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Abstract

Humans effortlessly grasp both stationary and moving objects in one-shot motions, fluidly adapting to disturbances and automat-
ically recovering from failed attempts. In contrast, robots with multi-fingered hands often rely on pre-planned, sequential “reach-
then-grasp” strategies, which result in slow, unnatural motions and restrict the robot’s ability to react dynamically to changes in
the object’s location. Moreover, open-loop execution oftentimes leads to grasp failures. To address these challenges, we introduce
Finger Flow (FF), a reactive motion generator that uses the visual feedback from an onboard camera and position feedback from
fingers and arms to robustly reach and grasp stationary and moving objects with unpredictable behavior. During the reaching, FF
continuously guides the hand to avoid finger-object collisions and adjusts the hand’s reactive opening and closure based on its
relative position to the object. This state-dependent behavior results in automatic recovery from failed grasp attempts. We also
provide formal guarantees of convergence and collision avoidance for stationary spherical objects. We evaluate FF on the DLR
humanoid robot neoDavid, equipped with a multi-fingered hand, and quantitatively assess its performance in a series of grasping
experiments involving fast and reactive grasping of a stationary or unpredictable spatially moving object. Running in a closed loop
at 3 kHz, FF achieves an 87 % grasp success rate on the stationary object placed at random positions over 130 attempts. Interactive

and adversarial human-to-robot handover experiments further demonstrate the robustness and effectiveness of FF.
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1. Introduction

Dynamic and reactive reaching and grasping is essential for
achieving robust and fluid robotic manipulation, with key ob-
jectives including 1) enabling the ability to grasp moving ob-
jects [1], 2) increasing grasp success rates by incorporating
reactive features to handle perturbations in object and robot
states [2], and 3) facilitating natural human-robot interactions
through strategies like grasping while reaching, such as dy-
namic object handovers [3]. Achieving these capabilities re-
quires reliable mechatronics, fast sensing and control [4], and
computation-efficient online planning [5, 6], enabling the robot
to adapt to external perturbations and changes in the object’s
state in real-time.

Traditional robotic grasping systems typically operate within
a “sense-plan-act" paradigm [7], as noted by both [8] in 1992
and [6] in 2022. This approach executes grasping in two distinct
sequential stages: the arm moves toward the object’s vicinity
(i.e., the grasp pose), and then the fingers close to secure the
grasp. Controllers execute two time-dependent trajectories in
an open-loop fashion, e.g., sampling-based motion planners [9]
ensure collision-free arm movement toward the grasp pose, fol-
lowed by time-interpolated or optimized finger motions toward
their target configuration. Event-triggered logic manages the
transition between these actions. However, this sequential ap-
proach frequently results in grasp failures when unexpected per-
turbations affect either the object or robot, necessitating rapid

adaptation or planning to the new grasp goal poses.

While real-time grasp pose generation, including grasp fin-
ger configuration, has achieved impressive performance [10,
11, 12], running hand-arm systems from parallel-jaw grippers
to 15-DoF multi-fingered hands at up to 50 Hz in real-world
hardware, significant challenges remain in the online planning
to a continuously changing grasp pose.

Challenge 1: Fast online reaching planning for arms

Existing approaches to online reaching and grasping of mov-
ing objects primarily focus on predictable motion patterns. For
instance, [13] employs online inference of a pre-trained Recur-
rent Neural Network (RNN) to predict trajectories of objects
moving in linear, circular, or sinusoidal paths, enabling reactive
arm control. Alternatively, dynamical system (DS)-based meth-
ods generate reaching motions toward online-estimated object
poses, as demonstrated in [14] and [15], which achieve inter-
ception of objects in predictable motion. Since such trajecto-
ries, governed by gravity and air resistance, are inherently pre-
dictable, interception points can often be estimated early from
limited visual observations.

However, these methods fail when object motion is unpre-
dictable or externally influenced, where long-term forecasting
becomes unreliable. In such cases, real-time feedback control
is essential. A common approach is Position-Based Visual Ser-
voing (PBVS) [16], which computes end-effector velocity as
a proportional response to the pose error between current and
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Figure 1: From a hand-centric perspective, the reactive reaching motion can be
viewed as guiding an object displaying unpredictable motion toward an attrac-
tor, where it eventually settles within the basin of attraction (green dot) while
avoiding fingers and palm.

desired configurations. PBVS acts as a local planner, guiding
the arm toward updated grasp poses, typically in a straight-line
trajectory when orientation is fixed.

Despite its simplicity and real-time capability, PBVS has
critical limitations. It does not account for the geometric con-
figuration of the end-effector or potential collisions between
fingers and the object during approach. Consequently, it as-
sumes a collision-free path, which is often invalid for dex-
terous, multi-fingered hands. When the initial end-effector
pose is poorly conditioned, finger-object collisions may oc-
cur before grasp completion, leading to failure. Recovery
typically requires reactive re-planning, which is computation-
ally demanding, especially for high-degree-of-freedom hands
with complex mesh geometries. Recent reinforcement learn-
ing approaches have shown promise in the reactive grasping of
static objects using complex hands, such as the Allegro hand
on a Kuka iiwa arm [17]. However, these methods have not
been demonstrated in scenarios involving spatially moving, un-
predictably maneuvering objects. Reactive strategies utilizing
fingertip proximity sensing enable rapid, reflex-like responses
to near-contact events. Such approaches have achieved ro-
bust grasping and interception of moving or uncertain objects
through optical or infrared sensing and integrated finger-arm
control [18, 19, 20, 21, 22]. These tactile reflexes comple-
ment arm-level feedback, improving grasp reliability in unpre-
dictable environments.

Efficient real-time motion generation remains a key chal-
lenge. While methods such as artificial potential fields [23, 24],
global elastic bands [25], navigation functions [26, 27], circu-
lar vector fields [28, 29], and DS-based controllers [30, 31, 32]
offer computationally efficient, closed-form solutions for navi-
gation and manipulator control, they are typically designed for
simplified end-effectors or 7-DOF arms. A unified, reactive
control framework that integrates real-time object pose feed-
back, finger-aware fast reactive reaching planning for unpre-
dictable spatially moving objects is still lacking.

Challenge 2: Finger-arm coordination in fluid grasping and
reaching

Human studies reveal a tightly coupled relationship between
arm reaching and finger closing during dynamic manipulation

tasks [33], where hand aperture evolves smoothly in coordina-
tion with arm motion. This natural synergy enables efficient,
fluid reach-and-grasp behaviors even under uncertainty. In-
spired by this, [6] employed deep reinforcement learning (RL)
to generate end-to-end policies that jointly control 6-DoF hand-
base pose and 19-DoF finger configurations in a single motion
sequence. While promising, the underlying coordination mech-
anism, how arm motion and finger closing influence each other,
remains poorly understood, and the transfer of such policies to
real-world hardware is hindered by sim-to-real gaps, such as
computational bottlenecks in deep RL and sensitivity to per-
turbations on objects. As a result, most practical systems still
rely on sequential coordination strategies, where finger clo-
sure is triggered only after specific conditions are met during
arm motion. Time-based triggers require precise synchroniza-
tion between the arm trajectory and low-latency gripper actu-
ation [14, 1], making them fragile to delays or disturbances.
Distance-based triggers, in contrast, initiate the closing action
when the object enters a predefined proximity zone relative to
the gripper [13], as seen in parallel-jaw grippers. Such decou-
pled strategies lack the geometric awareness needed to prevent
collisions between fingers and objects during approach, espe-
cially when reaching toward fast-moving targets.

Challenge 3: Maximizing grasp success despite sensing uncer-
tainties and execution errors

For multi-fingered hand-arm systems, robustness to sensing
noise and actuation errors is critical, particularly when grasp-
ing dynamic objects. Insights can be drawn from industrial as-
sembly tasks, where utilizing objects’ or environments’ shape
compensates for imprecision. The bean-bowl model [34] illus-
trates this principle: inserting a peg into a hole is analogous
to dropping a bean into a convex bowl, where the bowl’s in-
ner contours, the “Attraction Region in Environment”, guide
the object to the target through passive forces like gravity and
friction. This allows successful insertion even with significant
misalignment, reducing the need for perfect state estimation.

Instead of relying solely on precise pose estimation, sys-
tems can exploit object and hand geometry to create passive
or active constraints that tolerate uncertainty. Recent work by
[35] advances this idea by using time-varying robot configura-
tions to form dynamic caging constraints—topological enclo-
sures that prevent object escape without requiring full immobi-
lization or accurate state knowledge. Caging refers to immo-
bilizing the object [36], and potentially increases grasp suc-
cess rate under partial observability and execution errors, mak-
ing it highly suitable for grasping moving or poorly sensed ob-
jects. While caging offers topological robustness, integrating
such constraints imposed by high-DoF hands into online mo-
tion planning remains an open problem.

Research Gaps
As a summary, we identify the following research gaps:

(G1) Grasping unpredictably moving objects in free space:
To the best of the authors’ knowledge, no existing ap-
proaches demonstrate dynamic grasping of objects with
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Figure 2: Finger Flow: achieving grasp-while-reaching behavior. The fingers
form a U-shaped cage (adapted from [37, Fig. 3]) during reaching.

unpredictable motion in free space using a multi-fingered
hand-arm system:;

(G2) A computationally efficient geometric abstraction for
high-DoF hands enabling real-time finger-avoidant
reaching: While complex meshes of multi-fingered hands
hinder planning speed, there is no lightweight geomet-
ric representation that supports fast, online finger-avoidant
reaching.

These two gaps are visualized in Figure 1 in the context of a
reach-while-grasp task.

1.1. Our Approach and Contributions

We introduce a motion generation framework to address (G1)
and (G2) for the objects with spherical or cylindrical shapes.
These two object categories serve as foundational building
blocks for several reasons: (1) they encompass a wide range
of convex objects that can be effectively approximated through
a single spherical or ellipsoidal hull, and (2) they enable rig-
orous investigation of convergence and collision-avoidance for
reaching motion while maintaining analytical tractability. At
the end of Section 6.5, we outline the possible roadmap to gen-
eralize to more complex shapes as the remaining challenges for
future work. We adopt three core design ideas to address (G1)
and (G2) as follows.

(11) Unidirectional object—to-finger-to-arm coordination

To address (G1), fingers and arms must be coordinated. Stud-
ies on human prehension show that finger movements precede
and guide arm trajectory adjustments during reaching [38, 39].
Inspired by this, we implement a finger motion generator that
modulates opening and closing based solely on the distance be-
tween the object and an attractor fixed on the palm, adapting au-
tomatically to approach speed. Simultaneously, a hand motion
generator uses both object state and finger position to dynam-
ically adjust the reaching trajectory. This creates a unidirec-
tional object—finger—arm coordination, enabling arm motion to
adapt naturally to finger configuration and object state without
explicit synchronization.

(I2) Hand cage: Maximization of success under uncertainty

Learning from [34], one important idea to address (G1) is al-
lowing sub-optimal grasps under execution and perception un-
certainty instead of always perusing globally optimal but fragile
grasps' in a dynamic scenario. A human hand can be consid-
ered as naturally forming a “hand cage”. A viable strategy is
to pre-configure fingers to form a cage, a semi-open space that
cages the objects when the arm approaches the object. From a
hand-centric perspective, the reaching and grasping motion can
be regarded as if the object is guided toward the attractor and
ultimately lands in the basin of attraction, see Figure 1. The
process of establishing a stable grasp can be realized by the fin-
ger closing progressively as the object approaches this attractor,
i.e., a smooth transition from a caging configuration—such as a
U-shaped hand envelope—to a wrap grasp (e.g., power grasp),
cf. Figure 2.

(I3) Hand hull: for fast finger collision avoidance

To address (G2), we propose a single continuous finger-
dependent hand hull, a computationally efficient mesh repre-
sentation, particularly well-suited for multi-fingered hands with
high degrees of freedom and complex geometries. This hand
hull serves as an essential surrogate that encodes the geometries
of fingers and palm in current configurations or poses, enabling
real-time hand motion generation as outlined in (I1).

Combining these three key ideas, the whole framework con-
tributes the following:

1) Finger Flow (FF), a motion generator that implements core
ideas (I1) to (I3). The whole framework achieves an exe-
cution frequency of more than 3 kHz on low-power mobile
CPUs (Intel Core i7-1185G7 @ 3.0 GHz).

2) Formal guarantees of both convergence and finger colli-
sion avoidance for reaching stationary spherical objects.

3) Real-world experiments on the DLR robot neoDavid [41]:
performing over 130 reaching trials for grasping a sta-
tionary tabletop object; dynamic grasping a unpredictably
moving cylindrical bottle in free space with over 0.7 m/s
median object peak velocity in multiple trials; and also
achieves 58 times seamless dynamic human-to-robot ob-
ject handovers, handling both cooperative and adversarial
interaction scenarios throughout the entire reaching and
grasping phase.

4) Quantitative comparison with PBVS and open-loop FF in
simulation; simulation studies for varying hand hull pa-
rameters, cylindrical object’s size, and surface roughness.

The paper is organized as follows. Section 2 provides an
overview of the proposed framework. Section 3 introduces the
concept of the hand hull, which serves as the foundation for
Section 4, where the first thread, the hand motion generation, is
presented. The second thread, finger motion generation, is de-
tailed in Section 5. Section 6 validates our approach through

1“Fragile grasps™ refer to the grasps that fulfill quasi-static conditions, e.g.,
force closure [40], which may fail in a dynamic scenario.



real-world experiments on the DLR robot neoDavid, discus-
sions of the experimental results with a simulation study. Fi-
nally, we conclude our work in Section 7.

2. Framework Overview

We outline the reaching and grasping strategy adopted in this
work and give a brief overview of the whole framework. Fig-
ure 3 illustrates the overall framework, which comprises three
major blocks that receive feedback from the robot and the cam-
era.

(1) Visual tracker

A visual object tracker that utilizes the estimates the relative
position and orientation between the object and the hand in real-
time at 30 Hz, refer to [45]. This feedback is essential for the
subsequent motion generator.

(2) Finger Flow - Reactive grasping motion generator

The Hand Motion Thread leverages the current finger joint
positions, 6D hand pose data, and object pose feedback to com-
pute the body velocity for the hand (as detailed in Section 4).
This ensures the hand’s collision-free motion as it approaches
the object. Simultaneously, the Finger Motion Thread gener-
ates adaptive finger movements (as described in (I1) detailed in
Section 5) based on the obtained object-palm relative distance
from visual pose estimation. The resulting finger joint position
references are then relayed to the finger controller for execu-
tion. This subsystem operates with two parallel threads running
at a frequency of 3 kHz.

(3) Motion Controller

This module receives the reference joint position trajectories
for the finger control [44] and the reference body velocity for
the arm control [42, 43]. By left-multiplying the inverse of the
body Jacobian with the computed body velocity, the arm joint
velocity reference is derived and subsequently transmitted to
the arm motion controller. These two controllers translate the
references into joint torque commands, which are sent to the
motors.

Remark 1. The “Generate grasp” block is not part of this
work’s contribution. Throughout the work, we assume the de-
sired finger joint position (representing power grasp) and the
object-to-hand position and orientation to be given. For guid-
ance on model-based or data-driven grasp pose synthesis, the
reader is referred to existing works such as [46, 47].

2.1. Notation

Bold lowercase letters represent vectors, while bold upper-
case letters denote matrices. Additionally, a left superscript,
such as #(-), indicates the reference frame in which a vector or
an orientation S O(3) or a S E(3) pose is expressed.

3. Hand Hull: A Simplified Hand Mesh

Our goal is to derive a computationally efficient yet accurate
mesh approximation for hand reaching generation, facilitating
real-time object-finger collision avoidance during the approach-
ing motion. Given that fingers, which are fixed to the palm, can
be modeled as primitive shapes organized in several tree struc-
tures, we propose a single continuous 3D hull that serves as an
obstacle. In the following sections, we consider the following
assumption for the object

Assumption 1. The object is a sphere and has a radius of 7,,.

3.1. 2D Hand Hull

To illustrate this concept, we give an example of approximat-
ing planar fingers using a single 2D hull.

Approximation of planar fingers through primitive shapes.
Consider two planar fingers with the object assumed to be a
circle with a radius of ry under Assumption 1, see Figure 4 (a).
Each finger consists of three types of primitive shapes: ellipses,
rectangles, and sectors, which are used for the approximation
of fingertips, finger links/palms, and junctions, respectively, see
Figure 4 (b). The primitive shapes are organized in a tree struc-
ture receiving the current finger joint’s angle feedback. The
width and length of each finger segment are designed to ensure
that the hull adequately covers the original hand mesh while
minimizing hollow areas between the hull and the actual hand
mesh; see the detailed illustrations of the finger segment’s ap-
proximations in Section Appendix A.

2D Hull: Approximation via an extended hull. To further
streamline the process of determining the intersection area be-
tween the circular object and the primitive shapes represent-
ing the fingers, we reformulate the problem as a hull extension
with a specified thickness (as illustrated in Figure 4 (c)) with
Assumption 1. Under this reformulation, the object is approxi-
mated as a point.

This simplification facilitates the design of the vector flow
that guides the object to the attractor (indicated by the green
dot in Figure 4 (c)). The guiding vector field design, which
underpins this process, will be elaborated upon in Section 4.

3.2. 3D Hand Hull

The concept of planar fingers represents an idealized sim-
plification wherein two fingers are presumed to operate within
the same plane. In contrast, multi-fingered hands exhibit more
complex kinematics owing to their anthropomorphic design, in-
cluding fingers’ non-planar arrangement with a higher number
of degrees of freedom.

Despite this increased complexity, the simplified 2D hand
hull can still be effectively employed to construct a three-
dimensional hull. Drawing inspiration from rotationally axial
symmetric cone structures, we propose a 3D hand hull to cover
the whole hand, see Figure 5.
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Definition 1. The hand hull D is a surface of revolution [48],
generated by rotating a limited number of 2D primitive shapes
(e.g., rectangles, ellipses, and sectors), arranged in a single se-
rial tree structure on a half-plane around a hand-fixed axis, with
the angle o = [0, 2r), cf. Figure 5. The formed interior (i.e., a
solid of revolution) is denoted as /. The points on the surface
of the revolution are denoted as DP, refer to set definitions in
Table A.S.

The 3D hand hull integrates the kinematic information of
multiple fingers into a single tree structure. In this representa-
tion, each finger segment, including the palm, is approximated
by the center positions and orientations of 2D primitive shapes
on this tree, which encode the real finger joint’s configuration
and the rotation angle @, which defines the plane intersecting
the physical fingers, see Section Appendix A.3 for details. By
designing a rotation-angle (@) dependent length for every 2D
primitive shape, the resulting hand hull encompasses regions
such as the hypothenar eminence or the interdigital areas and
forms a 3D continuous entity around the hand-fixed axis, refer
Section Appendix A.2 for more details.

Importantly, the estimation of finger joint positions and seg-
ment lengths is not limited to specific types of hand or finger
kinematics. This hull is adaptable to different hand types and
dynamically updated according to feedback on finger joint con-
figurations, e.g., a hand hull for a Shadow hand is depicted in
Figure 6. In certain finger joint configurations, such as per-
forming a power grasp, the hull may not fully encompass all
the fingers, as demonstrated in the closed-hand mesh shown in
Figure 11 (d). This intentional design avoids creating a self-
intersecting mesh (cf. Figure 4 (d)) during power grasping and
allows the guiding motion to persist while the fingers continue
closing.

4. Hand Motion Generation

This section presents a guiding flow design for generating a
hand-reaching motion. We begin by formulating the reaching-
motion generation problem in Section 4.1 as the design of two



dynamical systems to achieve the desired pose determined by
grasp generation or synthesis. In Section 4.2, we introduce a
semi-tangent flow, which generates an reaching motion for the
object with a given hand hull (see Definition 1). The guiding
motion for the hand is achieved by reversing the semi-tangent
flow and incorporating an orientation regulator, as detailed in
Section 4.3. Finally, in Section 4.4, we provide a formal proof
of convergence and collision avoidance for static unperturbed
spherical objects. In this section, we will not consider the effect
of the finger’s movement during arm reaching.

4.1. Problem Statement

We view the generation of approaching motion as the design
of two separate dynamical systems: one governing translational
movement and the other regulating rotational movement.

Translational Motion:. Let x = (x1, X2, x3) € Q c R? be the
position of an object’s Geometric Center (GC), denoted as P in
a hand-fixed frame {H}. The set Q := B(x*,¢) is a bounded
ball containing the desired object’s GC location x* (denoted as
P,), given by the grasp generation, where the radius 0 < ¢ < oo.
We seek a first-order autonomous dynamical system describing
the temporal evolution of P

x = f,(x), ey
where f,: Q — R? holding following objectives:

(O1) Convergence: The object x converges to the attractor x*,
ie,|lx —x*| > 0ast— oo.

(02) Collision-free: As x — x*, x must not penetrate the hand
hull D (see Definition 1), guaranteeing the object never
collides with the fingers during the approach.

Rotational Motion:. Let "R, € SO(3) be the orientation of
an object-fixed frame described in the hand frame {#H}. Our
objective is to design a dynamical system

o = f,("R,), 2)

where f, : SO@3) — R? to achieve the desired orientation
HR,, € SO(3), given by grasp generation. The design of the
translational dynamical system is introduced in Section 4.2, and
for regulating orientation motion in Section 4.3.

4.2. Semi-tangent Flow: An Attractive and Collision-Avoiding
Translational Velocity Field for Object

We introduce a semi-tangent flow that employs the hand hull
D as arepresentation of obstacles to generate a translational ve-
locity reference for the object. This reference guides the object
toward the desired location P, while ensuring no finger-object
collision. The proposed approach achieves this by integrating a
globally attractive linear field with a locally collision-avoiding
tangent flow.

Given that the hand hull D is constructed by rotating a 2D
kinematic tree around a fixed axis, the design of a 3D collision-
avoiding dynamical system can be effectively reduced to the
design of a 2D dynamical system on each rotated plane. This
reduction is applicable when the object is situated above the
dorsal plane (refer to the light grey plane in Figure 7 (e)).

Guiding axis

For scenarios where the object is located beneath the dorsal
plane, it is necessary to define a guiding axis (as pictured in
Figure 7 (g)). This axis specifies an intended guiding direc-
tion, ensuring that the object is maneuvered around the fingers
in accordance with the user’s intent (e.g., side approach of the
object), as exemplified in Figure 7 (h).

Remark 2. For an example of fast reaching of a tabletop cylin-
drical object scenario, we believe the approaching and grasp-
ing from the side typically yields higher success rates than a
top-down approach because the side approach requires less pre-
cise timing for finger closure and, similar to caging grasps, is
more robust against the object pose uncertainties from the vi-
sual tracking.

Consequently, the formulation requires addressing two dis-
tinct cases: when the object is positioned on the palmar side
and when it is located on the dorsal side.

Thus, prior to formally distinguishing and addressing these
two cases, we first establish the hand-fixed coordinate system
{H]}, see Figure 8 (a). The xjx;-plane is defined by the dorsal
plane. The axis x3, which represents the rotational symmetry
axis of the hand hull D, is oriented such that its positive direc-
tion extends away from the palm. The origin O is located at the
intersection of the x3-axis with the dorsal plane (x;x;-plane).
Furthermore, the positive x;-axis is the guiding axis that lies
within the dorsal plane, passes through the origin, and points
toward the middle fingertip. This x; is user-defined. As shown
in Figure 7 (g), one of the directions satisfying our desired ap-
proaching strategy is illustrated in Figure 2.

4.2.1. Object on Palmar Side x3 > 0
When the object is located above the palm, we define a dy-
namic plane as follows:

Definition 2 (Dynamic plane). Let r be a vector originating
at the origin O of {H} and pointing toward the object’s CoM
position x. The plane spanned by r and the x3-axis is called the
Dynamic plane (DP), see the blue plane in Figure 8 (a). The
angle between DP and the x;x3-plane is denoted as «.

Remark 3. The DP becomes undefined when r is parallel to
the x3-axis, which occurs when the object is positioned on the
hand-fixed axis. This specific scenario will be addressed when
designing the final dynamical system.

Remark 4. When the DP intersects the spherical object
through its GC, it forms a circle with radius ry on the dynamic
plane. Additionally, this intersection produces a cross section
of the hand hull D, which corresponds the rotated 2D plane
with angle @ used in constructing the 3D hand hull.

We use the planar coordinate z to represent the position of
the object’s GC, as visualized in Figure 8 (a). The coordinate is
expressed as z = col [21 Zz] € Q,, where Q, = B(z*,c;) C R2
and 0 < ¢, < co. We illustrate the planar semi-tangent flow
design on each dynamic plane in three steps.
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the hand-fixed axis. The semi-tangent flow (c) is designed within these two types of planes, combining a global linear flow (a) that attracts the object and a tangent
flow (b) that guides the object along the hand hull. The spatial representation of the semi-tangent flow is shown in (f). For objects on the palmar side, the dynamic
plane induces a convergent motion (d). Conversely, for objects positioned below the palm, when the static plane does not consistently intersect with the object, an
additional orthogonal flow draws the object toward the plane. This results in a collision-free side-approach motion from the world frame perspective (h). Finally,
the guiding motion command for the hand is derived by reversing the semi-tangent flow.
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Figure 8: (a) The definition of the hand-fixed coordinate system {#} with two
types of planes. (b): Since the hand hull is generated by a 2z-rotation of a plane
around the hand-fixed axis, we only depict half of the dynamic plane (DP) for
clarity. The relevant regions on the DP are as follows: Ry, whose solid of
revolution forms Dy, and R, which represents the exterior region outside the
hand hull. The solid of revolution corresponding to R; is denoted as O;.Three
E;()amples of integral curves are shown for initial object locations marked as @,
, and (3).

As the first step, we design a global linear attractive flow on
the plane, i.e.,

. 4 s_ ez
= ft,w(z) - A//Z - [0322] s (3)

where the error is defined as Z = z — z*, and the attractor P,
is positioned on the hand-fixed axis, i.e., z* = col [O, z;* ] The
positive diagonal matrix in Eq. (3) is given by

A, = diag(a;,a3) >0, witha; > as. @
This design ensures that the convergence in the z, direction is
slower or equal to the convergence in the other two. This prop-
erty is later required for the proof of Lemma 2.

We proceed by defining a region on the dynamic plane, de-
noted as Ry, as shown in Figure 8 (b). The region R, is
constructed as follows: Consider a line parallel to the z;-axis
that passes through the attractor point P, (indicated by the
green dot). This line is rotated clockwise about P, until it
first touches the hand hull. We refer to this line as s; (re-
fer Eq. (B.12) for definitions). The area between the z-axis,
s1 and an upper bound JQ, (including all boundaries) is de-
fined as Ry Eq. (A.16). Furthermore, the region enclosed by s;
and the z;-axis, which lies outside the hand hull D, is denoted
as R;, and the region below the palm is denoted as D, refer
to the set definition in Table A.8. Since collisions between the
fingers and the object are anticipated to occur within R, dur-
ing grasping, the linear flow given by Eq. (3) remains unaltered
in Ro.

As a second step, we introduce the tangent flow, denoted as
e(z) € R?, depicted in Figure 7 (b). This flow is defined exclu-
sively for points z within the region R;. It represents a unit vec-
tor tangent to the hand hull D, providing the local direction of
motion. The closed-form expressions for this flow are given in
Eq. (B.1) and detailed in Section Appendix B. Additionally, the
tangent flow is designed to ensure consistency and continuity
when z crosses s;. This behavior is demonstrated by an exam-
ple integral curve originating from the initial object location (2)
in Figure 8 (b) and further elaborated in Section Appendix B.3.

As the third step, we generate a semi-tangent flow, which is
locally tangent to hand hull Figure 7 (b) and globally linear as
shown in Figure 7 (a), the final flow is shown in Figure 7 (c).
This is achieved by locally rotating the linear flow f,,, Eq. (3)
in the neighborhood of the hand hull through a rotation matrix
R(y(z))?> , where the angle y(z) € (-x, ) depends on the dis-
tance. This ensures a seamless transition between the tangent
and linear flows. The resulting semi-tangent flow is described
by

[Zl} _ _[ cos(y(z1, 22))a1Z1 + sin(y(z1, 22))asZz )

2 = sin(y(z1, z2))a1Z; + cos(y(z1, 22))asz |’
=
z R (y(2)f 1,y =—R" (y(2)A , Z
cosy —siny

*R(y) = [ ] €502

siny  cosy
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Figure 9: (a): Illustration of the angle y(I'), which partially rotates the linear
flow to the direction of the tangent flow, depending on the distance function I'.
(b): The isolines of the distance function (metric) I'(z) in the neighborhood of
the hand hull. Note that the metric is undefined within Ry, as no rotation is
defined in this region.

where y(z) is defined by
¥(2) = nI'(2)) - yo(2), (6)

where I'(z) is a smooth distance function characterizing the dis-
tance between a point z and the finger segment center defined
in Eq. (B.15), see Figure 9 (a) and (b). The n(-) € [0,1] is a
smooth distance-dependent transition function that can be cus-
tomized by the user. An example design for 7(z) is provided in
Eq. (B.14), with further details in Section Appendix B.4.

The yo(z) in Eq. (6) parameterizes the rotation angle between
the linear flow f,,, Eq. (3) and tangent flow e Eq. (B.1) at the
same location z, written as

Jiw(@)e(2)

If @I
where the exterior product (or wedge product) is denoted
as “A”, which generalizes the cross product definition “x”.

ILf,.(@Il # 0 is valid for all z € R;. In short, the resulting
semi-tangent flow Eq. (5) has the following features:

Y0(z) := sgn(f,,,(z) A e(2)) arccos @)

e When the object z is located on the boundary of the hand
hull Yz € R?, the semi-tangent flow aligns with the tangent
flow but retains the magnitude of the linear flow, i.e., Z =
e(2) - ||f,,,(2)ll, and with the rotation angle satisfies y(z) =
v0(2), see the left plot of Figure 9 (a).

e When the object moves away from the boundary of the
hand hull, the semi-tangent flow transitions to the linear
attractive flow. i.e., y(z) = 0, as z — 0€Q,, see the right
plot of Figure 9 (a).

Finally, the dynamical system on the palmar side can be ex-
pressed as g : Q. — R%:

Eq.3) zeRy

8
Eq.(5) zeR ®

Z=g(z)={
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Figure 10: The geometric interpretation of 3D semi-tangent flows, which is a
result from the rotation of a global linear attractive flow v around normal vector
n(x) of DP or SP with the rotation angle y.

Remark 5. Notably, by design, the tangent flow e(z) aligns
with the direction of the linear flow Eq. (3) when z lies on the
tangent s;. Consequently, the resulting Eq. (5) becomes equiv-
alent to Eq. (3) for all z € sy, where s; C Ry. Therefore, we can
conclude that Eq. (8) is continuous for all z € Ry U R;.

4.2.2. Object on Dorsal Side x3 <0

Definition 3 (Sratic plane). The hand-fixed Static plane (SP)
is spanned by the x;- and x3-axes, see the green plane in Fig-
ure 8 (a).

We design a global attractive linear dynamical system

¥ =-A¥%, X=x-x%,

®

where the attractor x* is the defined in Eq. (3) rewritten in the
spatial coordinate x* = (0,0, x}), where x} = z3. The positive
diagonal matrix A is defined by

A =diag(a;, aj,az) > 0. (10)

The object’s position x on the dorsal side does not always re-
side within the static plane. In such cases, we only rotate the
component of the linear flow Eq. (9) parallel to x; x3-plane, and
the orthogonal component (along the x;-axis) remains unaf-
fected. The rotation y(x, x3) of the velocity component within
the x;x3-plane around the x,-axis adheres to the same design
outlined in Eq. (6). The arguments of y(xj, x3) are derived from
the mapping z; = x; and z, = x3.

The dynamical system with the designed semi-tangent flow
f Q- R3is given by

X1 cos(y(x1, x3))ai X; + sin(y(xy, x3))az X3
x| =- a1 x; , (D
X3 —sin(y(x1, x3))a; X + cos(y(xy, x3))az X3
~——
x JSxX)=—R,(y)A%

where R,(y)’ represents the rotation around the normal vector
n of the SP

n=coll0 1 0], (13)

31t is computed with the Rodrigues’ rotation formula by giving angle-axis



with the rotation angle y(x) Eq. (6). This process is visualized
on the dorsal side of the hand in Figure 10 (a): rotate the lin-
ear vector (v in red) around the normal vector (n in black) of
the static plane (x;x3-plane in green), then get the semi-tangent
flow (f in light green). Notably, when the object’s initial po-
sition is below the dorsal plane, the integral curve of the semi-
tangent flow will eventually reach the plane z, = 0 (or equiva-
lently x3 = 0), as depicted in Figure 7 (f). Figure 11 visualizes
the semi-tangent flow in the whole space for two configurations
of the finger joints.

4.3. Guiding Flow for Hand

This section presents the designed dynamical systems
achieving Eq. (1) and Eq. (2) in our defined problem statement
and presents the guiding velocity reference for the hand.

We first map the object location from x to z for the object on
the palmar side, given by

Z cosa sina 0] |
I _
[22] -[ A 1] x|, (14)
—— —,——— X3
z N SN——
X

where the rotation angle is computed by « =
mod(atan2(x,, x1),27)*, for all x € D; U Dy \ D,. The

set D, represents when the object’s is located on the x3-axis
and above the attractor x*, defined by

D, ={xeQ|x =0,x=0x3 > x}}. (15)
This set is defined mainly to exclude the case of undefined DPs
mentioned in Remark 3. Using Eq. (14) to relate the z- and x-
spaces, we can embed the 2D z-dynamics into the 3D x-space,
yielding a unified expression for the overall dynamics in a con-
sistent coordinate system. Notably, no dynamics is specified in
the third independent dimension, which is represented by the
rotation angle @ in Eq. (14), as it complements the z; and z, co-
ordinates. This is because the object z on the palmar side stays
always within a DP, as defined in Definition 2. Consequently,
@ = 0. Since NN = I, @ = 0 and using Eq. (3), Eq. (5),
and Eq. (14), we differentiate both sides of Eq. (14) w.r.t. time,
and re-arrange terms to derive

¥=-NTRT(y¥(Nx))A,N %.
S(x)

(16)

representation (angle, axis)= (y(x), n), written as
Ru(y) = I3xs + siny[nlx + (1 = cos y)[nl}, (12)

where the operator [ ] is defined by

0 -n3 ny
[n]x = | n3 0 -np|.
—ny ny 0

4The function atan2(y, x) is the four quadrant arctangent of the coordinate
of x and y such that atan2(y, x) € [-n, ). The function mod(-, 27r) computes the
modulus after division, which turns the results in the interval [0, 27).
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Therefore, using Eq. (16), the dynamical system Eq. (8) on the
palmar side is expressed in x-space as

o {—col [0 0 az(x; —x;‘)] xeD, (17

T -S(x)x x€DyUD \ D,

Combining Eq. (17) and Eq. (11) leads to the final definition of
semi-tangent flow:

Definition 4 (Semi-tangent flow). The semi-tangent flow f, :
Q — R3 for every given object’s GC location x, is given as
—AX xeD,
x = f,(x)={-Sx)x xeDyUD\ D,
—R,(y(x))AX otherwise

(18)

where the positive matrix A is given in Eq. (10), S(x) in
Eq. (16), the rotation matrix R,(-) in Eq. (12), the normal vector
n in Eq. (13), and the rotation angle y(x) in Eq. (6).

4.3.1. Velocity Reversal

It has been assumed that the object is actively actuated, while
the fingers and palm remain passively fixed in a static reference
frame. To compute the final body velocity reference for the
hand, the designed velocity is set as the negative of the object’s
reference velocity, as expressed in

v, = —f,(x). (19)

4.3.2. Orientation Regulator

The orientation regulation is designed to achieve signifi-
cantly faster convergence compared to the translational dy-
namic system. This can be accomplished by utilizing rapid
convergence motions for lower-inertia links on the arm, such
as underarm rotation. This fast convergence in orientation en-
sures that the assumption for a circular cross-section remains
valid not only for spherical objects but also for cylindrical
ones. Based on this, we design our rotational dynamical sys-
tem Eq. (2) using a spring-like potential field, as introduced
in [49, 50]

w, = asym(R, 4G), (20)

where the asymmetric part of a matrix () is defined as asym(-) =
%((-) — (7). The orientation error ("'R,,,ds is calculated by the
desired object pose in the hand frame. The co-stiffness matrix
G = Lu(K)I - K € R¥® with K = diag(k;, k>, k3) > O gener-
ates the angular velocity to the desired orientation. By stacking
Eq. (19) and Eq. (20), we obtain the body velocity reference for

the object
— vr
Xr= w, .

3Through hand-eye calibration, the desired object frame relative to the hand
frame is determined using the following relation:

W pT W
ﬂRo,d = R’H RO ORo,d = ﬂRO ORu,da

2y

where W and O represent the world frame and the object-fixed frame, respec-
tively. Here, ORM: denotes a more commonly desired grasp pose expressed in
the object frame given by the grasp generator, while the live object pose feed-
back 7 Ry is obtained through vision-based tracking.
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Note that the current design assumes the instantaneous relative
velocity between the object and the hand to be zero. If the actual
object’s velocity denoted as y,, is measurable or predictable,
the guiding flow for the hand—represented by the body veloc-
ity reference in Eq. (21)—is added by x,. The updated hand
velocity reference is computed as y, + x,, where the first term,
X,» generates the attractive and collision-avoiding motion be-
tween the object and the hand, and the second term, y,, ensures
synchronization of the hand motion with the actual object ve-
locity. This latter term is governed by the object dynamics or
other external forces influencing y,.

Remark 6. The velocity synchronization will not change the
relative object pose to the hand. In practice, the object’s veloc-
ity estimation of y, is challenging due to the limited tracker’s
refreshing rate, which causes less-satisfied numeric differentia-
tion of the pose, especially when the object is not predictable,
e.g., the object being co-grasped by a human, and handed over
to the robot, or the object being attached to a constantly dis-
turbed string, or unexpected disturbance. Therefore, we assume
X, = 0 and utilize y, Eq. (21) as final references in the follow-
ing experimental validation section.

As a summary of this section, a pseudo-code is presented in
Algorithm 1.

4.3.3. Joint Velocity Reference:

The generated body velocity y, Eq. (21) is mapped via the
body Jacobian J € R®" w.r.t. the hand frame {7} to the joint
velocity reference ¢, , in Figure 3, which is expressed as

Go,=Tx, + A= T'D) quu, (22)

where the last term includes a right-hand Moore-Penrose pseu-
doinverse J* = JT(JJT)™", and ¢,,, € R” the nullspace refer-
ence velocity. The design of nullspace velocities is out of the
scope of this work.

4.4. Convergence and Collision Avoidance

We prove that the dynamical systems in Eq. (8) and Eq. (11)
achieve the objectives (O1) and (0O2), defined in Section 4.1.
As stated in the objectives, only the translational dynamics is
considered.

4.4.1. Uniqueness of Integral Curves

Lemma 1. Consider the autonomous dynamic systems defined
by Eq. (8) and Eq. (11). A unique integral curve x(¢) (or: z(?))
exists with a unique bounded initial state x(0) € Q (or: z(0) €
Q).

Proof. The proof follows the example in [51, pp. 388], summa-
rized in two steps:

1) Prove that f in Eq. (11) and g in Eq. (8) are Lipschitz
continuous.

2) Prove the existence of a unique trajectory x(f) of the dy-
namical system with a unique bounded initial state x(0) €
Q in the sense of Filipov [52, 53, 51].
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Algorithm 1 Hand Motion Generation

Input: Current object state in the hand-fixed frame (HRO, X),
desired grasp pose ("' R 4, x*), current finger joint position
qy-

Output: Body velocity reference for the hand y,.

1: while { A stable grasp is not yet confirmed.} do
2: D « {update hand hull with ¢,}.

3 f: < Eq. (9) {update the global attractive linear field}.
4 if xeDyUD\ D, then

5: z <« Eq. (14) {map x to z}.

6: e — Eq. (B.1) {calculate the tangent flow}.

7 v « Eq. (6) {compute the rotation angle}.

8 f: < Eq. (16).

9: else if x € D, then

10: f: < Eq. (9) {keep the linear flow}.

11: else

12: f: < Eq. (11).

13: end if

14: v, « Eq. (19) {reverse the velocity for the hand}.
15: w, «— Eq. (20) {get angular velocity reference}.
16: X, < Eq. (21) {get body velocity reference}.

17: end while

Step 1 : We consider two states x, x” within the same region,
e.g., x and x’ both in D,. It is sufficient to show that

ILfGe) = fGNI < Lilx = x/|I. (23)
We expand the left side of Eq. (23) using
If ) = FGOI = IRa(y(x)A% — Ry(y (X' DAF'|l.  (24)
By using the triangle inequality, we have
£ (x) = FOOI < IRu(y(x) A — Ry(y(x") AX|| 25)

+[IRn(y(x' NAx = x|,

The rotation angle y(x) Eq. (6) is Lipschitz continuous, which
is proven in Lemma 3. Hence, there exists a positive value L,
such that

ly(x) —y(x")I < L,llx — x’||. (26)

By applying the mean value theorem for matrix functions [54,
Theorem5.9] and considering the presence of trigonometric
functions in the entries of the rotation matrixEq. (12), we con-
clude that there exists a constant Lg > O such that

IRa(y(x)) = Ru(y(x" DI < Lely(x) = y(x")]. 27

Due to x € B(x*, ¢), the error is bounded ||%]| = ||lx — x*[| < ¢ <
oo, and we have ||AX|| < c||A]|. Using Eq. (26), Eq. (27) and the
sub-multiplication of the matrix norm, we have

I[RA(y(x) — Ru(y(x")]AX|| < 2cL, Lgl|Allllx — x| (28)
The second term of RHS of Eq. (25) is bounded by
IR (y(x')Ax = x| < lAllllx — x’|l. (29)



By substituting Eq. (28) Eq. (29) into Eq. (25), we finally get
Eq. (23) with the Lipschitz constant L being
L= 2cL,Lg + DIIA|l = 2cL,Lg + 1)a;. (30)

The same procedure can also be applied for proving the Lips-
chitz continuity of g(z), for all z € Ry U R;.

Incorrect estimated hull

5 <1
~%

causing unwanted inward flows
at the switching boundary z, = 0

Figure 12: When the estimated finger joint configuration is smaller than the
lower bound, this may create a tangent flow that may cross the switching bound-
ary z = 0 from the palmar side to the dorsal side.

Step 2: Consider the case when the initial state x(0) € D,.
Due to the design of the lower-bounded finger joint’s config-
uration §; > gmin, see Figure 12 and Section Appendix A.3,
we ensure no outward flow and no inward flow [51, Fig 8.7,
pp-389] in the neighborhood of the switching plane x3 = 0.

Besides, the inner products of the normal vector n,, or (n,)
of the switching plane x3 = 0 (or z; = 0) and velocity vectors
before and after crossing the switching boundary x3 = 0, are
computed as follows: )‘:Tnx3 > 0 with x3 = 07, where n,, =
col [0 0 1]; and z7n., > Owithz, = 0* (i.e., x3 = 0%), where

n, = col [0 1]. Hence, this ensures the flow is consistent
before and after crossing the switching boundary, which yields
the unique solutions of x() in the sense of Filipov. Combining
steps 1 and 2 concludes the proof.

O

4.4.2. Proof of Objective 1 (01)
The following Lemma 2 is required to show the convergence
(in Theorem 1) to the attractor P,.

Lemma 2. R is an invariant set according to the Lemma 4.

Proof. see Section Appendix C.1. O

Theorem 1. Consider the autonomous dynamic systems de-
fined by Eq. (8) and Eq. (11). If x(0) € Q, then any trajectory
x (1) converges to the attractor x* (or z* ) as t — oo.

Proof. The proof discusses three cases (C1 to C3) based on the
initial state x(0), marked as @-@ in Figure 8 (b):
(C1) When the object is initialized on z(0) € Ry (see @ in Fig-

ure 8 (b)), one must show that z(¢) converges to the desired
attractor as t — oo.

(C2) When z(0) € R, (see (2) in Figure 8 (b)), prove z(f) con-
verges to the switching boundary s; with a finite time.
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(C3) When x(0) € D, : {x € Q| x3 < 0} (see @ in Fig-
ure 8 (b)), prove x(f) converges to the switching plane
x3 = 0 (the grey plane in Figure 8 (a)) with a finite time.

By demonstrating that conditions (C1)—(C3) are satisfied, we
can conclude that the object will converge to the desired attrac-
tor for any initial condition. Specifically, the sets are always
traversed in the prescribed order: from 9, to R, and finally to
Ro. This establishes the required convergence result.

Case (C1): For z € Ry, the dynamical system is described
by Eq. (3). Since —A, = —diag(a;,as) is Hurwitz it follows
that for any initial state in R, defined in Eq. (A.16), Eq. (3)
converges exponentially to the attractor z*, as ¢ — co. Further-
more, the set Ry is an invariant set (see Lemma 2), since the
rate of convergence in the z; direction is always greater than or
equal to the rate in the z,-direction since a; > as.

Case (C2): Firstly, the integral curves of Eq. (5) originating
from R; will not cross the switching boundary x3 = 0. This is
ensured by the lower-bounded configuration of the finger joint,
d;j > qmin (see Figure 12), and the design of the rotation angle
v(z) in Eq. (6), which collectively guarantee that the vector field
Eq. (5) does not cross the switching boundary x3 = 0. Secondly,
z(t) converges to the s;, due to the design of tangent flow e
Eq. (B.1) in Section Appendix B. Thirdly, the vector field of
Eq. (5) is lower bounded since || R(y(2))A , - (z—2*)|| = asx} >
0. where A, is given in Eq. (3). The combination of all three
steps ensures that z(¢) converges to s; within a finite time #; < oo
and subsequently enters the invariant set Ry. The subsequent
proof of convergence to the attractor z* proceeds in the same
way as the proof for Case (C1).

Case (C3): Similar to the approach in Case (C2): the lower-
bounded finger joint’s configuration §; > gmi, and the design of
tangential flow near the fingertip guarantee that x(#) according
to Eq. (11) converges to the switching plane x3 = 0. Besides,
the vector field in Eq. (11) is lower bounded for all x € D,
due to [|R,(y(x))A - (x — x*)Il > aszx] > 0. Therefore, x(t)
converges to x3 = 0 with a finite time ¢y < co. x(f) will leave
the switching plane x3 = 0 as ¢ > ¢ due to the consistent flow
at x3 = 0 proved in Step 2 of Lemma 1. The subsequent proof
of convergence to the attractor z* proceeds in the same way as
the proof for Case (C2).

0

4.4.3. Proof of Objective 2 (02)

Since the hand hull D does not appear in Ry or R, (see the
visualized sets Ry and R, in Figure 8 (b) and their definitions
detailed in Table A.8), it is sufficient to examine the penetration
between the hand hull and the temporal evolution of Eq. (8)
with the initial state z(0) € R;.

Theorem 2. Consider the dynamical system Eq. (5). Let z(0) €
R, be the initial state outside or on the hand hull D. Then, for
any t > 0, the temporal evolution z(7) in terms of g(z(¢)) does
not penetrate P (Definition 1).

Proof. To ensure impenetrability, it is sufficient to show for ev-
ery state at the hand hull’s boundary, i.e., z, = {z € R* NR'}, the



velocity vector g(z,) Eq. (5) is either directed away or perpen-
dicular to the normal vector n(z,) Eq. (B.2) pointing outwards
of the hand hull D, i.e., n"(z,)g(z;) > 0, which is stated in
[55, 56, 57].

Consider the boundary set z;,. By design, the velocity vec-
tor Eq. (5) for every z, has the same direction of the tangent
vector, i.e., g(zp) = —||A /(2 — 2*)lle(zp). This is visualized in
the left column of Figure 9 (a), where the green vector g(z;)
aligns with the orange vector e(z,). With the normal vector of
hand hull at the boundary point n(z;), i.e., Eq. (B.2) being or-
thogonal to the target vector e(z;), we have

n'(z,)g(zp) = —IA/(zp — 20" (zp)e(z) =0,  (31)
=0
which concludes the proof.
O

5. Finger Motion Generation

We generate reactive finger motions using a object-state-
dependent transition function, e(x) € [0, 1], that smoothly in-
terpolates between the hand cage configuration ¢, (detailed in
Section 5.1) and power-grasp configuration ¢, (assumed to be
given see Remark 1) based on the object-to-attractor distance
|l — x*||. This transition is visualized in Figure 13. The result-
ing finger joint reference

G, (%) = €x) - gpq + (1 - €X) - 4y, (32)

is sent to the finger motion controller (see [44]), with sig-
nal flow depicted in Figure 3. The transition function e(x) in
Eq. (32) is designed as

e(x) = exp (—[(x - x*)"Qs(x — xM)]),

where @ > 0 is a positive definite constant matrix that governs
the rate of grip aperture (i.e., finger span) relative to changes in
the object-to-attractor distance. The matrix @ is chosen heuris-
tically ensuring the object enters the hand cage before the fin-
gers close. As results of Eq. (33), as the object moves further
away (|lx —x*|| — ¢, recalling x € B(x*, ¢)), € — 0, and the ref-
erence becomes the hand-cage configuration, ¢, — ¢,. Con-
versely, when the object is close to the attractor ||x — x*|| — 0,
we have € — 1, and the reference Eq. (32) transitions to the
final power-grasp configuration, ¢,, — ¢ .

(33)

Remark 7. The design of Q is further affected by uncertain-
ties in object pose estimation, which arises from visual feed-
back and the effect of finger joint friction in practice.

5.1. Choosing Hand-Cage Configuration

The hand-cage configuration g, represents the finger’s pos-
ture in the approaching phase. While there is no strict mathe-
matical definition for this configuration—owing to variations
in multi-fingered hand kinematics and dependence on object
shape—the primary consideration is enabling the hand to geo-
metrically “scoop up” the object more effectively during the ap-
proach. A common choice is a bowl-like shape, where the four
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Figure 13: The transition function e(x) smoothly interpolates between the hand-
cage and power-grasp configurations.

fingers (index to little fingers) and the thumb create a smooth,
concave space around the palm. As a guideline for creating this
bowl-shape cage, we use a five-fingered humanoid hand with
20 DoFs (4 DoFs per finger: 3 for flexion/extension and 1 for
ab/adduction) as an example:

e No ab/adduction but with minor flexion at the base joint for
the index to little fingers and significant thumb abduction
at the base joint;

e Ensure each finger joint configuration is lower-bounded,
cf. Figure 12.

This configuration is illustrated in Figure 14 (a). Figures Fig-
ure 14 (b) to (d) present three non-hand-cage finger configu-
rations for g, including (b) irregular finger positioning that
fails to form a coherent cage, (c) an abducted thumb that pre-
vents cage formation, and (d) an irregular finger arrangement
resulting in two small, disjointed cages.

6. Experimental Validation, Simulation Study and Discus-
sion

We conducted three types of experiments to evaluate whether
FF meets our objectives. Moreover, we will highlight the exper-
imental insights and address the framework’s practical strengths
and limitations. The experiments are designed as follows:

(1) Stationary tabletop object: The robot is tasked with
grasping a stationary bottle on a table. The object is placed
at random locations and heights.

@ (d)

Figure 14: (a): The open hand as hand-cage configuration. (b-d): non-hand-
cage finger configurations
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Figure 15: The framework in Figure 3 is followed by the continuous pouring
motion used for further verifying the grasp stability, only used in experimental
validations. The used parameters are listed in Section Appendix D.2.

only for experiments

(2) Unpredictably spatially moving object: The robot is re-
quired to grasp a bottle swinging on a rope, where external
disturbances cause random motions.

Interactive and adversarial human-to-robot handover:
The robot must grasp a bottle handed over by a human.
In this scenario, two distinct cases are considered: the hu-
man may act cooperatively or adversarially, subjecting the
handover to additional disturbances or making evasive mo-
tions.

3)

In all experiments, we chose a ketchup bottle as our test object
with a homogeneous mass distribution of 500 g, with 30 cm
height and 5 cm diameter. Its mesh file (OBJ file) is assumed
to be known and given to the visual tracker. The ketchup bottle
is always within the reachable space of the robot and visible in
the camera’s field of view.

Grasp stability assessment

Grasp stability is assessed through a pouring motion that
smoothly transitions from the final grasp state. The grasp is
considered stable if the object remains securely held through-
out the entire pouring motion sequence. The flowchart is shown
in Figure 15. In practice, when the object is near the attractor,
visual pose estimation becomes unreliable due to occlusion be-
tween the object and the palm or fingers. To mitigate this, we
use estimated joint torque to confirm whether a power grasp
has been achieved. Specifically, the condition is met if the es-
timated external torque satisfies T;ext = Timin fOr more than
1 second, and the number of engaged finger joints exceeds a
predefined minimum n,. > ny,;,. Once this condition is met, the
motion transitions to a pouring action with the ketchup bottle to
demonstrate a successful grasp. The implementation details are
summarized in Section Appendix D.2. It is important to note
that all grasp executions are conducted in an open-loop manner
after the confirmation.
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System Setup

We implemented FF on the right arm (5 DoFs)® and the right
hand (20 DoFs) on the DLR robot neoDavid [41] with differ-
ent types of variable stiffness actuators (VSAs) [58]. The used
parameters are summarized in Table D.9. The generated two
vector references ¢, , Eq. (22)7, 47, Eq. (32), are sent to the
arm and the finger, respectively. Finger Flow for the arm is im-
plemented within a single Matlab/Simulink model with the ESP
controller [42, 43]. Similarly, the vector field for the hand is in
a separate model with a cascaded controller consisting of an
inner-loop tendon force control and an outer-loop joint-space
impedance control. The complete Matlab/Simulink models are
compiled to C-Code using code generation, and are running
on two real-time PCs at 3 kHz (with Intel® CPU Core™ i7-
1185G7 @ 3.00GHz). The forward kinematics and dynamics
model of neoDavid is computed at 1 kHz with the libraries by
[59].

The DLR robot neoDavid is equipped with an Azure Kinect
RGB-D camera mounted in its head (eye-to-hand setup) to de-
tect object locations. Utilizing 3D object meshes and kinematic
information, the M3T library 3 developed by [45] enables ro-
bust estimation of the orientation and translation of articulated
rigid bodies. In our experimental setup, the system tracks and
estimates the pose of a ketchup bottle with a given OBJ file con-
taining detailed vertex information. We get the bounded object
pose feedback (x and HR, in Figure 3) at 30 Hz, with M3T
running on an Intel® Core™ i9-11900K CPU @ 3.50 GHz.

6.1. Experiment 1: Grasping a Stationary Tabletop Object

The ketchup bottle is randomly positioned on a round table
with a diameter of 0.8 m, with a 9x9 grid as shown in Figure 17.
The table height is adjusted to three levels: 0.90 m, 1.0 m, and
1.1 m. The arm is initialized in random configurations above
the table while ensuring that the ketchup bottle is not occluded.
We conducted 150 trials, with 50 trials at each table height.
Trials were excluded if the visual tracker lost the object tracking
of the ketchup bottle during the approaching phase. Selected
moments from successful attempts are shown in Figure 20 and
failed attempts in Figure 21.

6.1.1. Grasp success rate

The statistical grasping results are presented in Figure 18,
where red indicates failed grasps and green represents success-
ful grasps. The success rate is categorized by table height and
regions visualized in Figure 19 (a). Overall, the results demon-
strate a grasp success rate of 87.3%. As illustrated in Fig-
ure 21, re-grasping following a failed attempt was successfully
achieved due to the state-dependent nature of FF, enabled by
its closed-loop execution. In contrast, during the verification
phase (i.e., the pouring motion), the ketchup bottle fell again

OThe entire right arm has a total of 7 degrees of freedom (DoFs). However,
due to the limited range of motion at the wrist, the last two DoFs at the wrist
are kept fixed. Additionally, the torso is assumed to remain stationary.

7We replace the Jacobian J in Eq. (22) with Jr € R> since only five
active joints for the arm are in use.

8https://github.com/DLR-RM/3D0bjectTracking
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Microsoft Azure Kinect

5-DoF arm with VSAs

20-DoF tendon-driven
five-fingered hand

Figure 16: Setup of DLR robot neoDavid: The robot is equipped with a Mi-
crosoft Azure Kinect camera mounted on its head. The right arm features five
active degrees of freedom (DoFs), while the hand includes twenty DoFs. Note
that the torso is fixed and not used for the experiment. The following frames are
defined: The world frame ‘W, camera frame C, hand frame H, object frame O.
The (x, y, z) or (x1, x2, x3) axes are plotted in red, green, and blue, respectively.

D e

Figure 17: Setup of a stationary tabletop object. The bottle is placed randomly
within one of the marked regions (1 to 9) at a height varying between 0.9 m and
1.1 m.
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Figure 18: Statistical Results of Experiment 1: An overall success rate of 87.2%
was achieved across 132 attempts. Each marker indicates the initial position
of the center of a ketchup bottle, projected onto the horizontal plane. Due
to perception uncertainties in the world frame, some objects appear projected
beyond the table’s boundaries.
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Figure 19: The grasp success rate sorted by regions.

when subjected to the pouring motion, as this operation was
performed in an open-loop manner. The shown recovery is
challenging due to the arm near the singularity, leading to a mis-
aligned grasp, i.e., a fingertip grasp instead of a power grasp.

6.1.2. Transient object motion in hand cage

A key design idea underlying the semi-tangent flow is al-
lowing sub-optimal grasps for maximizing the overall grasp
success rate. This choice stems from the inherent uncertain-
ties arising from unknown object dynamics, perceptual noise,
and velocity controller tracking errors, which can lead to un-
intended object motion within the hand cage.” To validate our
design idea, we analyze the object’s transient motion within the
cage across all successful grasping attempts, using both kine-
matic data and additional video confirmation.

9In practice, the transient motion of the object inside the hand cage is also
significantly influenced by the surface and geometric properties of both the ob-
ject and the hand’s material covering. These factors are further explored in
simulation studies in Section 6.4.



(a) Trial #1 & b (b) Trial #1
‘ < (cont'd) § object location
R before t;

Ato_)l =0.403 s

tl At1_>2 =1.07s to ¢

n4y ~ /4 ."?¥%w

(large diameter)

N et

Figure 20: Experiment 1 - selected moments from three successful trials. The orange arrow denotes the trajectory of the hand-fixed attractor P,. (a) Trial #1: Fast
approach within Afg_,; = 0.403 second, with orientation converging to the desired pose. Fingers close at the same time. Bottom left: Sequence of finger closures,
achieving a power grasp while the hand keeps moving forward and makes the object slide inside the hand cage. See the ketchup bottle’s rotation around the vertical
axis. (b) Continued Trial #1: Confirmation of a power grasp (large diameter grasp, as classified in [37]) followed by a continuous pouring motion (not the focus of
this work).

Figure 21: Experiment 1 - analysis of one selected failed attempt. ®—> @: A collision with the thumb causes the object to fall. ©—> @: Grasp recovery
attempt: The object continues rolling on the table and temporarily moves out of the robot’s reachable space. Meanwhile, due to the closed-loop feature of FF, the
arm follows the object’s motion. @—> @: During this time, uncertainties in finger torque estimation lead to an incorrect confirmation of a stable grasp, resulting
in a precision grasp as the final grasp state. Note that after this incorrect confirmation, the grasp execution proceeds in an open-loop manner. @—> (8): Pouring
motion begins: Although the robot successfully grasps and lifts the object, the dynamic pouring motion causes the object to fall due to the fingertip grasp. Since the
grasp is executed in an open loop, the failed grasp cannot be recovered.
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Figure 22: Object in-cage motion: sliding and rolling. The error is parameter-
ized by the norm distance of the object’s center to the attractor.

Our analysis reveals that the bottle exhibits either sliding or
rolling motion toward an in-cage attractor when the hand con-
tinues to push the object inward while the fingers are closing,
see Figure 22. The distinction between these two behaviors
lies in whether the object undergoes significant rotation about
its principal axis. As summarized in Table 1, rolling occurs in
57 % of all cases, often when the arm is near a singular config-
uration, resulting in reduced hand motion range and allowing
the fingers to hook the object into the cage. This alignment fa-
cilitates a smoother and stable contact formation, as opposed
to an abrupt, impact-like interaction. This leads to a smaller
distance error between the object’s center and the attractor at
the moment of starting of pouring motion. In contrast, slid-
ing occurs in 43 % of trials, typically when the object’s center
aligns closely with the fixed axis upon entering the hand cage.
Despite having sub-optimal grasps during grasp establishment,
these observations have demonstrated that our method achieves
a satisfactory grasp success rate.

Table 1: In-cage bottle motion for all successful attempts.

Percentage
Distance to attractor

Sliding: 43 %
3.2 +2.5[cm]

Rolling: 57 %
2.7 = 1.8 [cm]

6.1.3. Failure analysis

We have observed the following causes for the failed 13%
(17 of 132) of total grasp attempts. In general, failed attempts
are caused by several factors at the same time.

During the approach phase, collisions occur when the thumb
slides around or sticks to the object’s surface (14/17). Most
failed attempts arise from uncertainties in elastic finger posi-
tion sensing or execution, leading to an inaccurate hand hull
approximation. In particular, the error for the thumb will fre-
quently cause collisions. Our used DLR robot neoDavid is im-
plemented with a tendon-driven elastic hand.

While the approximated hand hull incorporates a margin to
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handle sensing uncertainties by covering all potential finger po-
sitions, the uncertainty in elastic finger position estimation re-
mains significantly higher than that of rigid fingers with direct
joint position measurement or the rigid tendon with a more ac-
curate model of position estimation. Besides, the silicon cover
has the advantage of providing high friction even if the grasp
state is imperfect; see the intermediate grasp in Figure 21 (c).
However, it can also prevent necessary adjustments that FF pro-
vides, such as rolling or sliding of the object within the hand
cage, leading to the losing grasp control of the object. As a re-
sult, the object may fall, even if it has a smooth surface like a
plastic ketchup bottle.

The start of the pouring motion in Figure 15 was incorrectly
confirmed (5/17). The joint torque for the tendon-driven hand is
estimated based on the tendon force calibration with a tendon-
to-joint Jacobian matrix; see details in [44, 60]. Compared to
the finger, which implemented a joint torque sensor [61] or tac-
tile sensor over the fingertip, the tendon force will be prone to
introduce higher uncertainties in joint torque static bias, which
merely depends on finger configurations and stiction effects
on the tendons, particularly the thumb’s base joint. The er-
roneous estimated joint torque condition fulfills the condition
illustrated in Figure 15, while the stable grasp is still not yet
established. The motion afterward is executed in an open-loop
manner. Hence, the grasp attempt will most likely fail. Get-
ting a reliable grasp state to ensure a reliable transition to the
following motion is out of the scope of this work.

6.2. Experiment 2: Grasping an Unpredictably Moving Object

Unlike Experiment 1, this test introduces the following key
challenges: 1) Unpredictably moving motion due to continu-
ously imposed disturbances on the swinging bottle. 2) Limited
object tracking rate: The vision tracking operates at a frequency
of 30 Hz, which limits the tracking accuracy for objects mov-
ing at higher speeds. 3) Uncertainty in visual pose feedback:
The object’s pose feedback may be imprecise due to unpre-
dictable instantaneous occlusions caused by the robot arm or
finger movements.

We keep disturbing the swinging bottle in a random direction
with random amplitude persistently, which aims to cause up to
0.8 m/s of the object’s Cartesian velocity in the world frame.
After each successful grasp of the bottle, we will restart and
continue the test. The entire test lasts for 20 minutes.

Figure 23 presents one successful catch of a moving bottle,
highlighting key moments with corresponding timestamps. By
design, the velocity amplitude in Eq. (18) is preserved relative
to the linear field in Eq. (9), increasing velocity norm as the ob-
ject moves further from the hand (attractor). The fast bottle’s
motion presents a significant challenge, as the robot often fails
to respond in time. In Figure 23 (2) to (5), the bottle collides
with the palm and bounces out of the hand cage before any re-
active action can be performed. This limitation arises from the
camera’s restricted frame rate, which supports video streaming
at a maximum of 30 Hz. To mitigate this issue, incorporating
predictions of the object’s motion ¥, # 0 will improve respon-
siveness if the provided feedback signal has low delay and low
noise.
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Figure 23: Experiment 2: One of the trials for grasping a moving bottle: The bottle is suspended on the rope, which is continuously disturbed. The timestamp
for each photo in the sequence is indicated at the top left of each frame. @ The object moves behind the thumb, prompting the hand to move away to avoid a
collision. @—) @ (At = 1.32 s): The object moves too quickly for the robot to catch it. @ @ The object moves toward the dorsal side, and the hand adjusts
its position to avoid hitting the object. @ @ (At = 0.87 s): The robot performs a fast approaching. ‘—) @: During finger closure, the object slips out of the
hand cage slightly, causing the fingers to reopen. ‘—) @ Execution of a power grasp and continuous motion for pouring and placing. The relative object-hand
distance norm, velocity norm (of vector difference), and their absolute translational velocities in the world frame with corresponding timestamp labels are shown at
the bottom.
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Statistical results of the bottle’s velocity and its distance evo-
lution relative to the attractor across all successful trials are
shown in Figure 24 (left). The median peak velocity of the bot-
tle across all trials exceeds 0.7 m/s. Despite the fast speed, the
guiding vector flow facilitates real-time adaptation of hand mo-
tion and ensures spatial convergence to the attractor. As illus-
trated in Figure 24 (middle), the bottle is often not fully station-
ary at the moment of grasp. In most trials, the object-attractor
distance converges to approximately 0.02 m, indicating that the
bottle’s center is well-aligned with the attractor even under dy-
namic grasping conditions (cf. Figure 24 (right)).

6.3. Experiment 3: Interactive and Adversarial Human-to-
Robot Handover of An Object

To evaluate reactive reaching with a human in the loop, a hu-
man subject randomly handed the ketchup bottle to the robot
while cooperatively or adversarially interacting with the robot
arm during the approach phase. The human continuously al-
tered the object’s pose, challenging the robot to adapt and com-
plete the grasp. Figure 25 displays the key moments from these
interactions.

Although all interactive handover trials were performed con-
tinuously, Figure 26 illustrates the final grasp positions (when
the stable grasp is confirmed) from all 60 successful handovers
(out of 63 total attempts, 95 % success rate). These positions
are expressed in the object-fixed coordinate frame. Due to the
involvement of human participants in the process, the results are
also influenced by their unconscious reactive behaviors, such as
adjustments based on humans’ tactile feedback from skin con-
tact and visual feedback from observing the robot’s interaction
with the object. It can be observed that the majority of success-
ful grasps are concentrated in the region above R4 and R5. This
area offers optimal robot reachability and provides a stable cam-
era view, which supports accurate object pose estimation during
tracking.

Guiding the robot by shared holding an object

In the experiment, when the object is very close to the de-
sired grasp pose (or when the object state lies within the hand
hull, which can occur due to visual uncertainties), the refer-
ence hand velocity becomes zero. As a result, the closed-loop
system behaves similarly to how it would in a zero-gravity en-
vironment. This allows the human to freely guide the robotic
arm by moving the object, while all fingers maintain a stable
grasp throughout the interaction due to our finger generator, see
Figure 27.

6.4. Simulation Study

Recent reinforcement learning (RL) approaches have demon-
strated reactive grasping with high-DoF hands [17, 62]. How-
ever, such methods require extensive offline training in high-
fidelity simulators, and the learned policies implicitly rely on
horizon-based optimization. Our FF method is a purely model-
based, fully reactive controller operating without preview or
policy pretraining, and it can be deployed directly on hardware
without retraining. Comparing directly to RL methods would
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confound the evaluation with differences in training data re-
quirements, simulation-to-reality transfer challenges, and im-
plicit planning horizons, rather than isolating the effect of reac-
tive control without preview. We therefore restrict our baseline
comparisons to classic position-based visual seroing (PBVS)
and open-loop FF, which align with our problem assumptions
and operate under the same model and computation constraints.

To better understand the influence of various parameters,
such as those defining the hand hull, the geometric properties of
cylindrical objects, and objects’ surface roughness, we conduct
additional studies in simulation. These are difficult to replicate
on physical hardware.

The simulations are built upon the neoDavid setup, using a 7-
DoF robotic arm equipped with a 20-DoF multi-fingered hand
within the MuJoCo physics engine. To isolate reaching perfor-
mance from grasping strategy, we use a fixed grasp pose across
all trials. A cylindrical object is placed on a tabletop and given a
random initial horizontal velocity to induce motion. The cylin-
der’s center of mass is positioned low, near its base, causing it
to swing like a Roly-Poly toy. The task is for the robot to reach
and grasp this continuously moving object. We initialize the
robot hand at various positions around the swinging cylinder,
ensuring no initial collision occurs.

6.4.1. Comparison of PBVS, open-loop and closed-loop FF.

PBVS uses a linear control law with a constant gain matrix
equivalent to A in Eq. (9). We stack Eq. (9) and the same orien-
tation regulator Eq. (20), and obtain the full 6D body velocity
Eq. (21). In contrast, the open-loop FF only utilizes the initial
object state xo = x(¢ = 0) at the start of the simulation, ignoring
any subsequent motion for all # > 0. Hence, the complete tra-
jectory generated by integrating the dynamic system in Eq. (21)
from the initial object state is predetermined.

We run 294 trials for each method and measure success rates
based on the object’s initial position relative to the dorsal plane
of the hand. The final grasp success rate is summarized in Ta-
ble 2. Each dot in Figure 28 represents the object’s center de-
picted in the hand-fixed coordinate frame, with color coding
indicating whether the trial succeeded or failed. Importantly,
only the outcome of the first reaching and grasping attempt is
considered; subsequent attempts due to the object moving away
from the attractor are not counted as successes.

Our results show that PBVS achieves successful attempts
only when the object initially is located within the region Dy di-
rectly above the palm. This supports our design choice of main-
taining a constant linear flow for region Oy. Meanwhile, the
open-loop FF yields poor performance in tracking moving ob-
jects, as its trajectories rely solely on the initial observation. In
contrast, closed-loop FF benefits from continuous finger-state
feedback, enabling online adjustment of arm motion to avoid
potential finger collisions. As a result, FF achieves the highest
overall success rate among the compared methods.

6.4.2. Varying bottle’s diameter and surface friction.

We further evaluate the robustness of our method by test-
ing grasp success rates under varying bottle diameters and sur-
face friction levels (i.e., half and twice friction coefficient set-
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Figure 24: Statistical results of grasping the unpredictably swinging bottle in the space. Left: The upper plot shows the norm of the object’s absolute translational
velocity across all successful attempts, while the lower plot illustrates the time evolution of the distance between the object’s center and the attractor over time.
Due to the different testing durations, all trials are aligned at ¢ = 0, corresponding to the moment when a stable grasp is confirmed and the pouring motion begins.
Middle: Box plots of the object’s peak velocities and its velocity at # = 0. Right: Distance between the object’s center and the attractor at ¢ = 0.

Figure 25: Experiment 3: Interactive and adversarial handover. ®—> @: a stationary object handover. @—> @: interactive and adversarial handover while the
human moves the object. @—) @: dynamic handover with changing object poses. : A stable grasp is detected and confirmed, followed by a pouring motion to
verify if the grasp is stable.

Table 2: Grasp success rate in baseline comparison. summarized in Table 3. We observe that smaller-diameter bot-
tles on low-friction surfaces tend to slide and roll more easily
Object’s center at r = 0 toward the desired attractor, compared to larger-diameter bot-

Methods || dorsal (z3 < 0)  palmar (z3 > 0) total tles on high-friction surfaces.
PBVS 0/134 62/160 62/294 ) The resu}’t also supports our design .prin'ciple. based on the
(0 %) (62 %) (21 %) bean-bowl” model, where object motion is guided toward a

stable attractor through a finger-aware dynamical system. Con-

Open- 30/134 49/160 79/294 versely, typical failures occur with large-diameter bottles on
loop FF (22.%) (31 %) 27 %) high-friction surfaces, where finger-bottle stiction prevents ef-

134/134 159/160 293/294 fec.tive caging. In these cases, ﬁnge’rs are upable to guide the
FF 100 % 99 9 99.7 object toward the palm, often resulting in slippage and loss of
(ours) ( 2 99 %) (99.7 %) the object from the hand.

Table 3: Success rate by varying the bottle’s diameter and surface friction.

tings (geom/friction) in XML file for the MuJoCo simula- "

tor), while keeping the hand hull parameters fixed, see the setup w ‘ low high
in Figure 29. The hand pose is initialized such that the object’s Diameter

geometric center lies within x(0) € Dy, with an initial distance small 98 % 97 %
of at least 40 cm from the fixed attractor on the hand. Each ob- large H 89 % 80 %

ject is assigned a random initial velocity. For each combination
of diameter and friction, we conduct 60 trials, and the results are

22



T
I
i
0.6 E
0.4 .
£

(b) Object-fixed frame

(d) Object peak
velocity

(c) Top view

Figure 26: (a) Spatial distribution of the 60 successful handover locations at
the moment the power grasp is confirmed (63 total attempts). (b) Handover
locations are represented using object-fixed coordinate frames. (c) Top-down
view of the handover locations. (d) Object peak (translational) velocity norm
across all handovers.

Figure 27: A human and a robot are jointly holding the same object, with the
human guiding the robot’s movement. The vector Fiper denotes the interaction
force that the human exerts.

Table 4: Success rate difference by varying hand hull parameters: Comparison
with the success rate (98 % ) using the original hand hull.

Thickness || double half

| 27 % 9 %

Difference

Thumb coverage || partial coverage

-34 %

over coverage

-19 %

Difference ‘

6.4.3. Varying hand hull parameters

We also investigate the impact of modifying key parameters
of the hand hull—specifically its thickness (the distance be-
tween orange contour depicted in Figure 4 (c)) and the height
of the hull near the thumb—which can lead to unintended col-
lisions in real-world scenarios, as illustrated in Figure 21.

By varying these two parameters, we generate different pa-
rameterized hand hulls, visualized in Figure 30, and evaluate
their performance in grasping the same swinging bottle. For
each hand hull, we conduct 102 trials using randomly initial-
ized hand poses that may potentially collide with the thumb,
and use the same bottle with randomized initial velocities. We
compare the resulting grasp success rates to that of the original
hand hull, which achieves a baseline success rate of 98%.

The changes in success rate across different hull designs are
summarized in Table 4. In general, any deviation from the opti-
mal hull geometry leads to a drop in the final success rate. Most
notably, insufficient thumb coverage results in early collisions
between the thumb and the bottle before the object reaches
the caging region, leading to the most significant performance
degradation. Some failures in the cases of increased hull thick-
ness or excessive thumb coverage are not due to physical col-
lisions, but rather stem from the bottle’s center being located
within the enlarged hollow region of the hull. In such cases, the
reaching motion halts because the object is perceived as having
a command velocity of zero inside the hand hull. These find-
ings highlight the importance of accurate thumb coverage and
avoiding unnecessary voids in the hull design to improve the
final reaching performance.

6.5. Limitations and Outlook

Despite achieving dynamic and reactive grasping capabili-
ties, the current framework has several limitations that offer
promising directions for future research.

Non-smooth arm velocity

Firstly, FF generates arm velocity profiles that are not per-
fectly trackable on actual hardware since the velocity is not
smooth when the object state crosses x3 = 0. Smoothing these
transitions by designing a continuously differentiable vector
field remains an important direction for future work.

Single scalar for finger closure

The current finger-closing strategies are effective for most
caging and grasping scenarios, but are governed by a single
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Figure 28: Baseline comparison in simulation. (Left): To evaluate each method, the hand is initialized in 294 randomized poses around a tabletop bottle with a
lowered center of mass, causing it to swing persistently due to a randomized initial velocity. (Right): Performance comparison against position-based visual servoing
(PBVS) and open-loop FF. Each dot represents the initial position of the object’s center in the hand-fixed frame, colored according to the success or failure of each
motion generation strategy.
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Figure 29: (a): Initial object centers (black dots) are located within region Dy, Figure 30: Varying hand hull thickness and different hand hull coverage for the
defined as the solid of revolution formed by rotating the tangent line s around thumb.

the axis, where its slope is rotation-angle dependent. (b): Test bottles with two

different diameters used in the experiments.

planes that pass through the point on the object’s surface closest
to the 2D hand hull, rather than the geometric center. On each
such plane, the intersection with the object yields a convex 2D
shape, which can be tightly enclosed by an ellipse of variable
size and orientation. This enables the hand hull to adapt its local
thickness dynamically based on the geometry of the enclosing

scalar dependent solely on the relative distance. This simpli-
fication limits performance in challenging scenarios, such as
when the object is of various geometric shapes.

Lack of dynamics modeling ellipse, replacing the fixed-radius circular assumption.

The current FF design does not consider the dynamics of ei- Adopting this strategy allows us to relax Assumption 1,
ther the object or the robot in the motion planning. For highly  enhancing the FF’s flexibility and geometric fidelity. While
dynamic scenarios, such as catching an object with unpre-  using convex hull approximations for objects can suffice
dictable motion with peak speeds exceeding 3 m/s, prior knowl- for mildly non-convex objects, accurately handling arbi-
edge of dynamical parameters like the object’s inertia would  trary geometries—particularly those with pronounced concavi-
be essential for refining the FF design. Achieving this, how-  ties—remains an open challenge. The convex hull, though con-
ever, would necessitate significant advancements in the hard- servative, may introduce extraneous empty space around the
ware setup, including high-speed perception and enhanced con-  object, potentially leading to undesired behaviors. Addressing
trol capabilities. such limitations and extending the framework to support com-

plex, non-convex shapes will be the future work.
Possible extension to objects in various shapes
The current framework assumes a circular cross-section of Proof-of-concept test: Combination with other motion genera-
constant radius lying on a plane going through the object’s ge- tors
ometric center. To generalize this approach to objects with di- The semi-tangential flow encodes reaching behavior locally,
verse convex shapes, a natural extension is to define dynamic only when the object is in close proximity to the hand (i.e.,
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Figure 31: Experiment: Combining FF with Gaussian Mixture Model-based imitation learning (Stable Estimator for Dynamical Systems (SEDS) [63]) to guide the
arm around the table. @: The initial hand position is set below the table. @ - @: With SEDS active, the hand avoids colliding with the table. @ - @: A
smooth transition is made to the motion generator with only active FF, enabling a continuous approach and grasp.

within the reactivity margin). When the object is far from the
attractor, the flow naturally reverts to a linear form. Leverag-
ing this property, we design a smooth, object-to-palm distance-
dependent activation function, such as a sigmoid, to seamlessly
blend the FF framework with other motion generators based on
the task’s requirement.

As a proof of concept, we integrated FF with a Gaussian Mix-
ture Model (GMM)-based imitation learning approach [63], en-
abling more natural and collision-free motion around environ-
mental constraints such as tables (see Figure 31). The GMM
was trained on several collision-avoiding reaching trajectories
toward a bottle in the current static workspace. In this setup,
the translational hand velocity reference v, in Eq. (19) is a su-
perposition of velocity outputs of FF and GMM with a smooth,
relative-distance-dependent activation function for blending. It
means FF is gradually activated only when the object moves
near a 30-cm distance sphere from the attractor, while the GMM
generates motion primitives outside this range to avoid table
collision.

7. Conclusion

Robots traditionally execute sequential “reach-then-grasp”
pre-planned motion very often in an open-loop manner. This
stepwise approach results in slow, unnatural movements and
limits the robot’s ability to dynamically respond to environ-
mental changes. Few previous studies address efficient reaching
motion generation for robots with multi-fingered hands, which
present additional challenges due to their high degrees of free-
dom and complex meshes, making finger-object collisions a
non-negligible issue before achieving the desired grasp state.

In this paper, we proposed Finger Flow, a reactive reach-
while-grasp generation framework that utilizes visual and pro-
prioceptive feedback to instantaneously provide velocity refer-
ence to the lower-level controllers for a robot arm and multi-
fingered hand. FF facilitates the robot to robustly grasp sta-
tionary and unpredictably moving objects. By design, FF con-
siders the finger’s location and geometry in real-time, continu-
ously guides the hand to avoid collisions with the object dur-
ing the approaching motion, and adjusts the finger’s opening
and closure based on the relative pose of the object and hand.
This purely state-dependent behavior enabled automatic recov-
ery from failed grasp attempts. We also provided formal proofs
of convergence and collision avoidance for the case of grasping
a stationary spherical object.
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We implemented FF on the DLR robot neoDavid, equipped
with a multi-fingered hand, and evaluated its performance in a
series of fast pick or catch tasks involving stationary and ran-
domly moving test objects. Operating in a closed loop at 3 kHz,
FF achieved an over 87% grasp success rate on a stationary ob-
ject placed at random positions over 130 attempts. Additionally,
interactive and adversarial handover experiments demonstrated
the robustness and safety of FF during the human-robot inter-
action.

Currently, FF ensures only piecewise smoothness for arm
motion generation while employing simplified finger-closing
strategies. Future work involves extending the approach to ac-
commodate diverse object shapes, including concave and irreg-
ular forms. Additionally, the current method generates body
velocity based on the object-to-hand pose in S O(3) and R in-
dividually rather than addressing the non-Euclidean manifold
S E(3) space. Furthermore, practical considerations still need
to be addressed, such as actively incorporating sensing uncer-
tainties from visual object feedback and measurements of finger
positions and torques. We are confident that the current work
has decisively demonstrated that the model-based FF motion
generator is not limited to humanoid robots but is equally appli-
cable to manipulators equipped with any multi-fingered hand.
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Table A.5: Geometric explanation of different ¢, u.

Geometric form ¢ u
Ellipse € (0, 2] Uo
Arc € (¢1,¢2) U
Sector € (¢1,¢2) € (0, up)
Annulus € (¢1,¢2) € (ug,u)

¢1 and ¢, are starting and ending angles, respectively. u; and uy are lower
and upper bounds or radial scaling.

Appendix A. Hand Hull Generation

We will demonstrate how to approximate the kinematic tree
for a single finger on the rotated plane with the angle a, an ap-
proach applicable to a human-like multi-fingered hand. We will
first illustrate the mapping from the real finger joint position
feedback to the estimated finger joint in Section Appendix A.2,
which is required for computing the kinematic tree, detailed in
Section Appendix A.3.

Appendix A.1. Preliminaries: Rotated and Center-Shifted El-
lipses

Consider an ellipse with the center x. written in a matrix
form with distance function I'(x)
[(x) = (x-x.)"Q(x —x.) =Ty = const € R, (A.1)

where the radius matrix Q can be decomposed as follows

0 = R(9)AR" () € R*?, (A2)
with
_|cosg —sing
R(9) = [sinq cos ¢ ] ’

and the diagonal matrix A includes the square inverse of the
length for the major and minor axis (I,, /) of an ellipse, written
as

A = diag(([l;2 ;%] (A3)
The orthogonal matrix R(g) € SO(2) is a rotation matrix with
rotation angle g. For later illustration of regions and boundaries
in the neighborhood of each finger segment, we utilize the fol-
lowing notation X to parameterize a set of an ellipse’s specific
sector or arc, which is defined as

cos ¢

— 2 —
Xxe, R, A, p,u)={xeR | x=x.+ uRA[simp

}}, (A4)

where A is expressed in Eq. (A.3), the center x. with the rota-
tion matrix R(g) € S O(2), and the parametric angle ¢ € R and
the radial scaling factor u € R results in different forms of the
chosen set, see examples in Table A.S.

xr3 29 mlw,O
lw,(]
P 211 r\ Last link:
=i . ellipse
+ 0 =
D.3 & + E rectangle
PRl LE =3
S -
| Lt
. i
¢ - i Other links:
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|— Finger hull —— Extended hull |

Figure A.32: The estimated finger kinematic chain on each rotated plane. The
extended hull is depicted in orange.

Ellipse in A Second-order Polynomial Form
An ellipse in a matrix form Eq. (A.1) can be further expanded
into a quadratic form with two scaler arguments x and y, via

e
X = [x y]
a1x2 +axy + a3y2 + asx + asy + ag = 0. (A.5)

where coefficients a;, a,,as are has following relations with
0 Eq. (A.2) given by

1
|/ 2% A6
0 [%az a5 ] (A.6)
The coefficients ay4, as, ag are related to x,. and I'y in Eq. (A.1)
detQ _14
Tp=—-—o, x.=0"| 17, A7
0 detQ *e=0 [—%as} A7)

where the constant I’y and the center x. yield to @, given by

aj %(12
Q=72 @
T 1
5(,14 5615 ag
For a non-degenerate conic section det@Q, # 0, @ is an ellipse
if and only if detQ > 0.

Appendix A.2. Estimation of Finger Configuration and Length

For computational efficiency, the estimated finger has fewer
DoFs (n) than the total number of actual fingers” DoFs (ny),
i.e, n < ny. As an illustrative example, consider a 3-DoF
(n = 3) finger modeled as a serial kinematic chain. This fin-
ger consists of three flexion/extension joints: the metacarpal,
proximal, and distal joints. These joints, denoted as §;, are se-
quentially indexed as the j-th joint, where j = 1,2, 3, as shown
in Figure A.32. The first link is anchored to a fixed coordi-
nate frame, representing half the radial width of the palm. We
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Figure A.33: Top view of rotated planes in different angles a.

employ piecewise 3rd-order polynomials of the rotated plane
angle « to estimate the j-th joint configuration §; and the j-th
segment length fl ; for the kinematic tree. These estimations are
expressed as:

P0.(@ + Pa1. /(@@ + pga. (@)% + pg3 (@),
(A.8)

(A.9)

gi(a,q) =

Ij(@,q) = pioj(q) + puj(@a + pnj(@a* + ps (@),
where the coefficients p(y j,...,p)3,; are determined based
on the boundary conditions for each k-th interval, as outlined
in Table A.6. Specifically, the conditions §;(a;) = q’; and

qj(are1) = q’;” yield the following expressions for the coef-

ficients:
f+1
P =d5  Po=4d;"
Dk kel
P = (@r1 — ar)? @ -4
- = k+l
PoI = e — @ =4,

where q’; represents the measured joint position obtained from
the hardware. Here, k represents the finger type, specifically
k € {thumb, index, middle, ring, little}. Likewise, the estimation
of each finger segment length lAI, ;j is described by a 3" order
polynomial in Eq. (A.9). The length and width of each fin-
ger segment are provided in Table A.7. As a short notation for
Eq. (A.8), we use ¢ = foy3(e. q) € R3 to denote the estima-
tion of finger configuration ¢; € R", which is lower and upper
bounded, i.e., 0 < gmin < §; < gmax. Figure 12 and Figure 4 (d)
illustrate two cases where the estimated joint configuration of
the finger violates either the upper or lower bounds. Note that
Gmin and gnax are not the mechanical range limits of fingers.

Appendix A.3. Estimated Finger Kinematics

As shown in Figure A.32, we use primitive shapes, e.g., rect-
angles, sectors, and ellipses, to approximate the kinematic tree
on each rotated plane. The position of each junction (or finger
Joint’s location), denoted as p; and each finger segment’s center
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Table A.6: Boundary conditions for Eq. (A.8) Eq. (A.9) with the rotation angle
« in Figure A.33.

[’ 0 20 40 100 180 240 310 340
ql; q;'rliddl%lflﬂg quittle Gmin Jmin qth mbq in qijndex
Zk ) lm@ddle lm.]g llitFle ldqxl lbqttomlthymb ldqu linfiex

Note that for «

l’l"j is the length of each finger segment. =
100°,180°,310°, we design the radial length l’j‘., where &
{aux1, bottom, aux2}, which is designed in terms of the entire distance

from the origin to the interdigital or hypothenar regions.

P.,; are computed by

J
cos(Zlq, 2
) = R=, A.10
ffk(q Z[ sin ( q]) +Ppy € ( )
pP,+pi
Pej= =5 (A.11)

where the joint angle §; is computed via Eq. (A.8), the p, is a
static point, a; is the length of each estimated finger segment,
respectively, written as

j=12

o3 (A.12)

a; = ll”
7700.50m + )iy

where the length f, j 1s determined using Eq. (A.9). The scalar
m > 1 is calculated as

_ ro + lw,O

(A.13)
lw,O

due to Assumption 1, which leads to extending the finger’s
thickness accordingly. For simplicity, we use the unified finger
thickness b; for all segments, including the palm’s thickness,
written as b; = ml,,o, Vj = 1,2, 3,. The lengths of all segments,
except for the final segment (j = 3), remain unchanged. For the
final finger segment, the ratio of the ellipse’s major and minor
axes is preserved. In Figure A.32, the green and orange exter-
nal boundaries correspond to cases where m = 1 and m > 1,
respectively. The radius matrices for sectorial segments of the
finger are computed as

- = R(0)diag((0.5ml,.0) %, (0.5ml,,0) >)R (9),

Q. (A.14)

where 6 = Zl 4, and for the fingertip’s ellipse are expressed as
0, = R(H)diag((0.5ml;3)7%,(0.5ml, 0) )R (6),  (A.15)

where 6 = 33 4; .

Appendix A.4. Closed Forms of Region Definitions

Figure A.34 visualizes the definitions of each region in Ta-
ble A.8.
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Figure A.34: Visualization of regions in Table A.8.

Table A.7: Finger’s length (j = 1,2, 3) and thickness used for the finger esti-
mation of neoDavid hand used in Table A.6.

Var.  Values [m] Var.  Values [m]

lZ‘}ddle 0.041, 0.041, 0.039 l}f‘}?‘tom 0.012, 0.012, 0.010
l;j;g 0.032, 0.032, 0.025 l;f‘]?’mb 0.050, 0.050, 0.040
l}f;‘le 0.028, 0.028 0.022 lz‘}"z 0.004, 0.004, 0.003
li‘;"' 0.002, 0.002, 0.002 l?’;dd]e 0.036, 0.036, 0.028
Lvo 0.02

The cone-shaped set Ry:
The set Ry, cf. Figure A.34 (a), is enclosed by three half-
planes

Pry — P*
Ro=1{z=(@yx>0,y<poy, y2 p—yx+p;}, (A.16)

1,x

or written as Gz < b with

-1 0 0
G = 0 1 |, b=| poy (A17)
Pry — P; —Prx _P;Pz,x

The boundary points of Ry are represented as OR!, for i
1,2, 3, corresponding to cases where the equality in Eq. (A.16)
holds. We choose a virtual upper boundary 67?3 = aRgP such
that the Ry is a convex set. The computation of the tangent point
p, and line s; are shown in Section Appendix B.2.

The rectangular set R,:

The semi-open area is represented by three half-planes,
cf. Figure A.34 (b), as follows

Ro={z=Injy2nj(x—pjii1)+pj1y
njxy < njy(X = Pjx) + Pjys

Lixy < Lijy(x = Pjx) + Djys b

(A.18)

where pj,x = O.Smlw’onj,x + Djxs and p_i,y = O.Smlw,on_,;y + Djy-
The set is written as Gz < b where

Njy —Njx NjyPj-1x = Dj-1y
G = nj’y _nj_x 5 b = nj,ypj,x - pj,y (A19)
Liy  —ljx liyPjx = Pjy
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Appendix B. Tangent Flow

Appendix B.1. Closed Forms for Tangent Flow

As the finger on every rotated plane is approximated us-
ing three types of primitive shapes—rectangles, arcs, and el-
lipses—we outline the method for calculating the tangent flow
in the neighborhood of each segment. The closed-form of tan-
gent flow e(z) with given object location z in different regions
Ry, R., and R, cf. Figure B.37 (b)-(d), is given by

e(z) = R(§>n<z>, (B.1)
n, ZeR,

n(z)=qng,., zZ€R. ., (B.2)
ng, zZe€R

where the tangent flow Eq. (B.1) can be seen as rotating the
outward-pointing normal vector n Eq. (B.2) of the hand hull D
counterclockwise by 7/2. The normal vector Eq. (B.2) consists
of three types depending on the neighborhood regions of finger
segments, given by

n, = R(_—H)M ®
2 70p; - Pyl
ch,j(z B ijl)
_Quemp B.4
ng,; 19,.,(z—p, Dl oY
_ 0,z-p.,) (B.5)

n ) - —5
270,z - p)ll

where n, is the normal vector of rectangular segments.
In Eq. (B.3), p; denotes the j-th finger joint’s position (j =
1,2,3), and p. denotes the center of j-th link. The normal vec-
tors Eq. (B.4) and Eq. (B.5), respectively, are for the j-th sector
segment and the last elliptic segment. The radius matrix @, ;
in Eq. (B.4) is given by

0,.; = R(O)diag((r,0) >, () )R (), (B.6)
where 6 = Z{ 4> and p; is given in Eq. (A.10). The distance
ve = 12— p,, |l is visualized in Figure B.37 (d). Near the finger-
tip R,, the tangent flow aligns with the tangent vector of a virtual



Table A.8: Definition of sets in the neighborhood of hand hull D, depicted in Figure A.34.

Symbol Category Set Definition

Rf Rectangular boundary {z€Q,| G[T3]z = bi31, G212 < by} Eq. (A.19)

Rb Circular boundary X(p;.R(- Z{zl g, diag([l;’zj, l;,zj]), [-% —gqj,—%),1)for j=1,2,see X in Eq. (A.4).

Rrb Fingertip boundary X(p.3,R(- Z?:l qi), diag([la’%, 15’23]), [-5.¢0),1) for j = 1,2. ¢, is given in Eq. (B.13).

RS Rectangular exterior {ze Q.| Gz < b} Eq. (A.19)

R¢ Circular exterior X(p;.R(- Z{zl gi)s diag([l;’i, l;j]), [ -¢;.-%).(1,0), 1 <c<oo, j=1,2

Re Fingertip exterior X(p.3, R(- Z?:I qi), diag([l;%, 15,23]), [-5.40).(1,0)), 1 <c < co.

RP Boundary {zeQ |T()=1},R =REURL UR’

RS Interior set {ze Q. |T(z) <1},

Ro Cone set Ro = {z € Q. | Gz < b}; the closed-form given in Eq. (A.16).

Ry Exterior set {ze Q |T(z) > 1}, R' = RE URC U RS

Db Boundary of hand hull Surface of revolution of R” about x3-axis. (If not stated otherwise, a full rotation [0, 27) is
assumed.)

Df Interior of hand hull Solid of revolution of R/ about x3-axis.

Do Spatial region of cone Solid of revolution of R,

D Spatial region of R Solid of revolution of R' about x3-axis.

D, Region below palm {x e Q|x; <0}

ellipse. The center p,, and size Q, in Eq. (B.5) of this ellipse
are chosen to ensure that the tangent flow e remains smooth as it
transitions across the switching line s;. For more details, refer
to Section Appendix B.3.

Appendix B.2. Tangent Line and Point

This section primarily introduces the computation of tangent
line s; and the tangent point p,. Consider the tangent line with
unknown slope 0 < k < oo passing through the attractor P; with
the coordinate (x4, y4), expressed as

y = k(x = x4) + Ya, B.7)
Substitute Eq. (B.7) into Eq. (A.5) leads to quadratic equation
of x:

A(k)x* + Blk)x + C(k) = 0, (B.8)

where the coefficients A, B, C are the function of the unknown
k are written as A(k) = azk® + ark + ay, B(k) = ar(yg — kxg) +
2a3k(yd - kxd), C(k) = a3(yd - kxd)2 + a5(yd - kxd) + ag, where
a;, i = 1,...,3 are constants from the radius matrix of the last
fingertip’s ellipse Eq. (A.15) with Eq. (A.7) and Eq. (A.6). The
quadratic equation Eq. (B.8) has two identical roots if the line
is tangent to the ellipse. This condition implies that the dis-
criminant, A(k), must equal zero for the unknown parameter k,
ie.,

A(k) = BX(k) — 4A(K)C(k) =0 => ki» = f(A,B,C). (B.9)

Since there are two possible solutions for k, see Figure B.35 (a),
we choose the one with the maximal value in Eq. (B.9), i.e.,

k = max(ky, kp). (B.10)
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Figure B.35: (a): Two possible tangent lines of the ellipse going through a fixed
point outside the ellipse. (b): P on the virtual ellipse (dashed orange line): If
a; = az in Eq. (4), the tangent vector ¢; at P, is aligned with sy, pointing
towards Py (c): P on the virtual ellipse (dashed orange line): If a; > a3 in
Eq. (4), the tangent vector e, at P, is aligned with s,. s, is a line has slope
ky = k%.

Hence, we get s1 and p, = (p; x, p;,y) computed as

Pry = k(prx = Xa) + ya, (B.11)

B
24°
s1 4Gy — kx — yg + kxg = 0}.

Pix = —
(B.12)

The corresponding angle ¢, of the tangent point w.r.t. the major
axis is computed by

(P = Pe3) (P3— Pe3)
lp, — p.sllllps — pesll ’

¢, = arccos (B.13)

where ||p, — p.;ll and ||p; — p.5|| are non-zero.

Appendix B.3. Continuous Tangent Flow Crossing s, via Vir-
tual Ellipse

Consider the object state P € R,. An arc of the virtual el-
lipse passing through P represents the temporal evolution of



the object’s position at P, as shown in Figure B.35 (b). Let P, ;
(whose coordinate p,) denote the tangent point where the virtual
ellipse is tangent to s;, and P, where the virtual ellipse inter-
sects with s;. The objective is to determine the parameters of
the virtual ellipse—its center P, ., and radius matrix, Q,.—such
that the tangent vector e, at P,, (or P, ) transitions smoothly
before and after crossing s;. Since infinite ellipses satisfy these
requirements, we assume

o The ellipse’s center P, . lies on the normal vector n of the
last fingertips’ center P, 3;

e The virtual ellipse has the same major and minor axes
ratio m Eq. (A.13) as the one for the fingertip’s ellipse
Eq. (A.15).

We have the following case distinction for solving the ellipse,
depending on the a; and a3 in A, Eq. (4).
(D Ifa; = a3, see Figure B.35 (b), the virtual ellipse is tangent

to s7.

(D) Ifa; > as, see Figure B.35 (c), the virtual ellipse is tangent
to s,, where s, has slope k, = kZ—f and intersect with s; at
P,5.

The ellipse’s center P,., and the radius matrix @, in Eq. (B.5)
are therefore determined by solving the geometric condi-
tion Eq. (B.9) as we mentioned in Section Appendix B.2.

[(z)=1,Vz e R’
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/ ’Q
S

Figure B.36: Isolines of the distance function I'(z). Note that I'(z) = 1 for
zeRP.

Appendix B.4. State-dependent Transition
The design of a state-dependent transition scalar 7 is not

unique, we choose for example

2@ = 501 ~tawhoy - (@ -Tol € (0,1, (B.14)

where coefficients oy and I'y are interpreted as reactive rate and
distance margin for reactivity, respectively, where the distance
function I'(z) is state-dependent, which parametrizes the point-
to-line, point-to-ellipse metric for representing the distance be-
tween the current object state and the planar hand hull R?. Tt is
defined as follows

GEVI@-p) AP zeR,
I'(z) := (mlzw.o 2(z _Pj)2 ZER. B.15)

(z-p.3)'Q(z-p.3) z€R
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Figure B.37: Tangent flow e (in blue vectors) in different regions.

where ml,, is the extended finger’s thickness, where the m is
scaling factor given in Eq. (A.13) due to Assumption 1. The
radius matrix @, of the fingertip is given in Eq. (A.15). The
location of p; is given in Eq. (A.10) and Eq. (A.11), and visual-
ized in Figure A.32. I represents the unit vector pointing from
the j — 1-th joint to the j-th joint, computed as I = ng:i/,:ill'
design, I'(z) is continuous when z crosses the regions‘RC, R,
and R,. The isolines of I' are visualized in Figure B.36. The
sets R? on the hand hull’s boundary satisfy I'(z) = 1. As the
object is close to the hand hull’s boundary R”, 7 — 1. When
the object is far away from the P,, the distance function I'(z)
grows quadratically as z moves away from Py, n — 0.

Appendix B.5. Lipschitz Continuity of y

Lemma 3. For z € R; (or x € 9,), the rotation angle function
v(z) Eq. (6) is (locally) Lipchitz continuous.

Proof. The proof is divided into two main steps:

1. Verify whether the function y(z) = n(z) - yo(z) is differen-
tiable within the specified bounded domain.

2. Prove that the norm of the derivative of the rotation an-
gle with respect to the state is bounded, i.e., ||0y(z)/0z]| <
L,, where L, is a positive scalar satisfying 0 < L, <
co. By applying the mean value theorem, it follows that
[y(z) = y(z")I < 10y(2)/0zll < L.

Step 1: The transition function 7(z) Eq. (B.14) is differen-
tiable because it involves the tanh(-) function, which is smooth
and differentiable everywhere. Similarly, yo(z) Eq. (7) is differ-
entiable due to the following reasons:

1. The term sgn(f,,, A e) maintains a consistent sign (either
positive or negative) within each given domain, ensuring
no discontinuities.



2. Both f,,,(z) Eq. (3) and e(z) Eq. (B.1) are differentiable
by design.

3. The norm of f, , is always nonzero (|| f;,, || # 0) within the
specified domains, avoiding any division-by-zero issues.

Thus, the product y(z) = n(z) - yo(z) is differentiable.

Step 2: The vectors f,,, and e will not be parallel or anti-
parallel within the specified region due to two key design con-
siderations:

1. Anti-parallel alignment is explicitly avoided, as demon-
strated by the incorrect finger hull in Figure 12.

2. No parallel vectors occur within the given domain. No-
tably, while f,, and e are parallel on the tangent line s,
this scenario lies outside the domains R; or D,.

Based on the two points discussed above, the function /(z)
in Eq. (7), defined as

fiw(@)e(z)

h(z) = s
@ =@

(B.16)

maps z to a real scalar within the open finite interval (-1, 1).
The derivative 0h(z)/0z is bounded within the given domain
because the dot product of the linear flow f,  (z) and the tangent
flow e(z) results in a quadratic equation. The derivative of this
quadratic equation is bounded in the given bounded domain.

Therefore, there exists a finite positive constant L < oo such
that

7522 = 5 o)

ah(Z)H (B.17)

=

where h(z) never reaches +1. Additionally, 7(z) Eq. (B.14) and
its derivative 0n(z)/0z are bounded due to the properties of the
tanh(-) function. Combining these results, we conclude that:

H dy(2) H H 6n(z) 670(z) H

+n(z)

() 19

Han(Z)HHyo(z)Il + ||;7(z)||H <L
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for all z € R; (or x € D,), where L, > 0 is a finite constant.
This completes the proof.
O

Appendix C. Invariant Set

Lemma 4. [64, Lemma 3.5] Let P be a polyhedron set for all
z € R”. One has that P is an invariant set for the continuous
system z = Az, if and only if for every z € 9P (i.e., Gz = b;)
the following inequality holds: G] Az < 0,i = 1,2...n.

Proof. See proofs in [64, Lemma 3.5] and [65]. The proof con-
cludes straightforwardly with Nagumo’s Theorem [66, Theo-
rem 2.7]. O
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Appendix C.1. Proof: Ry is An invariant Set

Proof. Consider the dynamical system Eq. (3) for z € Ry. For
all boundary points z € 672{) Eq. (A.16), cf. Figure A.34 (a), we
check whether the inequality —G; A ,Z < 0 holds for each row
i of G Eq. (A.17), where i = 1,2, 3. The error is expressed in a
vector form as Z = col[x,y — py].

(1) Forz € 0R}: x=0

T = _[_ arx
~G7A,z=-1 [_a3(y ) ] (C.1)
(2) Forz € 8R5: y = py,
1X
-G;A,z=[0 1 [—Cl%(y Py )] (C.2)
= —a3(y - py) <0,

since y — py > 0 holds.

_ 171,\ ["

(3) For z € s;(or: OR3 o)
Eq. (B.11), Eq. (B 12))

——x+py (Va = py, xa = 0in

—a1x
—a3(y — py
= pra(=ar + a3)(y = p}) <0,

—G;—A//Z = [Pr,y - P; _Pt,x]

)] (C.3)

since y — py 2 0, px > 0and a; > a; (see Eq. (4)) hold.

Hence, the conditions —Gl-TA +Z < 0 are fulfilled for all bound-
aries i = 1,2,3 required in Lemma 4, which concludes the
proof.

O

Appendix D. Implementation Details in Experimental Val-
idations

Appendix D.1. Used Parameters

The parameters used in Finger Flow for all experimental sce-
narios are summarized in Table D.9. The definition of each
finger joint on each finger (representing positive motion) fol-
lows this order: metacarpal (adduction), metacarpal (flexion),
proximal (flexion), and distal joint (flexion).

Appendix D.2. Bottle Pouring and Placing Motion

The motion for pouring and placing the bottle is generated
using a pre-defined joint-space dynamical system. It transi-
tions between two velocity references in joint space through a
smooth, time-dependent blending function given by

qa,c = k(T)qa,n + (1 - k(T))qa,r’ (Dl)

where ¢,, = -A. - (¢ — q,,). Here, A. € R¥" is a posi-
tive definite diagonal matrix, and ¢, , represents the predefined
arm joint configuration for the pouring motion. The second
term, q,, Eq. (22), is the joint-space velocity reference from
the FF. The time-dependent transition function is defined as



Table D.9: Parameters in experimental validations.

Parameters Values

HRy R.(7/2),

x* [0 0 0.02][m]
A in Eq. (10) diag(s, 5, 3)

o in Eq. (B.14) 0.01

Ipin Eq. (B.14) 150

Q; in Eq. (33)

diag([80 1 260])

g;,inEq. (32)  thumb: [045 05 0.5 05];
little: 0 0.7 0.5 0.5] [rad]; other
fingers: [0 05 1.0 1.0] [rad],
4, inEq. (32)  other fingers: [0 0524 0 O] [rad],
thumb: [-0.524 0.524 0 0] [rad]
k(t) = %[1 + tanh(5 - (7 — 1))], where k(7) € (0, 1) smoothly

transitions from O to 1 within 2 seconds. As the final part of
the motion, the ketchup bottle is placed at the center of the ta-

ble. This is achieved by setting an ending arm configuration
q4..> while the fingers reopen to the hand-cage configuration
q4s,- The used parameters in this process are summarized in
Table D.10.
Table D.10: Parameters in pouring and placing motion.

Parameters  Values

Ac Isys

ne 6

Ti,min 0.1 [Nm]

Gap 25° 40° -10° 70° —60°]

Qoe 25° 40° -10° 70° 40°]
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