qmain);

7 for v; in Vyng do

8 calculate Vpath,j(lvcurrent’ vj, Vscored);
9 if all wj in Vyamj > Winnew then
10 Vattr < (%N

11 Wiinnew — Min[w] along Vyanj;
12 else if wWyinnew = 0 then

13 Vattr < Ustarts

14 end

15 end

16 end

17 return v,

18 end

threshold wp,. This threshold was established on preliminary
simulations. If a voxel with a score w is identified such that

w; ('Uz) = min([wl ('Ustart)a <oy Why ('Ugoal)]) < Wmnin, 4)
the eight neighbouring voxels of v;, lying in the plane
perpendicular dominant passing direction d i, are considered
the set of voxels Viunax. Here, x denotes the dominant

direction and the voxel candidates would lie in the y-z-plane.

We then evaluate these voxels. This results in selecting one
with a superior score, which is chosen as an intermediate
attractive point, provided the new path traverses only voxels
with scores exceeding the one we want to avoid. This process
is repeated as the robot advances along the new path until
either the goal is reachable again or a voxel along the path
now falls below our threshold, for example because the path
becomes obstructed by a dynamic obstacle. Our heuristic for
terminating MITA is that all the neighboring nodes (entire
3x3-grid) of the blocked voxel are rendered infeasible. This
breaks the loop and a workspace check is required.

C. Locally Reactive Tool Handling

Dynamic obstacle avoidance cannot be fully ensured by the
placement of intermediate attractive goals alone and must be
supplemented with circular fields for locally reactive motion
generation. Furthermore, depending on the geometry of the
object held by the robot, translation of the end effector may
not be sufficient to avoid a collision. Both concepts are
described in more detail below.

1) Circular Fields: Unlike the electro-static principles the
artificial potential fields are based on, circular fields are
derived from the magnetic fields caused by electro-dynamic
current flows, which apply a force to a charged particle
moving through its field. For our framework we implemented
the adaptation by Laha et al. [26] of the aforementioned
approach to spherical obstacle geometries. By utilizing a
vector [ perpendicular to the line connecting the robot end
effector with the goal and ensuring that the magnetic field
B is perpendicular to both it as well as the robot velocity, it

is ensured that the robot is pushed away from the obstacle.

Fig. 3. (a) Common convex work tools such as hammer and a drill modelled
as 3D polyhedrons for our calculation of 7). (b) Reactive tool polyhedron
rotation. The red dotted line represents the sphere of the influence of the
purple obstacle. 7, represents the tool axis that is computed from the
tool polyhedron P;. @ represents the current heading direction of the robot
end-effector. 7)., along with f, generates the torque Tr,o¢ and creates
the reactive tool rotation.

This yields the calculation of the circular force
ke l
Fo=—(zx(®x—)]). 5
=i (Ex @) ®
where k. and dy are constants and d is the shortest distance
between the robot end effector and the obstacle surface.

2) Reactive Tool Polyhedron Rotation: For handling un-
wieldy tools in cluttered environments, there might not be a
viable path to the goal if there is no systematic change of
rotation in translatory movement induced by forces acting
directly on the EE. To utilize obstacle information for reactive
evasive maneuvers, as demonstrated in Algorithm 2, while
maintaining the favorable characteristic from circular fields of
goal convergence, we propose applying a virtual torque to the
robot-held tool. This facilitates obstacle avoidance through
rotation of the EE, with the translatory velocity remaining
unaffected.

We consider the manipulation polyhedron P; to be the
convex hull of the (finite) set of the tool vertices. Let t;
be the vectors along the polyhedron’s leading edge, and
a. its central axis (see Fig. 3a). The vector 7., used for
our computation is the vertex t closest to the shortest line
connecting the obstacle center to the central axis a..

The underlying idea of the approach is to have a virtual
charged particle on the tool axis 7. fixed in the EE frame
Fiool, With a similar charge as the obstacle. If specific
geometric and kinematic conditions between the robot and
obstacle are satisfied, a virtual repulsive force enacts a
moment and thus a rotation in the fulcrum, the robot EE
in our case. For clarity, we introduce the different vectors
(see Fig. 3b) considering one obstacle with a radius of rqps.
The center of this obstacle, when expressed in the tool frame
Fiool 18 given by o toor. The resulting virtual force vector
aligns with the shortest distance between the obstacle center
and the tool axis. We denote this by f, and is computed via

<Oc,tool7 rt001> (6)

.fd = Ttool ||""tool|| — Og,tool -

lever
Note that the bracketed quantity represents the lever arm for

our moment and is represented by 7.,. Thus, the moment
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Algorithm 2: Reactive Tool Rotation (RTR)

Algorithm 3: Full procedure for finding final path

1 function RTR (0, Tobs, Pt)

2 T1001 < Get tool reaction axis (Py);

3 fq < Get force vector (T¢o0l, Oc);

4 while Condition (1) && Condition (II) &&
Condition (II1) do

5 for all obstacles do

6 Trot, < Get reactive tool torques (f);
7 end

8 end

9 return Total reactive torques T, ot;

10 end

generated in the EE can be described as,
£l

) (i)
rot — k ev 1-— s 7
Tron = ( T ] @

with the positive scalar parameter k; which acts as a gain. The
cross product in the first bracket term provides the rotational
vector of the torque, its magnitude depending on the lever
length 7). The second term increases the torque, the shorter
the distance between obstacle and tool, facilitating faster
evasive rotation.

We now detail the three conditions which determine the
activation of the reactive tool torque:

o (D:[IFall< lIrsoall,
To ensure the generated torque in eq. 7 does not change

Hg'{r |1‘H) must always be > 0. Thus,

the derivation of case ([) is straightforward.

hd (II) <rlevartool> >0A ||Tlev||< (”Ttool” + Tobs)7
As further illustrated in Fig. 3b, condition (II) ensures that
the torque only activates if the repulsive obstacle force is
applied in an interval with a safety margin r,,s on the tool
axis Ttoo1 due to an imminent collision.

o (III): (&, (0c,w — (T + To01))) > 0.
Condition (III) requires that torque only activates when the
robot is moving towards the obstacle and not away from it.

Once at least one of the three conditions is no longer
active, the tool is rotated back to its initial orientation by a
spring-like behavior after a short delay.
D. Manipulation Planning using RETOM

We compute the final path to the goal building on the
previous steps as shown in algorithm 3. More specifically,
until we reach the goal MITA generates temporary attraction
points in the workspace, after which we compute the attractive
and repulsive forces based on the environment modelling.
Finally, the RTR algorithm returns the navigation wrench
which is then used to compute the task-space displacement.
A closed loop inverse kinematics (CLIK) scheme with a
geometric Jacobian is used to design a feedback law for the
robot control.

direction, the term (1 —

IV. SIMULATION STUDIES

We demonstrate the efficacy of our algorithms through
extended simulation studies on a 7 DOF Franka Emika
research robot in CoppeliaSim [42] using the MATLAB
version of the DQ Robotics library [43]. To ensure consistency
across experiments, we use the same parameters for all

1 procedure RETOM ()

2 while goal not reached do

3 Vattr <~ MITA (Vcurrents Vgoal, Vscored) 5
4 F. < compute attractive force(vagtr);

5 F. < compute circular force(vgoal, O);
6 ]:nav <~ RTR(rtOObOC7TObS7Pt) N

7 Ax + displacement F,y;
8 Agq + CLIK planning Ax;
9 update robot joints Agq;

10 end
11 end
_ Planned path
Executed path
@ Feasible attractors
1 Tool polytope @ Infeasible attractors
0.8 \ 2,
\ N =
Z N [
0.6 Start pose A

Fig. 4. The robot manipulating a hammer (modeled as the tool polyhedron
P¢) in a stationary environment. The reactive tool torques successfully
tilt the polyhedron in regions of high maneuverability determined by the
intermediate feasible attractors in purple dots.

reported results. The gains kg, k. and k; are 5.0, 0.5 and 4.0,
respectively. The scenarios we consider for the simulations
are (a) the robot moving with a manipulation tool polyhedron
across a cluttered environment, (b) manipulation planning
of a hammer-like tool in a dynamic environment, and (c)
ablation studies for individual assessment of contributions.
Finally, we also assess the limitations of our approach.

A. Manipulation of Tools in Clutter

In this experiment, we aim to plan a path within a cluttered
3D environment containing three obstacles. The locations
of these obstacles are [0.4,0.05,0.55],[0.4,0.05,1.0], and
[0.2,0.30,0.65], each with a radius of 0.lm. Initial start-
ing Cartesian position is [0.3587, —0.3175,0.7064] and the
desired goal is at [0.4,0.44,0.55]. Fig. 4 illustrates that
RETOM successfully plans a collision-free path in this
cluttered scene, utilizing intermediate feasible attractor points
(denoted in purple). Furthermore, the tilt of the EE frames,
due to the reactive tool torques, is evident in trajectory’s
initial segment.

B. Navigation through Dynamic Obstacles

To assess the robustness of our framework in dynamic

environments, we simulated an obstacle crossing the robot’s

path. Fig. 5 depicts several chronological snapshots of an
obstacle passing through the robot’s path in a downward
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Fig. 5. The dynamic obstacle avoidance path of the robot’s end-effector
towards the goal (blue). As the obstacle approaches the the predicted path
(cyan) intermediate attractive points (pink) redirect the robot until the path
toward the goal is viable again. No attractive force is active during the
bottom left panel, so as not to counteract the locally reactive CF force.

direction with a velocity of 0.027. When the obstacle
approaches the predicted path towards the goal, the voxels
around it are penalized in their score w;, causing the robot
to place intermediate attractors in their vicinity utilizing the
MITA algorithm. As soon as the predicted path to the goal
is viable again, the intermediate attractor is replaced with
the original goal pose. In the lower-left frame in Fig. 5,
the attractive force is not active, as to not interfere with
the Circular Fields force, facilitating local reactive obstacle
evasion, and supplementing the global planning of MITA.

C. Comparative Analysis

We also performed quantitative experiments to evaluate
the effectiveness of the proposed integrative approach and
compare it against state-of-the-art reactive planners based
on circular fields [26] with an additional safety margin to
accommodate for the tool. Comparisons are made against
the individual components of the planner, that is, ablation
studies with respect to reactive tool rotation (RTR) and
maneuverability-informed target assignment (MITA). To this
end, we devised 30 different randomized scenarios instantiated
with different environment conditions, e.g., initial Sy, and
goal 8,0, configurations, as well as obstacle configurations.
The scenarios were deployed for comparison between the
four reactive planning strategies.

Table I summarizes the obtained results, which clearly
depicts the advantages of the proposed planner. The RE-
TOM planner only fails in two of the scenarios, one of
them not being completed by any other analyzed approach
as well. Furthermore, it is worth mentioning that the overall
performance (along the successful trials) of 93% is also
superior against baseline planners in terms of average path
length and also average maneuverability score w; of the
traversed voxels along the path.

The baseline reactive planners have, in comparison, a
poor success rate—which clearly highlights the relevance

TABLE I
COMPARISON BETWEEN THE PROPOSED APPROACH, ITS COMPONENTS,
AND CIRCULAR FIELDS. QUANTITATIVE ASSESSMENT INCLUDES THE
SUCCESS RATE, NUMBERS OF FAILURES DUE TO TOOL COLLISION (TooL),
END-EFFECTOR COLLISION (EE), JOINT-LIMITS (grLim AND
SINGULARITIES w. FOR PERFORMANCE ANALYSIS, AVERAGE PATH
LENGTH (L) AND MANEUVERABILITY w. ARE COMPARED

Success Failures Performance
Rate Tool/EE  qiim  w | I(m) w
RETOM 93% 0/0 1 11093 0.073
w/o MITA 60% 4/4 6 5| 1.26 0.066
w/o RTR 83% 4/0 3 5| 1.15 0.070
Circular Fields [26] 57% 5/3 5 5| 1.24 0.067

of the proposed integrative approach from RETOM. Indeed,
it is worth noticing the complementarity of MITA and RTR.
Whilst MITA improves the path length and maneuverability,
it is not able to address collisions with the tool (even with
the additional safety margin). Furthermore, both exclusively
local approaches (w/o MITA and Circular Fields) result in
more convoluted longer paths, due to the lack of a global
perspective, while average maneuverability is also lower
among them. As expected, the advantages of tool reorientation
are maximized in spaces with high maneuverability and the
combined approach allows for improved performance and
reactiveness. As MITA is updated at a lower frequency than
the real-time reactive components, it can be computed sepa-
rately and adds its benefit with negligible extra computation
effort.

Limitations: While MITA aims to bridge global obstacle
information with reactive planning strategies, it is crucial to
acknowledge that it does not constitute a globally complete
planner. This limitation is shared by all real-time planners.
Instead, it employs heuristics informed by global obstacle and
maneuverability information to bridge between global and
local reactive features. There are no formal guarantees for
finding a solution if one exists, or even ensuring the attractor
and repulsive fields will keep the trajectory feasible within the
workspace boundaries. Additionally, despite the advantages of
CFs to avoid local minima, there are still limited conditions
where it is formally guaranteed [44]. These limitations are
notably influenced by parameter tuning, reflecting a common
challenge faced by vector-field-based methodologies [45].

V. CONCLUSION AND FUTURE OUTLOOK

We proposed a reactive manipulation planner for tool
maneuvers in semi-structured environments. Our capability-
informed global planner captures the interaction between
environmental wrenches for real-time evasive behaviors. We
introduce the RETOM algorithm that generates Wrench-Fields
while accounting for tool rotation in constrained spaces.
The simulation studies conducted on a 7 DOF serial chain
manipulator indicate that our novel framework is proficient
in generating swift and obstacle-free paths in both static
and dynamic scenarios. In the future, we plan to extend the
approach to multi-agent exploration, including whole-body
collision avoidance.
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