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Abstract

In the human motor system, the interplay between musculoskeletal elasticity and neural reflexes en-
ables seamless adjustments during interaction tasks such as object reaching and grasping. This syn-
ergy unifies motion planning and control into a single, reactive process that ensures adaptability and
fluidity. In contrast, robotic hand-arm systems typically rely on a decoupled approach, where arm and
finger motions are planned separately within a “Sense-Plan-Act” paradigm. This leads to sequential,
open-loop execution, which limits reactivity and results in less natural movement. The high dimen-
sionality of multi-fingered hands further complicates real-time motion planning, while achieving ef-
fective compliant control in robots with elastic joints remains a significant challenge. Consequently,
robotic grasping often appears rigid and brittle, struggling to cope with dynamic environments or
produce adaptive, human-like behaviors. This thesis addresses these challenges by exploring the inte-
gration of reactive, compliant, and dynamic control into robotic reaching and grasping, inspired by the
remarkable adaptability of the human motor systems. The work makes three primary contributions to
advance the field of elastic-joint robotics.

To emulate the role of reflexive control in the human motor system, the thesis begins by devel-
oping specialized control laws for antagonistic actuators, such as bidirectional variable-stiffness de-
signs and unidirectional tendon-coupled systems, commonly used in robotic arms with multi-fingered
robotic hands. Building on the original Elastic Structure Preserving impedance (ESPi) framework,
the extended control law preserves the intrinsic elasticity of these actuators while enabling user-
defined impedance behavior. The closed-loop system ensures global asymptotic stability and output-
strict passivity, providing a robust foundation when executing compliant and responsive reaching and
grasping motions.

Leveraging the compliant and stable foundation established by the extended ESPi control frame-
work, the thesis introduces Finger Flow (FF), a real-time vector-field-based motion generation frame-
work that utilizes real-time visual and proprioceptive feedback into continuous velocity commands.
A computationally efficient geometric abstraction for hands with high degrees of freedom enables
real-time finger-avoidant reaching motion. This empowers robots to grasp unpredictably moving
cylindrical objects in free space.

After a grasp is established, the thesis proposes a task-space motion and force tracking controller
that preserves the robot’s intrinsic elastic structure during constrained interactions. Preserving this
structure maintains natural compliance and ensures safe, stable interaction. Unlike conventional ap-
proaches that enforce full decoupling of motion and force subspaces, the method avoids canceling out
the intrinsic dynamic coupling between them. This prevents potential instability in compliant systems
due to the modeling errors. Instead, the controller ensures passive closed-loop dynamics and global
asymptotic stability, enabling simultaneous tracking of desired motion and force while respecting the
robot’s physical compliance.

Together, these contributions form a reactive “Sense-Act” paradigm that enables smooth, contin-
uous transitions between reaching, grasping, and manipulation through reactive control. Experiments
and simulations on the DLR robot neoDavid validate the approach, demonstrating the practical viabil-
ity of preserving physical dynamics while delivering robust performance in dynamic, human-shared
environments, enabling more natural, adaptive, and safe robotic manipulation.
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Zusammenfassung

Im menschlichen motorischen System ermoglicht das Zusammenspiel von muskuloskelettaler Elas-
tizitdt und neuronalen Reflexen nahtlose Anpassungen bei Interaktionsaufgaben wie dem Erreichen
und Greifen von Objekten. Diese Synergie vereint Bewegungsplanung und Regelung zu einem einzi-
gen, reaktiven Prozess, der Anpassungsfihigkeit und Fliissigkeit gewahrleistet. Im Gegensatz dazu
stiitzen sich robotische Hand-Arm-Systeme typischerweise auf einen entkoppelten Ansatz, bei dem
Arm- und Fingerbewegungen separat innerhalb des ,,Sense-Plan-Act*“-Paradigmas geplant werden.
Dies fiihrt zu einer sequentiellen, offenen Ausfithrung, wodurch die Reaktivitét eingeschriankt wird
und Bewegungen weniger natiirlich erscheinen. Die hohe Dimensionalitit mehrfingriger Hinde er-
schwert zusétzlich die echtzeitfahige Bewegungsplanung, wihrend die Realisierung einer effektiven
nachgiebigen Regelung bei Robotern mit elastischen Gelenken weiterhin eine erhebliche Heraus-
forderung darstellt. Folglich wirkt robotisches Greifen oft starr und abgehackt, hat Schwierigkeiten
mit dynamischen Umgebungen und zeigt nur eingeschréinkt adaptive, menschenidhnliche Verhaltens-
weisen. Diese Arbeit geht diese Herausforderungen an, indem sie die Integration reaktiver, nachgiebiger
und dynamischer Regelung in koordinierten robotischen Greifbewegungen von Arm und Hand unter-
sucht, inspiriert von der bemerkenswerten Anpassungsfihigkeit des menschlichen motorischen Sys-
tems. Die Arbeit leistet drei zentrale Beitridge im Bereich der elastisch-gelenkigen Robotik.

Um die Rolle der Reflexregelung im menschlichen motorischen System nachzuahmen, entwick-
elt die Arbeit zunichst spezialisierte Regelgesetze fiir antagonistische Antriebe, wie bidirektionale
variable-Steifigkeits-Designs und unidirektionale seilzuggekoppelte Systeme, die hdufig in Roboter-
armen mit mehrfingrigen Hénden verwendet werden. Aufbauend auf dem urspriinglichen Elastic-
Structure-Preserving Impedance (ESPi)-Framework erhilt das erweiterte Regelgesetz die intrinsische
Elastizitit dieser Antriebe, wihrend es gleichzeitig ein benutzerdefiniertes Impedanzverhalten er-
moglicht. Das geschlossene System gewihrleistet globale asymptotische Stabilitidt und strikt passive
Ausgangsdynamik und schafft damit eine robuste Grundlage fiir die Ausfithrung nachgiebiger und
reaktiver Bewegungen beim Greifen.

Aufbauend auf dieser nachgiebigen und stabilen Grundlage fiihrt die Arbeit Finger Flow (FF) -
ein vektorfeldbasiertes Framework zur Bewegungsgenerierung in Echtzeit, das visuelles und propri-
ozeptives Feedback in kontinuierliche Geschwindigkeitskommandos umsetzt. Eine recheneffiziente
geometrische Abstraktion fiir Hinde mit vielen Freiheitsgraden ermdglicht echtzeitfihige, fingerver-
meidende Erreichbewegungen. Dadurch kénnen Roboter unvorhersehbar bewegte zylindrische Ob-
jekte im freien Raum greifen.

Nach erfolgreichem Greifen schlidgt die Arbeit einen Bewegungs- und Kraftregelungsansatz im
Aufgabenraum vor, der die intrinsische elastische Struktur des Roboters auch wihrend eingeschrink-
ter Interaktionen bewahrt. Diese Struktur erhélt die natiirliche Nachgiebigkeit und gewahrleistet eine
sichere, stabile Interaktion. Im Gegensatz zu konventionellen Ansétzen, die eine vollstindige En-
tkopplung von Bewegungs- und Kraftunterriumen erzwingen, vermeidet die Methode das Aufheben
der intrinsischen dynamischen Kopplung zwischen ihnen. Dadurch wird potenzielle Instabilitét in
nachgiebigen Systemen aufgrund von Modellierungsfehlern verhindert. Stattdessen stellt der Re-
gler passive geschlossene Dynamik und globale asymptotische Stabilitdt sicher und ermdoglicht gle-
ichzeitig das Nachfiihren der gewiinschten Bewegung und Kraft unter Beriicksichtigung der physikalis-
chen Nachgiebigkeit des Roboters.

Zusammen bilden diese Beitrige ein reaktives ,,Sense-Act““-Paradigma, das flieBende, kontinuier-
liche Ubergiinge zwischen Erreichen, Greifen und Manipulation durch reaktive Regelung ermoglicht.
Experimente und Simulationen am DLR-Roboter neoDavid validieren den Ansatz und demonstrieren



die praktische Umsetzbarkeit der Erhaltung der physikalischen Dynamik bei gleichzeitiger robuster
Leistung in dynamischen, menschlich geteilten Umgebungen. Dadurch wird eine natiirlichere, adap-
tivere und sichere robotische Manipulation erméglicht.
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Introduction

1.1 Motivation

Humans exhibit remarkably fluid and adaptive grasping by exploiting the intrinsic elasticity of their
musculoskeletal system. Tendinous tissues, acting in series with muscles, store and release mechan-
ical energy. This enables reflexive responses to perturbations, quick adjustments that occur without
deliberate high-level feedback or planning [1]. Whether catching a falling object or adjusting grip
on a slippery cup, humans use passive compliance in combination with neural reflexes to modulate
forces, absorb impacts, and seamlessly transition between reaching and grasping. These processes
naturally merge motion planning and control into one integrated behavior.

By contrast, most traditional robotic grasping approaches decouple reach and grasp into two se-
quential stages, as reported as early as 1992 [2] and still in 2022 [3]: first, a planned trajectory
positions the manipulator; then, the end-effector closes around the object, often resulting in stiff,
mechanically obvious motions that lack adaptability to unmodeled disturbances. This “first reach,
then grasp” paradigm is widespread in both industrial applications and research, as illustrated in
Figure 1.1 (a)-(b), but it fails to harness the benefits of compliance for both dynamic and reactive
grasping.

In this thesis, the terms dynamic, reactive, and compliant describe complementary aspects of
reaching and grasping behavior, distinguishing between task-intrinsic dynamics, responses to extrin-
sic disturbances, and physical interaction properties:

* “Dynamic” refers to grasping tasks characterized by intrinsic object motion, such as catching
or intercepting predictable moving objects [4, 5]. These tasks require online adaptation to
known but time-dependent task dynamics.

» “Reactive” refers to the ability to adapt motion in response to extrinsic and often unforeseen
changes in the environment or interaction conditions. Examples include avoiding unexpected
obstacles [0, 7], enabling natural object handovers [8, 9], or recovering from failed grasps.

* “Compliant” describes the physical interaction behavior of the robot, enabled by mechanical
and control design choices that allow it to conform to object geometry and surface properties,
and ensure safe interaction in shared human environments.
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First reach then grasp Reach while grasp
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finger or gripper closing

(a) Mousavian et al., 2019 (b) DLR neoDavid, 2023 (c) She et al., 2022 (Simulation) (d) Lum et al., 2024

Figure 1.1: Sequential grasp planning and execution. (a) Grasping using a 7-DoF Franka Panda arm with a parallel-jaw
gripper [10], and (b) DLR humanoid neoDavid unloading the dishwasher. Both demonstrations show the end-effector
first approaching the pre-grasp pose and then performing the grasp execution (gripper or hand closing), which is triggered
after the approaching motion sequence is fully completed. (c) Researchers in [3] demonstrated the ideal natural seamless
reach-and-grasp when planning high-DoF finger configurations and hand pose simultaneously, which is computationally
expensive for online planning when the object is perturbed. and (d) Recent work [11] utilized reinforcement learning for
online grasp pose and finger configuration generation using a KUKA iiwa arm with an Allegro hand.
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From a system’s perspective, human-like robotic hand—arm grasping is conventionally realized
through two primary paradigms, as illustrated in Figure 1.2: the “sense—plan—act” paradigm, also
referred to as the deliberative system [12, 13], and the “sense—act” paradigm, also referred to as
the reactive system [14]. Examples of both paradigms for a reaching and grasping task are shown
in Figure 1.1. Deliberative systems require constructing comprehensive world models [15], aiming
to solve a considerate long-horizon grasp motion plan [16], and initiating execution only after the
plan is finalized. Conversely, reactive systems draw inspiration from biological stimulus-response
mechanisms [17, 18], enabling rapid responses by embedding the controller within a set of concurrent
condition—action rules, operating with minimal internal state [19].

Compared to the deliberate systems, reactive systems trade off the complexity of reasoning for
fast reaction time. They are particularly suitable for rapid motion generation in dynamic environments
where quick responses to changes are necessary. Several prior works have shown the effectiveness
[6, 20-22]. We see this reactivity stemming from two aspects. As depicted in Figure 1.2 (b), the
intermediate-level motion generators use feedback (e.g., vision, proprioception, force, joint position,
etc.) to continuously adapt motions during execution. The lower level ensures compliance through
intrinsic mechanical compliance or closed-loop control, ensuring a safe interaction when an external
disturbance is present.

To achieve robotic grasping that integrates reactivity, dynamics, and compliance, efforts span mul-
tiple domains: elastic mechanical design (e.g., actuator-based elasticity), compliant control frame-
works, and reactive planning algorithms.

1.1.1 Compliant Robots for Reaching and Grasping

Elastic-joint robots integrate compliant actuation mechanisms that enhance safety and natural interac-
tions in human-robot collaboration scenarios, leveraging their inherent elasticity for improved shock
absorption during physical contact [24], making them well-suited for high-speed reach-and-grasp
tasks in dynamic environments [24]. Elastic-joint robots usually have rigid bones (skeletons) con-
nected with compliant elastic actuators. Prominent examples are Series Elastic Actuators (SEAs) [25]
in the 1990s and Variable-Stiffness Actuators (VSAs) [26] in the 2000s, which embed springs either
in series with motor outputs.

Elastic tendon-driven hands Compliant robotic hands combine elastic actuators and tendons to
mimic the adaptability of human musculoskeletal systems [27]. Robotic hands with tendon-driven,
antagonistic actuation further emulate human biomechanics by distributing compliance across mul-
tiple degrees of freedom. For instance, tendon-driven anthropomorphic fingers equipped with series
elasticity not only enhance safety in human-robot interaction but also enable the robot to adapt grasp
force continuously in the face of external disturbances [28]. Similarly, grippers with cable-driven
compliance have been shown to maintain grasp stability under significant pose uncertainty [29]. Some
representatives of these elastic tendon-driven hands are depicted in Figure 1.3.

This elasticity allows tendons to act as natural springs, absorbing shocks and facilitating smooth,
continuous motion by bridging the gap of the unnatural, rigid grip.

DLR humanoid Robot neoDavid The elastic humanoid robot DLR neoDavid [44] integrates var-
ious types of variable stiffness actuators [45], as illustrated in Figure 1.4. In the arm, the first four
joints, comprising three shoulder joints and one elbow joint, are realized using Floating Spring Joints
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Figure 1.2: Two common paradigms for grasping tasks, categorized in the context of behavior-based robotics [12]. (a)
The Sense-Plan-Act paradigm is typically used for generating (ideally global) optimized motions in cluttered, complex,
and mostly slow-changing environments, where real-time performance is less critical. Computational cost rises signifi-
cantly with the complexity of grasp generation, which includes determining 6D wrist frame poses and corresponding finger
configurations that satisfy force-closure (FC) conditions [23], as well as planning collision-free motions for both arm and
fingers toward the target pose. (b) The Sense-Act paradigm prioritizes fast reaction times over computational complexity,
making it well-suited for dynamic and reactive scenarios. This thesis adopts the Sense-Act paradigm, which aligns better
with the requirements of reactive and dynamic grasping tasks.
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Figure 1.3: Some notable examples of elastic tendon-driven multi-fingered hands developed in research domain: UB
Hand 3 [30], DLR David hand [31], the five-fingered hand by Ozawa et al. [32], and Pisa/IIT SoftHand [33], iHY hand [34],
Hydra hand [35], Rotograb [36], ADAPT hand [37].
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Figure 1.4: (a) The upper body of DLR robot neoDavid is driven by several types of compliant actuators: Floating Spring
Joint (FSJs) [38], (b) Bidirectional Antagonistic Variable Stiffness Actuators (BAVS) [39, 40], and (c) Flexible Antagonistic
Spring (FAS) component [41]. The neck is driven by tendon-driven continuum joints [42], and the torso is actuated by
adjustable linear spring mechanisms [43] © DLR.
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(FSJ)s [38], each driven by two motors: one for adjusting the stiffness preset and the other for gener-
ating torque at the joint. For the remaining three arm joints, including two wrist Degree of Freedoms
(DoFs) and one for forearm rotation, more compact Bidirectional Antagonistic Variable Stiffness
(BAVS) joints [39, 40] are employed. Unlike conventional antagonistic mechanisms that require pos-
itive tendon forces to maintain joint actuation [46], BAVS joints allow both motors to either push
or pull on the joint, enabling bidirectional force application [39]. The hand, featuring 20 degrees of
freedom, is actuated by 36 antagonistic-type Flexible Antagonistic Springs (FAS) [41], which provide
intrinsic compliance and fine motor control through passive elasticity.

1.2 Related Work

Two primary fields are surveyed: reactive grasping motion generation and elastic actuator control for
robotic arms and hands.

1.2.1 Reactive Finger-Arm Reaching Planning

Global planner Local planner/control

RRT/PRM MPC/MPPI CF GF DSM/ROAM APF/NF/HPF IC

Reactivity

Computation costs

<

Figure 1.5: Spectrum of state-of-the-art planning- or control-based reactive motion generation with known models of
environment. The methods from the left to the right are: Rapidly exploring Random Tree (RRT) [47], Probabilistic Road
Map (PRM) [48], Model Predictive Control (MPC) [49], Model Predictive Path Integrator (MPPI) [22], Circular Field (with
predictive multi-agents) (CF) [50, 51], Geometric Fabric (GF) [52], Dynamical-system-based Modulation (DSM) [53],
Rotational Obstacle Avoidance Method (ROAM) [54], [55] Artificial Potential Field (APF), [56, 57] Navigation Function
(NF), Harmonic Potential Field (HPF) [58], Impedance Control (IC) [59].

Motion planning methods in general are designed to identify feasible, collision-free trajectories
between two robot states, often with the goal of achieving optimality in terms of path length, energy,
or time [60]. In dynamic environments, however, reactivity, measured by the system’s ability to
rapidly adapt to changes, becomes a critical performance metric. Highly reactive methods typically
have to operate with limited environmental information, which reduces computational overhead and
enables higher update frequencies.

As illustrated in Figure 1.5, this creates a spectrum of planning approaches: at one end are global
planners that generate optimal but slow-to-update trajectories; at the other are low-level, reactive
controllers that prioritize fast response over long-term optimality. This thesis focuses on the reactive
end of this spectrum, targeting real-time motion generation for dynamic reaching tasks. Accordingly,
the following section reviews local, reactive motion generation techniques that support continuous
adaptation through real-time sensory feedback.
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Reactive object reaching

For multi-fingered hands, generating collision-free reaching motions in real-time is difficult due to
high degrees of freedom and geometric complexity. While methods like those by [3] offer offline
planning for coordinated arm-hand motion, they struggle in dynamic settings. The authors in [6] use
imitation learning for local collision avoidance but lack generalization across finger configurations.
Other approaches focus on efficient grasp pose synthesis and filtering [61-64], yet scalability remains
an issue with increasing model complexity, which is, for example, stemming from contact evaluation,
which is scaled up by an increasing number of vertices or faces in fingers and object meshes.

In contrast, parallel-jaw grippers benefit from learning-based methods enabling faster grasp pose
generation [65-67] thanks to simple geometric shapes and usually low DoFs. Generative Grasping
Convolutional Neural Network (GG-CNN) [20] achieves up to 50 Hz operation rate by integrating
object tracking and grasp prediction. The previously mentioned work has been applied successfully
in mobile and human-robot interaction scenarios using position-based visual servoing (PBVS) [68]
[8, 69-71]. However, they are limited to simple top-down grasps, and some may require powerful
GPUs for real-time inference.

Object catching and reactive finger closing

For dynamic object grasping, work like [5] uses Recurrent Neural Networks (RNN5s) trained on object
trajectories, while authors in [4] and [72] rely on learned dynamical systems to predict intercept points
and generate online trajectories. These often require prior demonstrations and assume predictable
object motion (e.g., following a parabolic trajectory governed by gravity), making them unsuitable
for unpredictable targets. Object reaching trajectories are generated via dynamical systems toward the
predicted intercept point, followed by PD+ or inverse dynamics controllers for tracking [73]. Inspired
by the natural human motion, the authors in [73] motivate the necessity for building a coordinated
finger-arm controller for seamless and rapid finger motion in coordination with hand posture. In
this work, the finger and arm motion were not learned in one Dynamical System (DS) but learned
separately. A smooth handover action using a dynamical system was demonstrated in [9].

Most methods use trigger-based strategies to initiate finger closure. Examples include binary
open/close decisions based on grasp quality metrics [74], timed triggers near predicted intercept
points [4], distance thresholds for grippers [69], or continuous control based on object proximity [20].

Real-time finger-object collision avoidance

Few works explicitly address finger-object collisions when the whole hand is still approaching the
object, though many leverage efficient motion generation techniques from robot navigation, such as
artificial potential fields [55], navigation functions [56], and dynamical systems [75]. These provide
computationally efficient, closed-form solutions ideal for reactive grasping tasks.

Finally, we note that recent data-driven grasping approaches, such as learning from demonstration
using Dynamic Motion Primitives (DMP) [76], Probabilistic Movement Primitives (ProMPs) [77],
Stable Estimator of Dynamical Systems (SEDS) [78], Riemannian Motion Policies (RMP) [79], and
Kernelized Motion Primitives (KMP) [80], are beyond the scope of this thesis. With advances in
large models, Diffusion Policies (DP) [81] have been used to generate continuous grasp sequences,
including end-effector and finger motions [82], and recent work combines Reinforcement Learning
(RL) with geometric fabrics for reactive grasping on real-world platforms like the KUKA arm with
Allegro Hand [11]. For an overview of data-driven and learning-based methods, see surveys, e.g.,
[83, 84].
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1.2.2 Increase Grasp Success under Uncertainty

Traditional multi-finger grasp planners rely on contact models, including the locations and wrenches
fulfilling the force-closure conditions [23]. However, these approaches can be prone to fail very easily
in the real world due to sensing noises and uncertainties from proprioceptive or visual feedback [34,
85].

Grasping via caging

In contrast, robust strategies explicitly reduce dependency on exact geometry. For example, caging
(or enveloping) grasps intentionally trap the object in a partially closed loop of fingers rather than
requiring all contacts to be perfectly placed [85]. Elastic or compliant finger joints further enhance
robustness: flexible cover deform on impact and passively conform to object shape, providing col-
lision tolerance and adaptive alignment [34]. Together, these mechanisms raise the likelihood of a
successful grasp despite uncertainty in object pose or hand positioning.

Rodriguez et al. [86] have formalized such enveloping grasps as caging. They have shown that
for a two-finger hand, any valid caging configuration guarantees a simple blind grasp: one needs to
only close (or open) the fingers to capture the object, without precise sensing or control [86]. Zarubin
et al. [85] categorize these as “circle caging” (nearly enclosing a long axis of the object) and “sphere
caging” (wrapping the object with a virtual loop). In practice, these wrap-around grasps constrain the
object’s motion so that rough finger motions inevitably tighten the hold. By surrounding the object,
caging strategies effectively transform approach uncertainty into a reliable final capture: the object
cannot escape while the hand closes, greatly improving success under imprecise conditions.

Grasping using compliant hands

Elastic and underactuated hand designs further improve grasp robustness. For instance, torsional
compliance in flexure joints (as in the i-HY hand) [34] lets fingertips passively conform to an object’s
surface, automatically compensating for small pose errors. More generally, built-in compliance or
passive springs allow fingers to adapt their posture to variations in object geometry or unexpected
collisions without active feedback. This passive adaptation both cushions impacts and “wraps” the
fingers more snugly around the object, raising grip reliability. As demonstrated in compliant multi-
fingered hands, the combination of structural flexibility and adaptive grasp postures simplifies execu-
tion: the hand can “find” the object and form a stable hold without precise positioning or sensing.

1.2.3 Motion Control of Robots with Compliant Antagonistic Actuators

Numerous methods were developed for controlling robots with elastic joints in terms of regulation or
tracking tasks, e.g., PD-regulator with gravity compensation [87, 88], feedback linearization [89, 90],
backstepping [91]. Recently, control methods based on inverse dynamics [92] and linear quadratic
regulator [93] have been developed for VSA that allow the active variation of the mechanical stiffness.
In [94][95], passivity-based control laws are proposed and show excellent performance for impedance
control on robots with relatively stiff joints.

However, the reduction of the joint stiffness by several magnitudes rendered previous state-of-
the-art approaches unsatisfactory. Typically, two control loops are employed to achieve the desired
joint motion and stiffness: an inner loop for tendon force control and an outer loop for enforcing
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the desired link behavior. A method for statically decoupling joint motion and stiffness variation
was introduced in [96]. Following the two-loop strategy, the authors in [97] proposed a cascaded
approach that carefully considered tendon tension constraints by solving an optimization problem.
Similarly, [98] presented a method in which a force control law with an optimized tendon tension
distribution algorithm was derived. However, none of these works provides a guarantee of stability.
Despite their effectiveness, these approaches focus on canceling or modifying the system’s intrinsic
properties through control design.

The problem of robustly controlling robots through a passive design and minimal shaping of the
dynamic structure was discussed in [99, 100]. In particular, a perfect gravity cancellation in order to
allow the control of the robot without accounting for the gravity bias was studied in [100]. Instead,
[101] proposed control laws for implementing a desired interaction behavior on the motor or link
side, respectively, while preserving the elastic structure. The concept of Elastic Structure Preserving
(ESP) control was extended to bidirectional antagonistic actuation in [102]. Even though [101]-[103]
address the case of multi-DoF robots, the reduced elastic model employed therein cannot be used to
model tendon-driven systems; thus, the ESP control cannot be applied straightforwardly to our case.

1.2.4 Force and Motion Control with Constraints

Controlling both motion and force simultaneously presents a more complex challenge than pure mo-
tion control, particularly when the robot operates under constraints. In such cases, robots can be
modeled as multi-body systems with a kinematic closed loop, as seen in cooperative manipulation
tasks or robotic hands performing grasping. The task is to achieve accurate force control, while the
desired motion should also be well-controlled.

In the field of hybrid motion and force control for robots with elastic joints, Spong [104] intro-
duced the concept of integral manifolds and corrective control, applied to both constrained (motion)
and unconstrained (force) spaces. However, this approach assumes a singularly perturbed system,
which necessitates a fast inner control loop. A similar strategy was adopted by Mills [105], who in-
corporated a corrective term into the slow control loop to account for joint flexibility. More recently,
Aghili [106] proposed a projected inverse-dynamics method for rigid-joint robots, decoupling the
system dynamics into two orthogonal subspaces. This formulation was later extended to operational
space control by Mistry et al. [107, 108], enabling its application to underactuated systems such as
humanoid robots.

Since then, various extensions of these projection-based approaches have been developed. For
instance, Ortenzi et al. [109] experimentally demonstrated full decoupling of motion and force control
in a lightweight robot using an explicit force control formulation. The general projection framework,
where an inverse-dynamics controller operates in the constraint-free space and an optimization-based
approach handles the constrained space, has also been successfully applied to multi-arm systems and
quadrupedal robots for both manipulation and locomotion tasks [110, 111].

1.3 Research Gaps and Thesis Goals

While system-level performance in reactive grasping is influenced by multiple factors, including vi-
sion update rates, sensing latency, and limited bandwidth inherent in compliant actuation, this thesis
discusses two necessary technical domains: real-time motion generation and low-level control of
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compliant actuators. Even with ideal perception and hardware, failure in either domain precludes
fluid, adaptive grasping, making them the primary targets of the methodology developed herein.

Challenges in real-time motion generation Motion generation entails computing collision-free,
dynamically feasible trajectories from the current state to a time-varying target, while reacting to

object motion.!

The high dimensionality of systems like a 7-DoF arm + 20-DoF hand introduces
combinatorial complexity in collision checking and trajectory generation, especially under perturba-
tions or with unpredictable objects.

Equally limiting is the rigid decoupling of arm and finger motion in traditional “first-reach-then-
grasp” pipelines. Triggered by heuristics like distance or time cf. Figure 1.2 (a), these approaches
prevent concurrent finger adaptation during approach, undermining robustness and naturalness. As
the authors of [73] note, this precludes fluid behaviors like “grasping while reaching,” where contin-

uous co-adaptation is essential.

Challenges in controlling compliant actuators Even optimal trajectories fail if the actuators can-
not execute them faithfully. Compliant mechanisms, particularly antagonistic (e.g., FAS [41], BAVS
[39, 40]) or tendon-driven designs, introduce nonlinearities in elastic torques that complicate the
modeling for control design. Low mechanical stiffness reduces system bandwidth, causing sluggish
response and oscillations during tracking [101]. In tendon-driven hands, a single motor often in-
fluences multiple joints via complex routing, creating underactuation. Moreover, tendons only pull,
requiring continuous pretension to avoid slack.

Addressing these challenges in tandem is essential for achieving human-like, adaptive grasping
and forms the central contribution of this thesis: an integrated framework that unifies real-time motion
generation with compliant actuator control.

Research Gaps

These challenges translate into three unaddressed gaps in the literature:

Gap 1: Lack of a structure-preserving control for antagonistic actuators. While ESP
control [101] offers a principled, passivity-based approach to compliant actuation, it has not
been extended to antagonistic systems (e.g., BAVS, FAS). Existing methods for such actuators
typically cancel compliance rather than exploit it. This work adapts and generalizes ESP control
to both bi- and unidirectional antagonistic topologies, enabling impedance modulation while
preserving the system’s natural elastic dynamics.

Gap 2: Absence of reactive, computationally efficient motion generation. Despite advances
in grasp synthesis (e.g., [11, 66, 112]), no existing approaches demonstrate dynamic grasping
of objects with unpredictable motion in free space using a multi-fingered hand-arm system.

Gap 3: No passivity-based force-motion control for constrained elastic-joint robots. Once
contact is established, maintaining grasp stability while tracking object motion and internal
forces is challenging. Existing methods for constrained elastic-joint robots often compromise
passivity with fully decoupled motion and force control, risking instability during interaction.

!Several recent works in real-time grasp generation have shown promising results, and interested readers are referred
to [11, 66, 112] for further details. Therefore, the synthesis of finger configurations that satisfy force-closure conditions is
not within the scope of this thesis.



1.4 Thesis Overview and Contributions 11

Goals

This thesis aims to develop reactive robotic hand—arm systems with high-degree-of-freedom elastic
joints, enabling fluid, adaptive, and human-like interactions with the world. The goal is to enable
grasping that is not only robust for stationary objects but also responsive to those that move unpre-
dictably, without the need for repeated discrete re-planning, even under highly dynamic conditions.
Guided by this overarching vision, the thesis is structured around the following specific goals:

G1 Develop structure-preserving passivity-based motion control for robots with compliant antago-
nistic actuators, enabling safe and natural human-robot interaction.

G2 Generate fluid and natural hand-arm motion that integrates grasping during the reaching phase,
eliminating the need for discrete planning stages.

G3 Enable intuitive, closed-form reaction plans for fast and effective responses to reaching target
changes.

G4 Ensure computational efficiency in motion generation to support real-world deployment on
low-power hardware.

G5 Retaining grasping force tracking control under constraints (e.g., assuming fixed in-hand con-
tacts when a stable grasp is established) while maintaining passivity in the closed-loop system.

These goals are pursued from two perspectives: motion generation and control design, within a
"sense-act"-type system pipeline, see Figure 1.2(b).

1.4 Thesis Overview and Contributions

The thesis is structured according to the natural sequence of a one-shot grasping motion, as illustrated
in Figure 1.6 (a) to (c). Following the introduction in Chapter 1, Chapter 2 reviews the modeling
and control foundations for antagonistic elastic actuators (e.g., BAVS, FAS) and for constrained robot
dynamics. These elements are essential for the following control design. A brief introduction to
vector field design is presented, which is utilized for feedback motion planning that supports the
reactive motion generation approach discussed in the later chapter.

Chapter 3 addresses Gap 1 by extending the Elastic Structure Preserving (ESP) control frame-
work [101, 113] to both single-DoF bidirectional and multi-DoF tendon-coupled antagonistic actu-
ators. The resulting controller ensures link-side impedance behavior while preserving the system’s
intrinsic compliance, thereby providing stable joint-level references for motion execution.

Chapter 4 tackles Gap 2 through the introduction of Finger Flow (FF), a reactive motion genera-
tion framework that enables fluid, simultaneous arm-hand coordination during the approach phase. By
integrating real-time visual feedback with dynamical systems, FF achieves natural "grasping-while-
reaching" behavior with high computational efficiency, eliminating reliance on discrete, re-planning
motion stages.

In Chapter 5, the Gap 3 is closed by proposing a passivity-based motion and force tracking control
method, applied after a stable grasp has been established. Using a dynamically consistent projection
method, the controller is specifically tailored for constrained dynamics under compliant actuation.
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This enables the robot to maintain a stable grasp, such as when manipulating fragile objects, while
adaptively regulating internal forces without altering contact points.

Finally, Chapter 6 summarizes the contributions of this thesis. The lessons learned and key in-
sights gained are discussed, along with suggestions for future research directions.

Contributions

The major contributions are summarized as follows.

C1 ESPi control for bidirectional antagonistic actuators. Generalization of ESPi controller [101]
to a bidirectional antagonistic-type actuator (BAVS). Compared to [102], the presented solution
allows for greater freedom in shaping the interaction behavior of a BAVS actuator by allowing
the implementation of a desired impedance behavior directly on the link side. &> Publication [PC1].

C2 ESPi control for multi-tendon-coupled unilateral antagonistic actuators. Extension of the
ESPi framework to multi-DoF mechanical coupled tendon-driven systems with unilateral an-
tagonism; The desired closed-loop dynamics is achieved with an added impedance behavior on
the link side while minimally modifying the dynamics and the elastic coupling due to tendon
routing. K Publication [PJ2].

C3 Finger Flow (FF) for dynamic and reactive multi-fingered grasping. A motion generator
that generates reactive grasp-while-approach motions for both the hand and fingers by utiliz-
ing the feedback of the object’s pose and finger joint positions. The underlying hand motion
generator continuously adjusts the hand’s pose to prevent collisions between a multi-fingered
hand and the object during approach. For stationary spherical objects, formal guarantees of
both convergence and collision avoidance are provided. The FF is based on a finger’s position-
dependent hand hull, a computationally efficient mesh representation, particularly well-suited
for multi-fingered hands with high degrees of freedom and complex geometries. The proposed
framework achieves an execution frequency of more than 3 kHz on low-power mobile CPUs.
> Publication [PJ3].

C4 Extensive real-world experiments of FF. The FF framework is validated through vast exper-
iments on the DLR robot, neoDavid, which performs over 130 successful grasps of stationary
tabletop objects. The framework’s adaptability in dynamic scenarios is further demonstrated,
including its ability to grasp moving objects, facilitate smooth human-to-robot handovers, and
operate reliably under both cooperative and adversarial conditions throughout the entire reach-
ing and grasping phases. K Publication [PJ3].

C5 Passivity-based motion and force tracking for constrained elastic-joint robots. A control
framework is proposed for constrained elastic-joint robots to ensure passivity during interac-
tions. By employing a dynamically consistent projection method, the system’s natural iner-
tial and elastic properties are preserved. An integral force controller addresses steady-state
errors that arise from constant disturbances. This method guarantees output strict passivity
(OSP) during interactions and ensures uniform asymptotic stability during unconstrained mo-
tion. & Publication [PJ1].
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1.5 Publications

1.5.1 Main Publications in this Thesis

The main publications on which this thesis is based are listed as follows:

Journals

[PJ1] X.Meng, M. Keppler and C. Ott, "Passivity-Based Motion and Force Tracking Control for
Constrained Elastic Joint Robots," in IEEE Control Systems Letters, vol. 7, pp. 217-222, 2023.

[PJ2] X. Meng*, G.J. Pollayil*, M. Keppler, M. Pfanne, A. Bicchi and C. Ott, "Elastic Structure Pre-
serving Impedance Control for Nonlinearly Coupled Tendon-Driven Systems," in IEEE Control
Systems Letters, vol. 6, pp. 1982-1987, 2022. (*: equal contribution)

[PJ3] X.Meng, H. Maurenbrecher, A. Albu-Schiffer, and M. Keppler, "Finger flow: Reactive Reach-
while-Grasp Generation for Robotic Arms with Multi-Fingered Hands", in Robotics and Au-
tonomous Systems, 2025.

Conferences

[PC1] X.Meng, M. Keppler and C. Ott, "Elastic Structure Preserving Impedance Control of Bidirec-
tional Antagonistic Variable Stiffness Actuation," 2021 European Control Conference (ECC),
2021, pp. 263-269.

1.5.2 Other Publications

Furthermore, the following journal publications have been co-authored, which are related to the the-
sis’s topic but not integrated into this thesis:

* [44] S. Wolf, Thomas Bahls, B. Deutschmann, A. Dietrich, M. Harder, H. Hoppner, C. Hof-
mann, A. H. Martin, M. Keppler, L. Kliipfel, H. Maurenbrecher, X. Meng, A. E. Reichert,
M. Bihler, M. Chalon, O. Eiberger, W. Friedl, M. Grebenstein, M. Iskandar,V. Langofer, M.
Pfanne, A. Raffin, J. Reinecke, T. Wiisthoff and A. Albu-Schiffer, "neoDavid - A humanoid
robot with variable stiffness actuation and dexterous manipulation skills", in IEEE Robotics
and Automation Magazine, 2025.

e [114] M. C. Harder, M. Keppler, X. Meng, C. Ott, H. Hoeppner and A. Dietrich, "Simultaneous
Motion Tracking and Joint Stiffness Control of Bidirectional Antagonistic Variable-Stiffness
Actuators," in IEEE Robotics and Automation Letters. (Honorable Mention)2

e [115] X. Meng and R. Weitschat, "Dynamic Projection of Human Motion for Safe and Efficient
Human-Robot Collaboration," 2021 IEEE International Conference on Robotics and Automa-
tion (ICRA), 2021, pp. 3765-3771.

2Honorable Mention of the IEEE Robotics and Automation Letters, May 2022.



Fundamentals

This chapter provides an overview of the modeling basics and the tools used in this thesis. The torque
characteristics of two common types of antagonistic actuation are modeled: (1) the bidirectional
BAVS joint and (2) the unidirectional Flexible Antagonistic Spring (FAS) actuation. The resulting
elastic torque models are essential for formulating the reduced robot dynamics, including the link-
side dynamics, motor dynamics, and their coupling, often referred to as the Spong model [116], which
is widely used for elastic-joint robots. This dynamics serves as the basis for the control law design
presented in Chapter 3. As an extension, this model is adapted to incorporate kinematic constraints,
laying the basis for the constrained motion and force control strategies explored in Chapter 5. Finally,
a brief introduction to vector field design is provided. A vector field is a commonly used approach in
feedback motion planning. This concept is central to the dynamical system formulation underlying
the reactive motion generation framework developed in Chapter 4.

Publication Note

The following contents in Section 2.2 are partially adapted based on Section II of [103] and
Section I of [117].

e [103]: X.Meng, M. Keppler, and C. Ott. “Elastic Structure Preserving Impedance
Control of Bidirectional Antagonistic Variable Stiffness Actuation”. In: 2021 European
Control Conference (ECC 2021). 2021, pp. 263-269.

e [117]: X. Meng*, G. Jose Pollayil*, M. Keppler, M. Pfanne, A. Bicchi, C. Ott (2021).
Elastic Structure Preserving Impedance Control for Nonlinearly Coupled Tendon-
Driven Systems. IEEE Control Systems Letters, 6, 1982-1987. (*: equal contribution).

2.1 Notations

Throughout this thesis, the following notation conventions are used: Scalars are represented by stan-
dard italic letters (e.g., t, m, n). Vectors are denoted by bold lowercase letters (e.g., ), matrices by
bold uppercase letters (e.g., M), and sets by calligraphic uppercase letters (e.g., S). A left super-
script, such as 7(-), indicates the reference frame in which a quantity is expressed. This applies to

15
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vectors, rotation matrices in the Lie group SO(3), and rigid-body poses in SE(3). The transpose of
a matrix is denoted by a superscript | (e.g., M "), the inverse by a superscript ~! (e.g., M 1), and
the Moore-Penrose pseudo-inverse by a superscript * (e.g., M ™). || - || denotes the Euclidean norm
(vector magnitude).

The cross product of two 3D vectors a,b € R3 is denoted by @ x b. The wedge operator,
[()]% : R® — R3*3, maps a vector to its corresponding skew-symmetric matrix, such that for a € R3,

0 —as a9
lalx = | a3 0 -
—a aq 0

and satisfies @ x b = a’*b. The vee operator, (-)¥ : R3*3 — R3, is the inverse of the wedge operator,
mapping a skew-symmetric matrix back to a vector.

The configuration of a robot with n degrees of freedom is denoted as g € Q C R"™, where Q is
the configuration space. The time-dependent configuration is given by q(t), and its time derivatives
are denoted as ¢(t), ¢(t), and higher-order derivatives such as jerk ¢®(¢) and snap ¢ (t). A
task-space variable is denoted by £ € R™, where typically m < n. The relationship between
configuration and task space is defined by a smooth Jacobian matrix J(q) € R™*", which satisfies
& = J(q)q. Finally, partial derivatives are expressed using standard notation, e.g., %, and appear
throughout when describing gradients, Jacobians, or Hessians of scalar and vector-valued functions.

The variables 7 and 1) denote the motor-side and link-side elastic torques, respectively.

2.2 Modeling Elastic Torque of Antagonistic Actuators

Compared to constant stiffness, which is commonly found in Series Elastic Actuators (SEAs), antag-
onistic type actuators typically exhibit nonlinear elastic torque characteristics. This behavior enables
them to better mimic the variable stiffness observed in human joints due to muscle contraction [118].
In this thesis, two types of variable stiffness antagonistic actuators are mainly focused on as represen-
tative examples, which are implemented in the humanoid robot DLR neoDavid.

The discussion begins with a bidirectional actuator. Its push-and-pull capability [39] allows it to
operate independently, in a manner similar to SEAs. In contrast, the unidirectional-type actuator, such
as FAS, relies on unilateral pulling force and is typically integrated with tendon-driven systems [46].
By routing tendons across multiple joints, each joint can achieve motion in both directions, despite
the unidirectional nature of the actuator itself.

2.2.1 Bidirectional Type: BAVS

Figure 2.1 presents a schematic diagram of the BAVS joint implemented at the forearm rotation joint.
The system comprises two identical motors, each with a rotor’s reflected inertia denoted by B, and
a single link with inertia M. The motor positions are described by generalized coordinates 6; for
t = 1, 2, while the link position is represented by q.

Each motor is connected to the link through a nonlinear elastic element. This nonlinearity is real-
ized via a cam disc with a specifically designed profile (see [40] for further details), which transforms
the rotational motion of the motor into a nonlinear spring displacement. By co-contracting these
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Bidirectional Antagonistic Variable
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Figure 2.1: The anthropomorphic robot David [119]. The forearm rotation joint and wrist joint are implemented with
Bidirectional Antagonistic Variable Stiffness (BAVS) joints. A schematic diagram of the BAVS joint is depicted on the
right. © 2021 IEEE.

springs, the stiffness of the system can be actively modulated, and asynchronous motor movements
generate torque on the link [39].

The general form of the elastic torques and stiffness in the BAVS actuation mechanism originates
from a positive definite potential function U;(6; — ¢q) : R — R™, assumed to be at least three times
differentiable. The corresponding elastic torque, 7; : R — R, is defined as the gradient of this
potential and is strictly monotonic increasing:

oU;(0; — q)
2(0; — q)

A right-hand-side (RHS) link-side elastic torque is defined by 1 : R? — R, which is derived from
the potentials U; as follows:

Ti(0; — q) == @.1)

oU; 9 — U;(0; —
V(01— 4,0 — q) = — Z 9 Z 56, _qq , 22)
=1 =1

which simplifies to the superposition of the individual elastic torques (2.1):
V(01— q,02 —q) = 11(01 — q) + T2(02 — q). (2.3)

The stiffness of each elastic element, k; : R — R, is given by the derivative of the respective elastic
torque:

Iri(6; — q)
a(0; — q)
Similarly, the RHS physical stiffness on the link side, denoted « : R? — R, is obtained as the gradient

of the link-side torque :

/ﬁ(eZ — q) = >0. 2.4)

0
k(0 —q,02 —q) == — 815 ki(6h — q) + k2(02 — q) - (2.5
Figure 2.2 illustrates the link-side torque and stiffness characteristics of the BAVS joint in neoDavid’s
forearm. The pretension of the joint is determined by the relative motor positions, expressed as

o = 01 — 05, with a detailed explanation provided in [39]. The colored lines in the top and bottom
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plots of Figure 2.2 indicate the feasible range of link-side torque ¢ and stiffness « for three distinct
pretension levels. As o increases, the mechanically achievable range of both ¢ and  decreases.
These properties will play a key role in the analysis presented in Section 3.2.2.

2.2.2 Unidirectional Type: Tendon-Coupled FAS

After analyzing BAVS joints, the next step is to examine unidirectional antagonistic actuators that
operate using tendon-driven mechanisms. In contrast to BAVS joints that employ dual motors for di-
rect stiffness modulation through co-contraction, tendon-coupled architectures generally utilize either
single-motor-driven configurations or pre-tensioned passive tendons to transfer forces and regulate
stiffness throughout all joints via strategic tendon routing design [120].

The elastic torques exhibit nonlinear coupling between the link-side dynamics (3.33a) and motor-
side dynamics (3.33b), characterized by (0, q) and 7(60, q), representing the elastic torques on the
link side and motor side, respectively. These torques are functions of the tendon forces f;. according
to

¥(0,q) = L' f1.(6,q), (2.6)
7(0,9) = Efi(0,9q). 2.7)

Here, L € R™*™ denotes the coupling matrix, while E € R™*™0 represents a constant diagonal
matrix encoding motor radius values, ensuring invertibility. The tendon force f;. demonstrates highly
nonlinear characteristics as functions of elongations Al, which are dependent on 8, q. Due to the
various mapping functions of @ and q influenced by tendon routing, the following assumption is
considered in this thesis.

Assumption 1. The tendon elongation follows the relationship:
Al = E6 — Lq. (2.8)

Additionally, for every tendon indexed by j = 1, - - -, ng, the tendon force function f; j(Al;) possesses
C3 continuity and exhibits strict monotonic increase with respect to Al;. Consequently, the elastic
potential function U, j(Al;) demonstrates convexity and radial unboundedness.

Furthermore, the tendon-driven architecture requires keeping tension, specifically
fie > 0. (2.9)

For each tendon, the elastic potential function is written as U, j(Al;) : R — R*. The associated
tendon force is expressed as

oU. ;(Al;)
e j(Alj) = —2 12 2.1
ft a]( ]) 8Al] ( 0)
Through application of the virtual work principle, the motor-side and link-side elastic torques are
OUe(AL) = 6U.(6,q) = 360" (Efic) +3q" (L' fic) . 2.11)
—— #

Our analysis incorporates the following assumption regarding the coupling matrix

Assumption 2. The coupling matrix L maintains constant values, with dimensionality satisfying
ng > n and having full rank, i.e., rank(L) = n,.



2.2 Modeling Elastic Torque of Antagonistic Actuators 19

(a)

0=-0.3
o=0.0
o=0.1

N

~

NS

'
[\S)

Link-side torque ¥ [Nm]
IS IS

(b)

¢
0 —q
— | /
o TG 7
& =0 /
g 60 - ’
E (91+02=2 "
¢
2 40
2
k=
320\
S
P
é 0
= 20

0

0; — q [deg] 20 20

Figure 2.2: (a) The elastic torque 1) and (b) the local stiffness x are shown in the deflection coordinates #; — q. The
maximum deflection is |6; — g|max = 15.5°. The colored lines indicate the feasible region for ¢ and x when the motor
coordinate difference 0 = 61 — 62 [rad] is held constant. The two inset plots display ¢ and « as functions of §; — ¢ for
different values of o. The blue curve, corresponding to the largest absolute value of o, exhibits the narrowest feasible range
for both torque and stiffness. This figure is partially adapted from [103, Fig. 2].
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Figure 2.3: Illustration of a tendon-driven system: (a) The DLR neoDavid hand, displaying the joint coordinates ¢ € R*
of the index finger. (b) The index finger routing with coupled tendons. Tendon forces fi. € R® in tension are depicted.
Figure adapted from [117].

Remark on assumptions

The tendon elongation expression [120, Sec. 6.4.2] and the requirement for 3x continuous differentia-
bility stated in Assumption 1 are widely applicable across numerous tendon-driven architectures, as
demonstrated in systems like [121] and [31]. The monotonic increasing property of f;. with respect
to Al represents a fundamental characteristic of such systems.

Regarding Assumption 2, the constant nature of L can be achieved through the implementation of
additional pulley turns. Well-designed tendon networks inherently possess a coupling matrix with full
rank properties [120]. The dimensional constraint on L relates directly to Caratheodory’s theorem
[120], establishing that a minimum of n 4 1 tendons is required for tendon-driven robot actuation.
Practical implementation is exemplified in the DLR neoDavid Hand, where nyg = 2n tendons serve
the thumb, index, and middle fingers, while ng < 2n tendons are employed for the ring and little
fingers. The tendon routing of the index finger is illustrated in Figure 2.3 (b).

Summary

The elastic torques (6, q) on the motor side or (0, q) on the link side depend on the types of
compliant actuators
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Table 2.1: Elastic torque of the actuators in the robot neoDavid.

Actuation type Motor-side T for ¢-th motor Link-side 1)
Forearm BAVS 7:(q, 6;) T1(0,q1) + (0, q2)
Finger FAS Tm fti, (or: E fio, where E = 1y, I) L' fi.(q,0)

2.3 Modeling Rigid-link Dynamics with Compliant Antagonistic
Actuators

It is well established that systems governed by Euler-Lagrange equations exhibit inherent passivity
properties, which arise naturally from energy conservation principles and power flow analysis [122].
For elastic-joint robotic systems, these equations can be systematically derived using the Lagrangian
formalism.

Let q denote the generalized coordinates of a system. The Lagrangian function £(q,q) =
T(q, @) — V(@) combines kinetic energy 7 and potential energy V [123]. The resulting dynamics are
expressed as _ .
i( aﬁgg ‘”) - ( Mgg q)> T = e = w Y, 2.12)
where 1), represents non-conservative forces, including motor torques u and external disturbances
'(pea:t [122]

For articulated elastic-joint robots, this framework yields an underactuated Euler-Lagrange sys-
tem, where g = col[, g] partitions generalized coordinates into actuated motor positions 6 and
unactuated link positions g [124]. In such systems, elastic forces often dominate inertial effects, as
Spong noted in classical simplifications for elastic joint robots [116]. Two key assumptions justify
this approximation:

(A1) Rotor kinetic energy depends solely on its rotational motion relative to an inertial frame.

(A2) Rotor/gear inertia symmetry ensures gravitational potential and center-of-mass velocity remain
independent of rotor position.

These assumptions are particularly valid for antagonistic actuators in systems like DLR neoDavid,
where high gear ratios minimize dynamic coupling between motor and link motions [45].

Single-DoF dynamics

The process of deriving system dynamics for a single-DoF BAVS joint is illustrated, as shown in
Figure 2.1. The system states are represented by q.

g := col [q 0, 02] ER3, 2.13)

Assuming that the rotors have constant inertia, the potential energy due to gravity is independent of
the motor positions #;, ¢ = 1, 2. Further, let B be a constant denoting the reflected rotor inertia to the
link side. Under (A1) and (A2), the kinetic energy is written as

1 1. 1.
T (61,02,q) = 5Mq? + 530% + 5395 , (2.14)
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The potential energy consists of the gravitational potential U, and the elastic-torque potential U,
introduced in Section 2.2.1, given by

V(01,02,9) = Uy(q) + Y _ Uei(Bi, q). (2.15)

Substituting (2.14)-(2.15) into (2.12) and assuming no external force 1.;; = 0 leading to the overall
dynamics (2.12) is rewritten as

0 B 0 91 + 7’1(91, q) + 0 = (ur| - (216)
0 0 B 92 7'2(92, q) 0 u9
where v is given in (2.3) and 7; with i = 1,2 is given in (2.1), g(q) = %ﬁ and control input

denoted as u;.

Multi-DoF dynamics with coupling of elasticity

A key distinction from the single-degree-of-freedom (DoF) case is that tendon-driven systems exhibit
complex coupling dynamics and interdependent elastic torques arising from the tendon routing [120].
This results in a coupling matrix (L in (2.6)) that is typically neither square nor sparse, allowing
a single tendon force to influence the dynamics of every generalized coordinate q individually. By
applying the Lagrangian equation (2.12) to a multi-DoF system, the multi-DoF dynamics [116] is
written as

M(q)§+ C(q,q)q + g(q) = ¥(0,q) + et (2.17a)
BO+7(0,q9) =u, (2.17b)

where M (q) denotes the generalized inertia matrix of the links, C(q, ¢) contains the Coriolis and
centrifugal terms, and g(q) represents the gravitational torques. The constant matrix B accounts for
the reflected motor inertia. It is well known that the matrix M (q) — 2C(q, ¢) is skew-symmetric
when C is constructed using the Christoffel symbols [120]. The vectors 7 and 1) denote the elastic
torques at the actuator and joint sides, respectively, and are defined according to the type of actuation
used, as summarized in Table 2.1.

In a tendon-driven system, each tendon is typically actuated by a dedicated motor, a configuration
commonly used in various tendon-driven mechanisms (e.g., [31, 121, 125-127]). As an example,
for systems employing FAS, the resulting elastic torques T and 1) are defined in (2.6) and (2.7),
respectively.

2.3.1 Dynamics Under Constraints

The equations of motion for an open-chain manipulator are typically derived using Lagrangian me-
chanics, as outlined in (2.12). This approach requires identifying a set of generalized coordinates that
offer a complete and minimal description of the system’s configuration space. The resulting dynamics
are then expressed in terms of these coordinates and the corresponding generalized forces.

In the case of a multifingered robotic hand or interconnected open-chain manipulators, the overall
system configuration is influenced not only by the joint angles of the fingers but also by the position
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and orientation of the grasped object (see Figure 2.4). However, these variables are not independent;
their velocities are coupled through the constraints imposed by the grasp [120]. As a result, the direct
application of Lagrange’s equations becomes problematic. Determining a suitable set of generalized
coordinates for such constrained systems is often non-trivial and, in some cases, may not be feasible
at all [120].

Pfaffian constraints

A constraint is said to be holonomic if it restricts the system’s motion to a smooth hypersurface within
the (unconstrained) configuration space Q, where Q is an open subset of R™ and the configuration is
parameterized by coordinates g = col [ql e qn}; see also the definition in [120, Section 1.1 of
Chapter 6]. In this scenario, the vector g belongs to the set of rational numbers @, which is a subset
of the real numbers R”. For a system with configuration space Q, consider velocity constraints of the
form J.(q)qg = 0, where J.(q) denotes a matrix whose rows represent the coefficients of the linear
velocity constraints. Such constraints are referred to as Pfaffian constraints [120]. All constraints are
assumed linearly independent, which implies that the matrix J.(q) has full row rank for all g € Q.

$(q) = [|[Z1et (@) — Zvigni(@)]| = 0
(a) A constrained dual-arm system (b) A constrained object in a power grasp

Figure 2.4: Two example systems under Pfaffian constraints. (a): a constrained dual-arm system and (b) an object con-
strained by a power grasp.

Constrained dynamics with compliant actuators

Consider n — m linearly independent holonomic kinematic constraints, which are integrable Pfaffian
constraints, expressed by a set of algebraic equations [128], ¢(q) : Q — R"~™, written as:

#(q) = 0. (2.18)
Hence, the constraint Jacobian matrix for this set of algebraic equations (2.18) in terms of q is written
as
0
Jo(q) = ‘g@ e Rmmxn, (2.19)
q

Due to kinematic constraints, g is not a minimal coordinate anymore. The minimal generalized
coordinates have dimension m. The actual range of set q is intrinsically guaranteed (constrained)
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within N (J.) = {¢ € R™ : J.(q)g = 0}. Therefore, the reduced robot dynamics models given in
(2.17a) and (2.17b) including the constraints now become

M(q)d+ C(q,q)q +g(q) =¥ + J(q) "X + Teut, (2.20a)
Bb + 1 =u, (2.20b)
J:(q)g =0, (2.20¢)

where A is a Lagrange multiplier that denotes the constraint force. Note that a reduced range of
general velocity g fulfills

qd=P(q)q, YqeN(J(q)), 2.21)

where the projection matrix P(q) € R™*" fulfills J.(q)P(q) = 0 and P(q) = P(q)?. The choice
of P(q) is not unique. The typical projectors are listed in Table 2.2.

Table 2.2: Different choices for the projector P(q).

Projector Type Expression Feature

Orthogonal projection [106, 108] P(q)=1-J}(q)J.(q) P(q)=P'(q)

Dynamically consistent projection [129]  P(q) = I —JM*(q)J.(q) preserving the inertial
properties

The Moore-Penrose inverse of matrix J.(q) is computed by J(q) = J. (q)(J.(q)J. (q))~ .
The inertia-weighted inverse of matrix is JM*(q) = M~ (q)J. (q)(J.(q) M~ (q)J (q))~'.

2.3.2 Motor Inertia Shaping

While physical springs provide beneficial compliance, the relatively large motor inertia often limits
bandwidth and introduces oscillatory behavior during trajectory tracking [101]. Motor inertia shaping
refers to the intentional scaling of the effective motor inertia in the closed-loop dynamics through
utilizing joint torque in the feedback loop [130]. Consider the original motor dynamics

BO +7(6,q) = u, (2.22)

with the control input

u=BB* 'u+ (I - BB* Y, (2.23)

where w is the new control input. The physical motor inertia B is scaled to B* = SB, where
B € (0,1] is a design parameter that effectively reduces the inertia contribution in the closed-loop
system. The resulting closed-loop dynamics become

B0+ 1 =u. (2.24)

Inertia shaping does not imply physical mass reduction but rather a feedback-based reconfiguration
of the actuator dynamics.
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2.4 Designing Vector Fields as Feedback Motion Planning

Traditional motion planning methods typically disregard both feedback mechanisms and system dy-
namics. In such approaches, the solution is an open-loop path, implying that there is no feedback
during execution to correct deviations from the planned trajectory [131]. However, in real-world ap-
plications, feedback is often essential. The actions within a plan should adapt based on information
gathered during execution, especially due to the unpredictability of future states. One implicit strat-
egy to manage model uncertainty is to design a feedback plan that determines the appropriate action
to take if the system encounters an unexpected state during execution [131].

In the context of this thesis, such uncertainties may arise from complex object dynamics, variable
contact points between multifingered hands and objects during grasping, unforeseen interactions with
the environment or humans, and unreliable visual feedback when objects are occluded. Therefore, this
work adopts feedback motion planning, anticipating that feedback-based solutions will generally offer
greater reliability compared to open-loop paths derived from traditional motion planning algorithms.

Vector field design in motion planning involves defining a continuous vector field over the workspace
or configuration space to guide a robot or dynamical system toward a goal while avoiding obstacles.
The subsequent section revisits mathematical fundamental concepts of vector and velocity fields.
This discussion primarily focuses on R? and R®. For readers interested in constructing vector fields
on smooth manifolds, further details can be found in Section 8.3.2 of LaValle’s work [131].

2.4.1 Vector Fields

Vector fields provide a powerful framework for representing feedback strategies over continuous state
spaces. To model motion planning influenced by feedback in these contexts, the process begins by
defining a vector field and explaining how it generates trajectories through integration from an initial
state.

Intuitively, a vector field can be visualized as a spatial distribution of directed arrows across R",
as shown in Figure 2.5. Each arrow at a point € R" encodes a direction and magnitude, which, in
the context of robotic planning, prescribes how a system should adjust its velocity when located at
that state [131].

To clarify this concept, each point x € R"™ is associated with an n-dimensional vector space
known as the tangent space at x, denoted as T, (R™). Utilizing this structure, a vector field is defined
as follows:

Definition 1 (Vector field [132]). A vector field V' on R" is a mapping that assigns to each point
x € R" avector v € T,(R"), i.e.,

ViR = | Tw(®"), (2.25)
zeR”

such that V (x) € T(R") for all x € R™

In practice, such a field can be expressed using n scalar-valued functions f;(x1, ..., z,), where
i =1,...,n. The vector field f(x) then takes the form:

f(a:):col[fl(xl,...,xn) Fo@1, s n) . fn(xl,...,xn)]. (2.26)

A particularly important class of vector fields consists of those that are smooth:
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Definition 2 (A smooth vector field [132]). A function f; : 2 C R"™ — R is said to be smooth if it is
infinitely differentiable on its domain U, i.e., all partial derivatives of any order exist at every point
in Q). A vector field is called smooth if each of its component functions f1, ..., fn is smooth.

In various practical situations, particularly in hybrid or piecewise-defined control systems, vector
fields are often smooth only within specific regions or patches. Across the boundaries between these
patches, typically (n — 1)-dimensional spaces in R", the vector field may become discontinuous.
Specifically, along a switching boundary S C R", the vector field may exhibit abrupt changes or
jumps [131].

Vector fields as velocity fields
A specific vector field, known as a velocity field [131], is illustrated here. This field is naturally
expressed using (2.26), which defines a system of first-order differential equations.
1 = f1(z1, ..y p)
(2.27)
T = fo(T1,..., Tn),

which represents the time derivative of each coordinate as a function of the state. At each point
x € R", this construction yields a velocity vector given by

@ = col [i’l . xn} . (2.28)

Letting f = (f1,..., fn) denote the collection of component functions, the dynamics can be com-
pactly written as

z = f(x). (2.29)

This formulation allows us to interpret the vector field f as a velocity field, where at each point in
space, the vector f(x) represents the instantaneous velocity that a particle (or robot) should follow
when located at .

2.4.2 Integral Curves

Given a vector field f, a velocity vector is assigned to each point in R" via (2.29). Consider a particle
starting at an initial position £ € R™ at time ¢ = 0, and moving such that its velocity at any instant
aligns with the vector field at its current location. The path traced by this particle over time can be
described by a function & : [0, 00) — R™, where £(t) denotes the system’s state at time ¢.

Such a function £ is called an integral curve (or solution trajectory ) of the vector field f if it
satisfies the differential equation

£(t) = F(&(1)), (2.30)

for all t € (0, c0), with the initial condition £(0) = &,. Equivalently, the trajectory can be expressed
in integral form as

£(t) = & + /0 F(€(0)) do, 231)

which explicitly shows how the motion evolves from the initial state by accumulating changes dictated
by the vector field along the path. Intuitively, an integral curve follows the direction of the vector field
at every point, smoothly evolving from the starting point &y in accordance with the local flow defined

by f.
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Figure 2.5: Examples of 2D vector fields f(x) : R? — R? with distinct topological properties. (a) Constant, (b) Curl-free
(irrotational), (c) Circular (rotational), (d) Convergent (attracting).
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Existence and uniqueness of integral curves

A key result in the theory of ordinary differential equations ensures that the system described by
(2.29) admits a unique integral curve through any given initial state, provided that the vector field
f is smooth [131]. This guarantees both the existence and uniqueness of solutions under suitable
regularity conditions on f. An alternative but equivalent requirement for ensuring this property is that
the vector field satisfies a Lipschitz condition. Specifically, there must exist a finite positive constant
c such that for all points x1, z9 in the state space X (assumed to be continuous and smooth), the
inequality

[f(x1) = fla2)|| < cflzr — a2 (2.32)

holds. The value c is known as the Lipschitz constant and bounds the rate at which the vector field
can change with respect to its input.

It’s worth noting that Lipschitz continuity implies continuity of f. Furthermore, if all partial
derivatives of f are uniformly bounded over X, then f automatically satisfies the Lipschitz condition
on that domain. However, the formulation in (2.32) is more general, as it does not require differ-
entiability everywhere and applies to a wider class of vector fields, including those that may exhibit
limited smoothness or even discontinuities in certain regions.

Existence of a unique integral curve of a piecewise-smooth vector field

Let a switching boundary S be defined as
S ={x € R"|s(x) =0}, (2.33)

where s(x) : R™ — R is a function. When s is non-singular, S becomes an (n — 1)-dimensional
sub-manifold of R™. The open regions are defined by

St ={x e R"s(z) >0}, and S~ ={x cR"[s(x) < 0}. (2.34)

Suppose that the vector field f(x) is smooth within each of the regions ST and S, respectively, but
experiences a discontinuity across S. Such piecewise-smooth dynamical systems are commonly used
to model hybrid systems in control theory [133, 134].

Under a special condition known as Filipov’s sense of solution, referenced in [131, eq. (8.21)],
it is possible to determine the unique integral with a piecewise-smooth vector field. The details are
omitted in the main text of this thesis. For readers who are interested, please refer to [131, pp. 388-
389]. As LaValle intuitively introduced in [131], several vector fields can yield solutions in the sense
of Filipov [135, 136], see Figure 2.6 for different examples of vector flows in the neighborhood of a
switching boundary fulfilling the permitted conditions.
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Figure 2.6: Various flow patterns near a switching boundary, illustrated with example trajectories originating from different
initial locations (marked by circles). Image adapted from [131, pp. 388-389].






Elastic Structure Preserving Control for Com-
pliant Antagonistic Actuators

In classical nonlinear control approaches for elastic robotic systems, the dominant strategy has been
to achieve a desired closed-loop behavior by significantly altering the intrinsic mechanical properties
of the system. However, this often involves compensating for the oscillatory dynamics introduced
by highly elastic components, such as those found in elastic-joint robots or tendon-driven systems,
which can lead to complex and fragile control designs. In contrast to traditional approaches that aim to
suppress compliance, this chapter follows the modern philosophy of exploiting mechanical elasticity
rather than counteracting it.

This chapter builds upon and extends previous research, particularly the ESP control framework
introduced in [102, 137], achieving the goal G1 in Section 1.3. The contributions corresponding to
C1 and C2 mentioned in Section 1.4 are summarized as follows:

* The ESPi controller is generalized to BAVS actuators, enabling the direct imposition of a de-
sired impedance profile on the link side.

* The ESP framework is further extended to multi-degree-of-freedom tendon-driven systems,
capable of handling nonlinear mechanical couplings introduced by tendon routing.

* Itis shown that for such systems, a desired closed-loop behavior, including link-side impedance,
can be achieved while minimally modifying the inherent inertial and elastic coupling dynamics.

* The proposed control law is experimentally validated on the forearm joint of the neoDavid
humanoid robot, confirming its ability to realize desired link-side compliance.

» Simulation results further demonstrate the controller’s effectiveness in achieving accurate link
position regulation and desired impedance during environmental interactions, using a 4-DoF
finger actuated by 8 tendons.

The chapter is organized as follows. Section 3.2 formulates the control problem for a single-
degree-of-freedom system actuated by a BAVS joint. The ESPi control law is derived, and passivity
and global asymptotic stability of the resulting closed-loop system are rigorously established for the
free-motion case. Building on this foundation, Section 3.3 generalizes the approach to multi-DoF uni-
directional antagonistic tendon-driven mechanisms, preserving the same structural principles while

31
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accommodating nonlinear kinematic and elastic couplings. Experimental validation of the BAVS im-
plementation on the neoDavid forearm is presented in Section 3.4, with emphasis on the realization
of commanded link-side stiffness under human interaction. Section 3.5 reports simulation results
on a multi-tendon finger, evaluating both regulation performance and impedance fidelity during dy-
namic interaction. Finally, Section 3.6 provides a concluding summary of the chapter’s findings and
implications.

Publication Note

e [103]: X.Meng, M. Keppler, and C. Ott. “Elastic Structure Preserving Impedance
Control of Bidirectional Antagonistic Variable Stiffness Actuation”. In: 2021 European
Control Conference (ECC 2021). 2021, pp. 263-269.

e [117]: X. Meng*, G. Jose Pollayil*, M. Keppler, M. Pfanne, A. Bicchi, C. Ott (2021).
Elastic structure preserving impedance control for nonlinearly coupled tendon-driven
systems. IEEE Control Systems Letters, 6, 1982-1987. (*: equal contribution)®.

“George Jose Pollayil and I jointly developed the study design and research questions. I was primarily respon-
sible for the dynamics modeling, simulation implementation, debugging, and baseline comparison, while George
focused on symbolic coordinate transformations; we collaborated closely on controller implementation and the
collection of simulation results. Both of us analyzed the interaction and regulation tests, with my additional contri-
bution to the baseline comparison and data visualization. In writing, I drafted the simulation and results sections,
while George prepared the introduction, preliminaries, proofs, and conclusion; we jointly refined the control design
description. We also shared responsibility for revisions and rebuttals during the review process. Our supervisor,
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daily execution.

3.1 Introduction

The integration of mechanical compliance in robotic systems has emerged as a paradigm shift, en-
abling natural dynamics [138], energy-efficient locomotion [139, 140], and safer human-robot inter-
action [141-143]. Many designs combine rigid skeletons with elastic joints, leveraging SEAs [144] or
VSAs [38, 145] to achieve high impact tolerance, low reflected inertia, and energy storage for dynamic
motions. Control strategies for such systems have evolved from classical methods like PD regulation
with gravity compensation [87, 88] and feedback linearization [89, 90] to advanced approaches in-
cluding inverse dynamics [92], linear quadratic regulation [93], and passivity-based frameworks [94,
95]. However, these methods often struggle when joint stiffness is significantly reduced, as they
typically aim to cancel or reshape intrinsic compliance rather than exploit it.

Tendon-driven systems, inspired by biological musculoskeletal structures, further exemplify the
benefits of compliance. Designs like the UB Hand III [121], DLR David Hand (or neoDavid) [31, 44],
and Pisa/IIT SoftHand [33] utilize lightweight, compact tendon couplings to enable robust grasping
[146] and adapt to environmental interactions. Despite their advantages, nonlinear elastic couplings
and complex tendon routing pose significant control challenges. Traditional two-loop architectures,
combining inner tendon-force control with outer link-behavior loops, often rely on static decoupling
[96], optimization-based tension distribution [97, 98], or decentralized H, control [147]. While ef-
fective, these approaches frequently modify the system’s natural dynamics, deviating from the goal of
preserving mechanical compliance. Exceptions include Lyapunov-stable designs for single-degree-
of-freedom systems with adjustable springs [148] and integrator backstepping techniques for antago-
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nistic joints [149], which prioritize stability while respecting physical constraints.

Recent efforts emphasize minimizing dynamic shaping to retain intrinsic compliance. Our prior
work introduced passivity-based control laws that preserve the elastic structure while achieving regu-
lation and tracking by injecting damping directly on the link side [101]. This was extended to Elastic
Structure Preserving Impedance Control for Floating Spring Joints [38], enabling desired interac-
tion behavior without altering the plant’s mechanical properties [137]. Further extensions to BAVS
actuation [102, 103] addressed output regulation with adjustable passive stiffness. However, these
formulations rely on simplified elastic models unsuitable for tendon-driven systems with nonlinear
couplings, highlighting the need for a generalized framework that bridges compliant actuation and
complex mechanical transmissions.

We first focus on the control design for a single-DoF BAVS actuator, a canonical example of elas-
tic robotic systems with embedded compliance. This analysis serves as the foundation for extending
the framework to more complex tendon-driven systems with nonlinear couplings, which are discussed
later in the subsection.

3.2 A Single-Joint Example

A model of a one-degree-of-freedom (1-DoF) robotic system incorporating a single BAVS joint is
considered. The configuration of the system is described by two motor coordinates, denoted ¢ and 65,
and a single link coordinate g. The actuators consist of two motors, each possessing identical inertia
B, which are coupled to the link, characterized by inertia M, through nonlinear elastic elements that
generate torques 7 and 7o. Gravitational effects acting on the link are represented by g(q). The
resulting dynamics, as defined by Equations (2.16), (2.1), and (2.3), take the form

Mq."i'g(Q):¢(‘91_Qa02_q)+7-exta (31)
Bl +71(01 —q) = uy , (3.2)
Bl + 15(02 — q) = us (3.3)

where u; denotes the torque input applied to the i-th motor and constitutes the only available control
authority. A schematic representation of the open-loop dynamics is provided in Figure 3.1(a). Direct
actuation is limited exclusively to the motor coordinates #; and 65; the link coordinate ¢ is influenced
solely through the elastic coupling torque . This structural underactuation poses a fundamental
challenge for precise regulation of the link state (g, §).

3.2.1 Control Objectives

The primary objective in the design of a controller is to endow the soft robotic system with a pre-
scribed compliant behavior during physical interaction with a human operator. The desired closed-
loop dynamics, illustrated schematically in Figure 3.1(b), are formulated as follows:

MG+ Dyg + Ky(q — qa) = (m — 4,12 — @) + Text , (3.4)
B*ijy +11i(m — q) = 101 — Dy, (3.5)
B*ijo + 1o(n2 — q) = 10,2 — Dy 212, (3.6)

Y(im —q,m2 —q) = 7(m — q) + 72(n2 — q). (3.7)
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Figure 3.1: Schematic diagram of a simplified single joint implemented with a BAVS joint in (a) the original dynamics and
(b) the closed-loop dynamics achieved by implementing the ESPi controller © 2021 IEEE.

The target link-side dynamics in (3.4) include the original inertial term M with a virtual spring of
stiffness K, and a positive damping term D, as depicted in Figure 3.1(b). The equilibrium of the link
subsystem is defined by ¢ = ¢4 and ¢ = 0. The motor inertia is scaled by a factor 5 € (0, 1], yielding
a modified inertia matrix B* = [B, consistent with the inertia-shaping methodology introduced
in Section 2.3.2. Throughout this chapter, the following assumption is imposed on the impedance
parameters:

Assumption 3. The stiffness gain K, and damping gain D, are constant.

It is noteworthy that the desired dynamics employ a distinct set of motor coordinates, denoted 7,
and 7, in place of the physical coordinates #; and 62. Consequently, the virtual elastic torque v in
Equation (3.7) is expressed in terms of these new coordinates. The precise transformation from 6; to
7; is detailed in Section 3.2.2. Furthermore, the physical motor inertia B may be effectively reduced
to B* through appropriate control synthesis, as established in prior work [95].

An essential requirement for the closed-loop system is that the apparent stiffness at the link side,

defined as
ATexe
Aq |¢=0"
1 7'(711‘:0
must coincide with the specified stiffness K,. The realization of this property is addressed in Sec-

tion 3.2.2. Additionally, positive damping terms D), ; are introduced on the motor side to attenuate
oscillatory modes. Constant feedforward torques 791 and 7 2 are incorporated to establish internal
pretension within the antagonistic pair. To ensure that variations in internal pretension do not perturb
the desired link-side dynamics in Equation (3.4), the constraint

70,1 + 70,2 = 0 (3.8)
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must be strictly satisfied. The complete state vector of the closed-loop system is defined as

. . .T
Z:[q m m2 9 M 772} .

In the absence of external torque (7ex; = 0), the system admits a unique equilibrium point given by

T
Zeg = a0 Mma ma 00 0] . (3.9)

3.2.2 Controller Design

This section presents the synthesis of a control law that renders the original system dynamics, given
by Equations (3.1)—(3.3), equivalent to the desired closed-loop dynamics specified in Equations (3.4),
(3.6). The design proceeds in two principal stages: first, a coordinate transformation from the physical
motor coordinates 6; to virtual motor coordinates 7); is introduced; second, a feedback control law is
derived to enforce the target dynamics in the new coordinates. Throughout this section, the overbar
notation (_) denotes a function that retains the same analytical form as its unbarred counterpart but is
evaluated using the virtual coordinates 7); instead of the physical coordinates 6;, thereby simplifying

notation.

Coordinate transformation

A comparison between the original link dynamics (3.1) and the desired closed-loop dynamics (3.4)
yields the following relationship

V(b —q,02—q) == V(m —q.m2— q) + 9(¢) — Kq(q — qa) — Dy (3.10)

=74

where the gravitational term g(q) is explicitly compensated, and 74 assumes the structure of a standard
impedance control law with gravity compensation, commonly employed in rigid robotic systems.
The virtual coordinates 77; and 72 encode the desired mechanical behavior at the link side. However,
Equation (3.10) alone does not uniquely determine 7; and 12, as it constitutes a single scalar constraint
for two unknowns.

To ensure a well-posed mapping from (61, 603) to (11, 72), an additional kinematic constraint is
imposed. Noting that the motor stiffness preset ¢ = 61 — 62 governs the internal pretension in the
antagonistic actuator (as discussed in Section 2.2.1), it is natural to preserve this quantity under the
coordinate transformation. Accordingly, the following constraint is enforced

n —mne =01 — 0. (3.11)

Together, Equations (3.10) and (3.11) uniquely define the virtual coordinates n; and 75 as functions
of the physical states and the desired equilibrium g .
Differentiating these relations with respect to time yields the velocity-level transformation

) oy oyt ob  og] [ R
1 _ |20 o6 B s | || L | Ged— Gpd— T

O+ (3.12)
) 1 -1 1 =11 |72 0

D M
7] n
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A second time derivative provides the acceleration-level mapping:

i o opl T os o8] [ o o]t
1| _ |20, 00, oan o | | 4 |90 90
05 1 -1 1 -1 |ii 1 -1
~—~— ~—~—

o A i a

c1+ aqq C2 — 3qq Td . (3.13)

0

where the scalar terms ¢; and co account for Coriolis- and centrifugal-like effects arising from the
nonlinear elastic coupling:

_g:é} m+ 3mgn2 2t 8?721ng Uil

‘= digin o gi;fﬁz + 37]28(1 n2| (3.14)
B?]j@qnl + amaq 2 + %f;fq q
802 01+ 891692 0 + 8918(1 91

€2 = 89186 01 + 392 702 + 8928(1 02| - (3.15)
| oot + 689215(102 + %qquq q

Substituting the acceleration transformation (3.13) into the original motor dynamics (3.2)—(3.3) yields,
in matrix form,

B 0 . T1(91,q) Ui
4 +a + = . 3.16
0 B ( 1 ) 7—2(92,q) u9 ( )
Y ~—_—— ~——

The control input is then selected as

w=Ba+r_Bap—!| |09 +Dy— | ], (3.17)
72(772, Q) 70,2
T T0

where D,, = diag(D,1, Dy, 2) € R?*? is a positive definite diagonal damping matrix, and 7 repre-
sents a constant feedforward torque vector used to establish internal pretension. The term BAB*~!
implements inertia shaping by scaling the feedback signals, namely, the virtual elastic torques T
and motor-side damping forces D, 7, according to the desired scaled inertia B*. With this control
law, the closed-loop dynamics are rendered exactly equivalent to the target model given in Equa-
tions (3.4)—(3.6).

Setting motor pretension via o, and ¢,

The desired internal pretension in the antagonistic actuator is specified through a commanded stiffness
preset o4. Substituting the equilibrium state (3.9) into the closed-loop motor dynamics (3.5)—(3.6)
yields the required feedforward torques:

To,1 = T1(M,d — 4d) (3.18)
T0.2 = T2(1M2,d — qa) - (3.19)

Enforcing the pretension neutrality condition (3.8), i.e., 7,1 + To,2 = 0, leads to

7/;0(771,(1 —qd,M2,d — qd) = To,1 +To2 =0. (3.20)
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Assuming symmetric elastic characteristics, this condition implies

M,d+ M2,d = 24d - (3.21)

In addition, the desired stiffness preset is imposed as

M,d — "M2,d = 0d » (3.22)

which, by virtue of the kinematic constraint (3.11), is equivalent to prescribing #; — 05 = o4 in the
physical domain. Solving the linear system formed by (3.21) and (3.22) yields the equilibrium virtual
coordinates as explicit functions of the commanded pose and stiffness preset:

Ma=qd+ 304, (3.23)
Nod = qd — 304 - (3.24)

Since the virtual elastic torque ¢ retains the same functional form as the physical torque 1), the
equilibrium condition (3.21) corresponds geometrically to the intersection of the zero-torque contour
1 = 0 (depicted as a black dashed line in Figure 2.2) with the line defined by the prescribed og. For
instance, when o4 = 0.1 rad, the equilibrium point is located at the intersection of the purple line

(m1 — m2 = 0.1) and the black dashed line, fully determining the closed-loop equilibrium state (3.9).

Achieving desired link-side stiffness

A critical requirement of the controller is that the apparent stiffness at the link side, defined as
%ZX‘ o must equal the commanded stiffness K,. This property is established by the
follow?i;ltédil)lr_cﬁgld_ures.

Consider the application of a constant external torque 7ex; # O to a stable closed-loop system.
The system settles to a new static equilibrium (¢ = ¢*,m1 = nf,m2 = 13,4 = ¢ = 0,7; = 7j; = 0).
Substitution into the closed-loop link dynamics (3.4) gives

Ko(q" —qa) =} — ", n5 — ¢") = Text - (3.25)

Because the feedforward terms 7y 1 and 7 2 remain unchanged, the internal pretension condition (3.20)
continues to hold, implying

Y —a"m —q")=0. (3.26)
Substituting (3.26) into (3.25) yields
Ky(q" — qa) = Text - (3.27)
Defining Aq = ¢* — qq and ATexy = Texe — 0, it follows directly that

AText
=K,.
Aq 1

(3.28)

Thus, the closed-loop system exhibits precisely the commanded stiffness K at the link side under
static conditions, as required.
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3.2.3 Passivity and Stability Analysis

Output-strict passivity

The passivity of the closed-loop system under external interaction forces 7. 7 0 is now examined.
Following an energy-based physical design methodology, storage functions are constructed for both
the link and motor subsystems, referenced to the desired equilibrium dynamics specified in Equa-
tions (3.4)—(3.6). These storage functions are defined as

1. 1
Sy = 5Md* + 5 Ky(a — a)” (3.29)
1., 1.5 = . .
ST] = §B771 + §B772 + U(771ﬂ72>Q) ) (330)
where 7); := 1; — 1,4 and ¢ := g — g4 denote deviations from the equilibrium configuration, and

U (11,72, ) represents the potential energy associated with the virtual elastic coupling expressed in
deviation coordinates. The total stored energy of the closed-loop system is given by S = S, + 5.
The time derivatives of the individual storage functions are computed as

Sy = (Text — Dyd* + 14, (3.31)

Sy = (70,1 + T0.2) — Dyt — Dy — 4. (3.32)

By virtue of the pretension neutrality condition (3.8), which enforces 7 1 + 7 2 = 0, the feedforward
terms cancel identically, yielding

577 = _Dn,lﬁ% - DnQﬁ% - @Z_}q .

The term 1) ¢ represents internal power exchange between the motor and link subsystems, while ¢ Tex;
corresponds to power injected by the environment through the external torque. Summing the two
derivatives gives

S = Sq + Sn = ( Text — qu~2 - Dn,lﬁ% - Dn,Zﬁg < Text -
This inequality establishes the following result.

Proposition 1. The closed-loop system described by Equations (3.4)—(3.6) constitutes an output-
strictly passive mapping from the external torque input Ty, to the link velocity output q.

Proof. The inequality S < Text directly satisfies the definition of output-strict passivity, with the
storage function S serving as a valid Lyapunov-like energy function. The dissipation terms qu2,
D, 1173, and D, 213 ensure strict energy loss in the absence of external input, thereby confirming
output-strict passivity. O

Global asymptotical stability

The stability properties of the closed-loop system in the absence of external interaction (7ex; = 0) are
now addressed.

Proposition 2. The equilibrium point z., defined in Equation (3.9) is globally asymptotically stable
when Toy = 0.



3.3 Tendon-Coupled Multi-Joint System with FAS Actuation 39

Proof. Consider the Lyapunov function candidate V(z) = S = S, + S,. By construction, V(z)
is positive definite with respect to the equilibrium z.q, and radially unbounded, i.e., V(z) — oo as
|z|]] — oo, due to the quadratic kinetic terms of the potential energy U. With 7e, = 0, the time
derivative of V reduces to

V = —Dy¢* — Dy} — Dyams <0,

which is negative semi-definite. Application of LaSalle’s invariance principle reveals that the largest
invariant set contained in {z | V' = 0} is characterized by

q=0, m=0, 712=0.

Substituting these conditions into the closed-loop dynamics (3.4)—(3.6) with 7o = 0 yields ¢ = qq,
M = M4, and 72 = 1 4, corresponding precisely to the equilibrium z.q. Hence, all trajectories
converge to 2., establishing global asymptotic stability. O

3.3 Tendon-Coupled Multi-Joint System with FAS Actuation

The dynamics of the tendon-coupled multi-joint system under consideration are revisited from Equa-
tions (2.17a)—(2.17b), and restated here for completeness as

M(q)d+ C(q,q)q +g(q) = ¥(0,q) + Pex, (3.33a)
BO +1(0,q) = u, (3.33b)

where ¢ € R denotes the vector of joint positions, 8 € R™ represents the motor (or actuator)
coordinates, 1ex € R” is the vector of external interaction torques applied at the joints, and u € R"™¢
constitutes the control input vector applied at the motor side. The matrix M (q) € R™™"™ is the
configuration-dependent joint inertia matrix, assumed symmetric and positive definite; C(q,q) €
R™*™ encapsulates Coriolis and centrifugal effects; and g(q) € R™ accounts for gravitational torques.
The constant diagonal matrix B € R"™*" represents the reflected motor inertia, assumed identical
for all actuators for notational simplicity, though this assumption may be relaxed without loss of
generality. When the Coriolis matrix C(q, q) is constructed from the Christoffel symbols of the
first kind associated with M (gq), the well-known property that M (q) — 2C(q, ¢) is skew-symmetric
holds [120]. This property plays a fundamental role in energy-based control design and passivity
analysis.

The elastic coupling between motors and joints is mediated through nonlinear tendon transmis-
sions, giving rise to the joint-side elastic torque ¥ (0,q) € R™ and the motor-side elastic torque
7(0,q) € R™, which are defined respectively in Equations (2.6) and (2.7). These torques arise from
the deformation of compliant elements, such as series elastic actuators or tendon springs, and encode
the geometric and mechanical properties of the transmission architecture. A schematic representation
of the open-loop system dynamics is provided in Figure 3.2(a), illustrating the physical separation be-
tween the underactuated link dynamics and the fully actuated motor dynamics, coupled solely through
the elastic transmission network.
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Figure 3.2: (a) The original system dynamics of the last two joints in the index finger of the DLR neoDavid Hand,
corresponding to the mechanism shown in Figure 2.3 (a). (b) The resulting closed-loop dynamics when the proposed
controller is applied. This figure is adapted from [117].

3.3.1 Target Closed-Loop Dynamics

The control objectives for the tendon-coupled multi-joint system are formulated to achieve compliant,
stable, and physically interpretable interaction behavior while preserving the intrinsic mechanical
structure of the actuation architecture. Specifically, the design aims to:

(a) Impart desired stiffness K, and damping D, at the link side;

(b) Ensure asymptotic convergence of the joint configuration to a reference trajectory qq, i.e.,
q(t) — qqast — oo;

(c) Minimally alter the natural dynamics, elastic coupling, and transmission geometry of the phys-
ical system;

(d) Reduce the effective reflected motor inertia through scaling.

To realize these objectives, a target closed-loop dynamics model is prescribed, as illustrated schemat-
ically in Figure 3.2(b). This model takes the form

M(q)§+C(q,4)4d =L fie(n,q) — K4(q — qa) — Dyd + Pext, (3.34a)
B*ij + E fie(n,q) = —Dyn + 10, (3.34b)

where K, D, € R"*" and D,, € R™*"¢ are symmetric, positive definite, and bounded gain matri-
ces. The scaled motor inertia is defined as B* = B with scaling factor 5 € (0, 1], consistent with
the inertia-shaping methodology introduced in Section 2.3.2. The virtual motor coordinates € R"¢
are introduced to decouple the specification of link-side impedance from the physical motor states;
their construction is detailed in Section 3.3.2.

The feedforward torque vector 79 = FE f;9, where fig € R™ denotes the desired tendon ten-
sion profile, is selected to maintain positive tension in all tendons and thereby avoid slack. Notably,
gravitational effects are omitted from the target dynamics, as they are implicitly compensated by
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the equilibrium condition rather than explicitly canceled. This formulation achieves the desired in-
teractive behavior through minimal structural modification of the original dynamics given in Equa-
tions (3.33a)—(3.33Db).

Defining the extended state vector as

3 I R R

the equilibrium of the closed-loop system is obtained by imposing 2 = 0 and ey = O in Equa-
tions (3.34a)—(3.34b), yielding

LT.fte(n7 Q> - Kq(q - Qd) =0,

(3.35)
Efte("% q) = 70-

If the target tendon force vector fi, satisfies fi, € N(L"),ie., LT f;, = LT E~17y = 0, then the
unique equilibrium point of the system is given by

q4

Zeq = 0 , (3.36)
Na

0

where 74 is the solution to fi.(gq,mq) = fip. This equilibrium reflects a configuration in which
the link is positioned at the desired pose g, all velocities vanish, and internal tendon tensions are
maintained at a feasible pretension level that ensures the controllability of the transmission.

3.3.2 Control Design

This section presents the control strategy that enforces the target closed-loop dynamics specified in
Equations (3.34a)—(3.34b). The design is structured in two sequential stages: (i) a coordinate transfor-
mation from the physical motor coordinates @ to a set of virtual motor coordinates 77, which enables
independent specification of the desired link-side impedance; and (ii) the synthesis of a feedback con-
trol law that renders the closed-loop system equivalent to the target dynamics while ensuring stability
and passivity.

Coordinate transformation

To reconcile the original link dynamics (3.33a) with the desired form (3.34a), equality is imposed
between the generalized elastic torques acting on the link side:

LTft€(97q) = LT.fte(n7 q) +Td(Q7Q7qd)7 (337)
¥(0,9) ¥(n.9)

where the desired feedback torque is defined as

74(q,4,94) := 9(q) — K4(q — qq) — Dyq. (3.38)
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Equation (3.37) provides n scalar constraints relating the physical and virtual motor coordinates.
However, since the number of motor degrees of freedom satisfies ng > n, this system is underdeter-
mined and does not yield a unique mapping from 8 to 7). To resolve this indeterminacy, an additional
ng —n independent constraints are introduced by preserving the component of the tendon force vector
that lies in the nullspace of L :

N fie(n.q) = N f.(0,q), (3.39)
YN (1,9) YN (0,9)

where N € R™*("0~7) i a full-rank matrix whose columns span A'(LT). Under Assumption 2,
which ensures that L has constant rank, the combined set of equations is well-posed and yields ngy
independent relationships. Collecting both sets of constraints, the full transformation is expressed as
a system of nonlinear equations:

’l,b("% q) - w(ea q) + Td(q> ‘ja qd) =0,

¥n(n,q) —¥Yn(0,q) =0 } = h(q,4,94,0,m) = 0. (3.40)

The following proposition establishes the existence and uniqueness of this mapping.

Proposition 3. The system of equations (3.40) defines a unique coordinate transformation from (0, q)
to (n, q)-

Proof. The Implicit Function Theorem is applied to the mapping (3.40). Consider a solution point
(qo, 4o, qa, 00, m0), where g is constant due to the regulation setting. The theorem guarantees a
unique local solution n = 1(q, q, @) provided that:

(a) h(-)in (3.40) is continuously differentiable (C');
(b) the Jacobian g—’; is non-singular at the solution point.

Condition (a) holds under Assumption 1, which ensures the smoothness and convexity of the elas-
tic potential energy, and hence the C! continuity of 1) and 4. For condition (b), the Jacobian is
computed using the chain rule and the definitions of ¥ and ¥

oh\ LT Ofte(n, q)
det <877> = det <[NT]> det (877) . (3.41)

The first determinant is nonzero because L' and N form a full-rank decomposition of R™, a
consequence of Assumption 2 and the orthogonality between the row space of LT and its nullspace.
The second determinant is nonzero by Assumption 1, which implies strict monotonicity (and hence
invertibility) of the tendon force map with respect to motor deformation. Therefore, the Jacobian is
nonsingular, and the transformation is locally unique and invertible. If these conditions hold globally
over the admissible configuration space, the mapping is globally well-defined. O

With the coordinate transformation established, the corresponding velocity-level relationship is
obtained by differentiating (3.40) with respect to time. After algebraic rearrangement, the physical
motor velocity is expressed as

6 = A(q,0,m)n +a(q,4,4d,q4,0,n), (3.42)
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where the matrices A and a are defined as

EaNES
_ n
A= YN (0.9) () |’ (3.43)
90 | | on
[ ov(0,q) T -1 b} , (8, ) )
a— w(ge 4] wgz g - w('gq 4] . Td(q7 q, qd) (3 44)
| ovn(0.9) YN () _ 9N (8,9) .
80 i 6q aq

The invertibility of the block matrix in (3.43) follows directly from Proposition 3. A second time
differentiation of (3.42) yields the acceleration-level mapping:

0 = Aij+ An + a. (3.45)

This relationship provides the foundation for the subsequent synthesis of the control law, enabling the
substitution of physical motor accelerations in the original dynamics with expressions in terms of the
virtual coordinates and their derivatives.

Control law

Upon applying the CT to (3.33a), the link-side dynamics transforms into (3.34a). Substituting (3.45)
into (3.33b) produces:
BA”n+ Ba+ BAn+ Ef.(0,q) = u. (3.46)

Implementation of the control strategy:
u = Ba+ BA1 + Ef(6,q9) + BAB* ' (~Efi(n.q) — Dy +m) (347

eliminates undesired terms. Multiplying both sides by B*(BA)~! yields the target dynamics (3.34a)-
(3.34b). A block diagram representation is shown in Figure 3.3.

3.3.3 Stability and Passivity Analysis

Global asymptotic stability

The stability properties of the equilibrium point defined in Equation (3.36) are now analyzed. Con-
sider the following candidate Lyapunov function:

V =T(q,4,) + Ug(q) + Ue(n. q)

- %‘JTM(Q)Q + %ﬁTBﬁ + %(q —a4) Ky(q—q4) + Ue(n, ), G
where the constituent terms are defined as
T(q,4.1) = 54" M(a)d + 5" B, (3.49)
Uq(q) = %(q —q2)" Kq(a — qa), (3.50)
Ue(n,q) = Ue(n, q) — Vo, (3.51)

with the constant offset
Uy = (En—Lq)" fio = —Al(n,q9)" fuo.
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Figure 3.3: Block diagram of the proposed control law (3.47).

Here, T  represents the total virtual Kinetic energy of the link and motor subsystems, Uy, is the potential
energy associated with the desired impedance, and U, denotes the elastic potential energy of the
tendon network relative to a reference pretension state defined by f;g. The term Uy accounts for the
work done by the constant internal tendon forces f;o and ensures that the net torque contribution from
7o = Efio vanishes at the link side when f;o € A (LT). Under Assumption 1, which guarantees
strict convexity and smoothness of the elastic potential, the partial derivatives of U, satisfy

= T
(8Ue(n,q)> = —L" fie(n,q) + L fu, (3.52)
dq ;"
= T
(W) = Efi(n.q) — Efu. (3.53)

These identities reflect the physical consistency of the energy model with the force transmission
structure.

Proposition 4. In the absence of external interaction torques (1. = 0), the equilibrium point z.,
given in Equation (3.36) is globally asymptotically stable for the closed-loop dynamics (3.34a)—(3.34b).

Proof. The proof relies on LaSalle’s Invariance Principle (see, e.g., Theorem 3.5 in [150]). The
Lyapunov function candidate V' is continuously differentiable and, under Assumption 1, radially un-
bounded due to the positive definiteness of M (q), B, K, and the coercivity of U..
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The time derivative of V' along system trajectories is computed as

T T (00N (00N g SR
Vi=n Bitq Kfa—g)+a (5] +0 5| T4 Mla)d+5d M(g)q. G54
Substituting the closed-loop dynamics (3.34a)—(3.34b) and invoking the well-known property that
M (q) — 2C(q, q) is skew-symmetric (when C is derived from Christoffel symbols), the expression
simplifies to _
V= qT( —Cq+ LTfte - Kq(q - Qd) - qu + d’ext)
+n0' (= Dy + 70— Efic) + 4" Ky(q — q0)
. . 1o
+d" (=L fie) + 0" (Efie — 1) + -4 Mg

2
= —4'Dyg — 0" Dyt + 4 tpex,
where all elastic and potential terms cancel exactly due to the energy-consistent design of the target
dynamics. In the free-motion case (1)ex¢ = 0), it follows that V < 0, with equality if and only if
g = 0 and 17 = 0. Define the invariant set

R= {z € R2H200 | /() = o} .

(3.55)

Any trajectory remaining in R must satisfy ¢ = 0, 17 = 0, and hence g = 0, 7) = 0. Substitution
into the closed-loop dynamics yields

L' fie(n,q) = Kyo(q — qa), Efie(n,q) = 7o.

Given that f;o € N(LT), the unique solution to this system is ¢ = g4 and fi.(n,q) = fi0, which
corresponds precisely to the equilibrium zeq in (3.36). Thus, 2zq is the largest invariant subset of R,
and global asymptotic stability follows from LaSalle’s principle. 0

Remark 1. The stability of the equilibrium in the virtual coordinates (n, q) implies stability in the
original physical coordinates (6, q). This equivalence holds because the coordinate transformation
defined by (3.40) and its velocity-level counterpart (3.42) are smooth and unique mapping under the
conditions of Proposition 3.

Output-strict passivity

The passivity of the closed-loop system with respect to external interaction is now established. Since
V' is radially unbounded and bounded from below, there exists a constant ¢ € R such that the shifted
storage function V; = V 4 ¢ is positive semi-definite and suitable for passivity analysis.

Proposition 5. The closed-loop dynamics (3.34a)—(3.34b) define an output-strictly passive mapping
from the external torque input 1., to the joint velocity output q.

Proof. Differentiating V; along system trajectories and applying the same simplifications as in the
stability proof yields
Vo =~4"'Dyq— 1" Dy + 4 thex. (3.56)
Since D, is symmetric positive definite, there exists € > 0 such that qTqu > €q ' q. Consequently,
Vs < qT'lpext —€ ||(I||2,
which satisfies the definition of output-strict passivity from e to g. O

This passivity property ensures robustness against unmodeled dynamics and guarantees stable
interaction with passive environments, including human operators.
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3.4 Experiment: Interaction Test on a Single BAVS Joint

This section presents an experimental validation of the proposed impedance controller during physical
interaction between a human operator and a single-joint BAVS system. The test platform consists of
the forearm rotation axis of the elastic robot DLR neoDavid, which integrates a BAVS joint as its ac-
tuation mechanism. The experimental setup is illustrated in Figure 3.4. To isolate the dynamics of the
tested joint, the shoulder and elbow joints are regulated using a previously developed controller [151],
thereby preventing spurious oscillations from other degrees of freedom.

Figure 3.4: Experimental setup for evaluating impedance behavior under human interaction. The forearm of the elastic
robot DLR neoDavid is initialized at the desired configuration ¢ = gq4. The remaining joints (shoulder and elbow) are
stabilized using the ESPi controller reported in [151] to suppress undesired motion coupling © 2021 IEEE.

Damping parameters for both the link and motor subsystems are selected following the modal
damping approach described in [151]. Specifically, the link-side damping gain is set as D, =
2¢, \/qu , and the motor-side damping gains are defined by D, ; = 2§,/ k; B*, where k; denotes
the local stiffness expressed in the virtual motor coordinates 7;, and &, &, are prescribed damping
ratios. A motor friction observer [152, 153] is implemented throughout all trials to compensate for
unmodeled dissipative effects.

The external torque 7. exerted by the human subject on the link is estimated in real time using
a momentum-based disturbance observer [153]; an example of the estimated interaction torque is
shown in Figure 3.5. Experiments are conducted across four commanded link stiffness values, K, €
{5,15,25,50} N m/rad, under two distinct stiffness presets: o4 = 0.1 rad and o4 = 0.3 rad. The
complete set of control parameters is summarized in Table 3.1.

Table 3.1: Controller Parameters Used in Experiments

No. K, o4 & & B
[N m/rad] [rad]

1 5 0.1/03 05 0.1 03

2 15 0.1/03 05 0.1 03

3 25 0.1/03 05 0.1 03

4 50 0.1/03 05 0.1 03

It is observed that larger values of the stiffness preset o4 result in reduced peak magnitudes of
the achievable external torque 7.x. This limitation arises because increasing o, narrows the feasible
operating range of the link-side elastic torque 1, as illustrated in Figure 2.2 by comparing the torque
envelopes for o4 = 0 (red curve) and o4 = 0.1 (purple curve). Concurrently, the instantaneous
physical joint stiffness x(6; — ¢, 02 — q) is recorded throughout each trial, as depicted in Figure 3.7.
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Figure 3.5: Estimated external torque 7Tex acting on the BAVS joint for o4 = 0.3 rad. Colored traces correspond to
different commanded stiffness values K. For each trial, the interval [to, t1] denotes the duration over which Tex remains

positive © 2021 IEEE.

The relationship between the external torque 7.y and the link deflection error § = ¢ — qq is
presented in Figure 3.6. The apparent link-side stiffness, approximated as the slope ATex/Ag, is
obtained via linear regression (black dashed lines) over the quasi-static interaction segments. The re-
sulting stiffness estimates and their relative errors with respect to the commanded K, are summarized
in Table 3.2. The consistently low relative errors, within 4+-2.6% across all conditions, support the first
key conclusion: the realized link-side stiffness is governed exclusively by the controller parameter K,
and is decoupled from the underlying physical joint stiffness «.

Furthermore, the feasible range of link deflection ¢ is demonstrably constrained by the choice
of g4. As evident in Figure 3.6, trials with o4 = 0.3 rad (gray curves in the blue-shaded region)
exhibit a significantly smaller deflection envelope compared to those with 04 = 0.1 rad (colored
curves), confirming that o4 modulates the operational workspace without affecting the commanded
impedance.

Figure 3.7 compares the commanded stiffness K, with the instantaneous physical stiffness x over
the interaction intervals defined in Figure 3.5. A second important observation emerges: the effec-
tive link-side stiffness can be rendered either softer or significantly stiffer than the intrinsic physical
stiffness of the joint. For instance, when K; = 50 N m /rad and o4 = 0.3 rad, the achieved stiffness
exceeds the physical baseline by approximately a factor of three. Additionally, the stiffness preset o4
directly limits the dynamic range of the physical joint stiffness . This effect is visible in the ampli-
tude disparity between the upper plot (o4 = 0.1 rad) and the lower plot (o4 = 0.3 rad) in Figure 3.7,
where higher pretension reduces the variability of x during interaction.

These results collectively confirm that the proposed controller successfully realizes independent
regulation of link-side impedance and internal pretension, enabling versatile and predictable physical

human-robot interaction.
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Figure 3.6: External torque 7ex versus link deflection § = g — g4. Colored curves correspond to o4 = 0.1 rad; gray curves
(within the blue region) correspond to oq = 0.3 rad. The stiffness preset influences only the admissible range of deflection
(and thus maximal torque), while the slope, which reflects the achieved stiffness, remains consistent with the commanded
K, validating the impedance control objective © 2021 IEEE.
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Figure 3.7: Comparison between physical joint stiffness x(61 — ¢, 02 — q) and commanded stiffness K4. Four stiffness
profiles are shown for each preset: the top panel corresponds to o4 = 0.1 rad, the bottom panel to o4 = 0.3 rad. Data are
extracted over the time intervals indicated in Figure 3.5 © 2021 IEEE.

3.5 Simulations on Elastic Tendon-Driven Fingers

This section presents simulation-based validation of the proposed control strategy on the tendon-
driven index finger of the DLR neoDavid Hand [31, 44]. As illustrated in Figure 2.3(b), the finger
mechanism comprises 4 DoFs and eight degrees of actuation (DoA), with nonlinear tendon coupling
between motors and joints. The dynamic and elastic parameters used in the system model, Equa-
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Table 3.2: Experimental Results: Achieved Link-Side Stiffness

Desired K, [Nm/rad] Desired o4 [rad] A7e/Ag [Nm/rad] Relative Error [%]

5.0 0.10 4.87 -2.60
15.0 0.10 15.13 0.86
25.0 0.10 25.14 0.56
50.0 0.10 49.10 -1.80
5.0 0.30 4.92 -1.60
15.0 0.30 14.89 -0.73
25.0 0.30 24.52 -1.92
50.0 0.30 49.63 -0.74

tions (3.33a)—(3.33b), are taken directly from the physical robot’s specifications.

All simulations are implemented in MATLAB & SIMULINK using a variable-step Runge—Kutta
ODE45 solver. The damping matrices D, and I, are synthesized via modal damping ratios &, and
&), following the methodology in [101, Eq. (85)]. Derivatives of the inertia and Coriolis matrices are
computed using algorithmic differentiation techniques as described in [154]. Joint acceleration g and
jerk ¢®) are derived from the dynamic model and require an estimate of the external torque ey, as
detailed in Remark 2.

Remark 2. The joint acceleration and jerk are computed as:

d:Mil(w_Cq_g'i‘d’ext)a
¢¥ = M (= Mg~ Ciq—Cq—§+ o).

The coordinate transformation defined implicitly by Equation (3.40) is solved numerically at each
time step using the fmincon interior-point optimization algorithm. To emulate realistic sensing condi-
tions, zero-mean band-limited white noise (sampled at 1 kHz) is added to the measured joint positions
¢; and motor angles 6;. This noise propagates through numerical differentiation, resulting in approxi-
mate variances of 1 rad/s? for joint accelerations and 103 rad/s? for jerks. Two simulation scenarios
are conducted: (i) regulation to a desired configuration g4, and (ii) verification of the commanded
link-side stiffness K, under interaction.

3.5.1 Regulatory Behavior

The first simulation evaluates the regulatory performance of the proposed ESPi controller. For com-
parative assessment, the ESPi controller is benchmarked against the cascaded-structure (CS) con-
troller introduced by Chalon et al. [97], which addresses similar impedance control objectives for

elastic actuators. The CS control law for the open-loop dynamics (3.33a)—(3.33b) is given by
U =T — KT(T — 'Td) — D@é
(3.38) . ) . (3.57)
= g-Kyq-qi) - Dyq - K; [Efte — (g — K,(q—qq) — qu)] — Dy0,

where 1, denotes the desired link-side torque (i.e., the outer-loop impedance command) as defined in
Equation (3.38).
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Figure 3.8: Regulation performance comparison between the ESPi controller (with motor-side modal damping ratios &, =
0.2 and &,; = 1.0) and the cascaded-structure (CS) controller (o, = 1.0). From top to bottom: joint position error
4§ = q — qu, joint velocities ¢, and tendon forces fic(6,q). Att = 1 s, the reference configuration qq is updated; at
t = 4 s, a constant external torque ey is applied. The CS controller exhibits high-frequency oscillations in tendon forces,
as visible in the bottom subplot of the third column © 2022 IEEE.

Test setup

The test scenario begins with the finger in an open configuration (gg = 0°). Att¢ = 1 s, the reference
configuration is stepped to a semi-closed pose gg = [0, 40,60,40]" deg, as depicted in Figure 3.9.
Att = 4 s, a constant external torque ey, = |[—0.4,—0.25, —0.15, —0.05]" N'm is applied to
assess disturbance rejection. This sequence emulates natural finger closure followed by environmental
contact. Due to the significantly smaller link inertia relative to motor inertia, variations in the link-
side damping ratio £, have negligible impact on overall transient behavior. Consequently, §;,, = 0.6
is held constant across all trials. Motor-side damping is evaluated under two settings: &, = 0.2
(underdamped) and &, = 1.0 (critically damped). The commanded stiffness matrix is set to K, =
diag(3.5,2.5,1.0,0.5) N m/rad, approximating the mean intrinsic joint stiffness of the mechanism.
All tendons are initialized and maintained at a pretension force of f;, . = 40 N, corresponding to
one-third of the maximum allowable tendon load and satisfying f;o € N(LT).

For a fair comparison, the CS controller employs identical K, and D, as the ESPi controller.
The inner-loop gain K is tuned to match the steady-state regulation error of the ESPi controller over
t € [1,4] s. Furthermore, the motor-side damping matrices are aligned: Dy in (3.57) is set equal to
D,, from the ESPi law.
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Figure 3.9: Regulation test for the 4-DoF finger: (a) ESPi with &,, = 0.2; (b) ESPi with &,;;, = 1.0. The timestamps
correspond to the faded time axis in Figure 3.8. Adapted from [117].

Results and analysis

Simulation results are shown in Figure 3.8. Comparing the two ESPi configurations, the critically
damped case (§;;, = 1.0) eliminates overshoot in joint position error (first row) and significantly
reduces peak velocities (second row) relative to the underdamped case (5773' = 0.2). Tendon forces
remain strictly positive throughout, with smoother convergence to the target pretension under higher
damping (third row). The motion sequences in Figure 3.9 visually confirm the absence of oscillations
in the critically damped case.

During the regulation phase (¢ € [1,4] s), the tracking error g converges asymptotically to zero,
consistent with the global asymptotic stability result in Proposition 4. Upon application of the distur-
bance at t = 4 s, the system settles to a new equilibrium g* satisfying K,(g* — qq) = tex, yielding
g* = [-6.55,—5.73, —8.59, —5.73]°, in agreement with theoretical prediction.

Comparative assessment

While both controllers achieve comparable steady-state accuracy and disturbance rejection (Fig-
ure 3.8, third column), their transient behaviors differ markedly. The CS controller exhibits high-
frequency oscillations in joint velocities and tendon forces during transients, attributable to aggressive
inner-loop torque tracking without explicit energy shaping. Such oscillations may induce fatigue in
tendon materials and reduce mechanical longevity [155].

In contrast, the ESPi controller produces smoother tendon force profiles, despite slightly larger
initial force excursions at ¢ = 1 s. Both controllers demonstrate robustness to sensor noise and
effective regulation under perturbation. These results corroborate the theoretical stability and pas-
sivity properties established earlier and highlight the practical advantage of the ESPi architecture in
promoting mechanical durability through energetically consistent control.
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Figure 3.10: Relationship between external torques 1. and link-side position errors § = q — qq. Colored curves
correspond to different commanded stiffness values K, (in [N m/rad]). Dashed black lines indicate ideal stiffness slopes.
Achieved stiffness estimates Aex,; /Ag; are reported in the top-left corner of each subplot. Adapted from [117].

3.5.2 Interaction Behavior

The second simulation validates the controller’s ability to realize prescribed impedance characteristics
during dynamic interaction. The finger is held at a fixed reference pose g4, while sinusoidal external
torques ey are applied. The achieved stiffness is estimated via linear regression of t)ex; versus g;,

yielding the slope At)ey,i/Ag; for each joint i.

Test setup

The same parameter set as in the regulation test is employed:
* & = 0.6,
s & = 1.0,
* g4 = [0,40,60,40]" deg, and
* K, = diag(3.5,2.5,1.0,0.5) Nm/rad.

Sinusoidal external torques of amplitude [0.8,0.5,0.3,0.1]7 Nm are applied at 1 Hz, a frequency
representative of typical human manipulation speeds. Tendon pretension remains fixed at 40 N.

Results and analysis

Figure 3.10 shows that the achieved stiffness closely matches the commanded values across all joints.
However, the data points deviate slightly from the ideal linear relationship (dashed black lines), form-
ing elliptical hysteresis loops rather than straight lines. This behavior arises because the sinusoidal
excitation maintains non-zero velocity and acceleration throughout most of the cycle; quasi-static
conditions, required for pure stiffness characterization, are only momentarily satisfied at the extrema

of the sinusoid.
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Consequently, the measured torque—deflection relationship reflects a combination of elastic and
inertial/damping effects, manifesting as phase-shifted ellipses. Despite these dynamic contributions,
the major axis of each ellipse aligns closely with the commanded stiffness slope, confirming that the
dominant impedance behavior is accurately imposed. This demonstrates the controller’s effectiveness
in achieving desired interactive compliance even under continuous, dynamic interaction.

3.6 Summary

This chapter introduces an Elastic Structure Preserving impedance (ESPi) control framework for
BAVS actuators and tendon-driven systems with nonlinear elastic couplings. Building on the ESPi
concept from [137], the controller imposes desired link-side stiffness and damping while preserving
the system’s intrinsic inertial and elastic properties.

For BAVS actuators, motor pretension is achieved via constant internal torques with opposing
signs, ensuring link-side torque invariance under stiffness modulation. Motor-side damping sup-
presses oscillations, and stability and passivity are rigorously analyzed using physically motivated
storage functions. Experimental validation on the DLR neoDavid forearm joint demonstrated robust
compliance during human interaction.

While the design for the BAVS joint highlights the proposed controller’s ability to impose de-
sired impedance behavior for actuators with symmetric antagonistic drives, tendon-driven mecha-
nisms introduce additional challenges due to nonlinear elastic couplings. Extending the controller to
this domain requires reinterpreting motor coordinates to encode link-side impedance, allowing the
closed-loop dynamics to preserve the underlying elastic structure with minimal shaping. This gener-
alization enables global asymptotic set-point regulation and output-strict passivity, enhancing energy
efficiency and robustness. Simulations on a tendon-driven finger validated set-point accuracy and
disturbance rejection, though friction (unmodeled) may induce steady-state errors without compen-
sation. Practical implementation requires motor position sensing, tendon elongation estimation, and
external torque measurement.






Finger Flow (FF): Reactive Reach-While-Grasp
Motion Generation

Humans exhibit a remarkable capacity to grasp both static and dynamically moving objects through
seamless, one-shot motions. They adapt fluidly to external perturbations and recover autonomously
from failed attempts without explicit planning. In stark contrast, robotic systems equipped with multi-
fingered hands typically employ rigid, precomputed “reach-then-grasp” pipelines. These sequential
strategies not only produce slow and unnatural motion patterns but also severely limit the robot’s re-
sponsiveness to unexpected changes in object pose. Moreover, open-loop execution, common in such
approaches, often culminates in grasp failure when real-world conditions deviate from assumptions.

Driven by this disparity, this work addresses (Gap 2), as outlined in Section 1.3, which encom-
passes two specific gaps:

(a) Dynamic grasping of objects undergoing unpredictable motion in free space: Despite ad-
vances in robotic manipulation, no existing method has demonstrated robust, real-time grasping
of freely moving objects with arbitrary trajectories using a fully actuated hand—arm system.

(b) A lightweight geometric abstraction for high-DoF hands that enables real-time, finger-
aware reaching: The intricate geometry of anthropomorphic hands impedes rapid motion
planning. To date, there exists no computationally efficient representation that facilitates online
collision avoidance between fingers and the target object during reaching.

Figure 4.1 provides a conceptual illustration of these challenges. From a hand-centric viewpoint,
the task of reactive reach-and-grasp can be interpreted as guiding an object, whose motion is uncer-
tain, toward a stable attractor within the hand’s configuration space. This attractor lies within a basin
of attraction (denoted by the green dot), where successful grasping occurs while actively avoiding
collisions with the fingers and palm. To bridge these gaps and fulfill the research objectives outlined
as (G2)—(G3) in the introduction, this chapter introduces the following contributions (C3)—(C4):

1) Finger Flow (FF): A reactive motion generation framework that unifies reaching and grasp-
ing into a single, continuous action. Leveraging real-time visual estimates of object pose and
proprioceptive feedback from finger joints, FF dynamically coordinates both arm and hand
motions. Crucially, the embedded hand motion controller continuously modulates end-effector

55
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(b) Online
finger-avoidant

reachin
s (a) Object in

unpredictable motion

Figure 4.1: From a hand-centric perspective, the reactive reaching motion can be viewed as guiding an object displaying
unpredictable motion toward an attractor, where it eventually settles within the basin of attraction (green dot) while avoiding
fingers and palm.

pose to prevent premature contact between fingers and the object during approach. The en-
tire algorithm operates at over 3 kHz on low-power mobile processors, enabling true real-time
responsiveness.

2) Formal theoretical guarantees establishing both asymptotic convergence to the target and guar-
anteed avoidance of finger-object collisions, specifically for stationary spherical objects.

3) Extensive real-world validation on the DLR robot neoDavid [44], including: (i) more than 130
trials grasping a static object on a tabletop; (ii) dynamic interception and grasping of cylindrical
bottles moving unpredictably in 3D space, with median peak velocities exceeding 0.7 m/s; and
(iii) 58 successful human-to-robot handovers under diverse interaction modes, ranging from
cooperative to adversarial, without task-specific reconfiguration.

4) Comprehensive simulation-based evaluations, including quantitative comparisons against Position-
Based Visual Servoing (PBVS) and open-loop variants of FF, as well as parametric studies ex-
amining the influence of hand hull simplification, object dimensions (cylindrical geometries),
and surface friction properties.

To guide the reader through the chapter, Section 4.2 introduces the proposed methods and gives an
overview of the proposed framework. Section 4.3 introduces the concept of the hand hull, which
serves as the foundation for Section 4.4, where the first thread, a hand motion generation, is pre-
sented. The second thread, finger motion generation, is detailed in Section 4.5. Section 4.6 validates
our approach through real-world experiments on the DLR robot neoDavid, with discussions of the
experimental results and supporting simulation studies. The chapter closes with concluding remarks
in Section 4.7.

Publication Note

The content of this chapter is based on the following publication

e [156] X. Meng, H. Maurenbrecher, A. Albu-Schiffer, and M. Keppler, "Finger flow:
Reactive Reach-while-Grasp Generation for Robotic Arms with Multi-Fingered Hands",
in Robotics and Autonomous Systems, 2025.

Parts of this chapter reuse figures from publications by the author that are licensed under
Creative Commons Attribution 4.0.
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4.1 Challenges

Robust and fluid robotic manipulation demands dynamic, reactive reaching and grasping capabilities.
Key objectives include: (1) enabling reliable interception of moving objects [70]; (2) improving grasp
success through real-time adaptation to perturbations in object or robot states [20]; and (3) support-
ing natural human-robot interaction via integrated strategies such as simultaneous reach-and-grasp
during dynamic handovers [8]. Achieving these goals hinges on three pillars: reliable mechatronic
design, high-bandwidth sensing and control [157], and computationally efficient online re-planning
frameworks [3, 17] that allow continuous adaptation to evolving task conditions.

Conventional robotic grasping systems typically adhere to the classic “sense—plan—act” paradigm
[13], a framework consistently observed across decades, from early work by [2] to recent studies
like [3]. In this paradigm, grasping unfolds in two sequential phases: first, the arm moves to a
precomputed grasp pose near the object; second, the fingers close to secure the object. These stages
are often executed open-loop using time-parameterized trajectories: sampling-based planners (e.g.,
[158]) generate collision-free arm motions, followed by interpolated or optimized finger motions, with
transitions governed by event-triggered logic. While conceptually simple, this decoupled strategy is
brittle under uncertainty. Unforeseen disturbances, whether from object motion, sensor noise, or
actuation delays, frequently invalidate the initial plan, leading to grasp failure unless rapid replanning
or reactive correction is possible.

Although recent advances in real-time grasp synthesis, such as [66, 67, 159], have enabled end-to-
end generation of grasp poses and finger configurations at up to 50 Hz on physical hardware (spanning
parallel-jaw grippers to 15-DoF anthropomorphic hands), a critical gap persists: the lack of efficient
online motion planning that can track a continuously evolving grasp target in real time.

Fast online reaching planning for arms

Most methods for grasping moving objects assume predictable trajectories, e.g., via learned motion
models [5] or dynamical systems (DS) that anticipate interception points [4, 72]. These fail when
motion is erratic or perturbed. While Position-Based Visual Servoing (PBVS) [68] offers reactive
correction using pose feedback, it often ignores hand geometry, which can lead to finger—object col-
lisions with dexterous hands. Lightweight planning tools (e.g., potential fields, navigation functions,
DS controllers) exist but are typically limited to simple end-effectors. A real-time, finger-aware
reaching framework for high-DoF hands under unpredictable motion remains absent.

Finger-arm coordination in fluid grasping and reaching

Human reach-and-grasp involves tightly coupled arm and finger coordination [73], enabling fluid
adaptation. Although joint control via deep reinforcement learning has been explored [3], practical
deployment is hindered by sim-to-real gaps and computational cost. Most real-world systems still
employ decoupled strategies, where fingers close only after the arm reaches a trigger condition (time-
or distance-based). These lack geometric awareness and frequently collide with fast-moving objects,
undermining robustness.

Maximizing grasp success despite sensing uncertainties and execution errors

Dynamic grasping must tolerate sensing noise and actuation errors. Rather than demanding perfect
state estimation, systems can exploit geometric constraints, such as the bean-bowl principle [160],
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Figure 4.2: Finger Flow: achieving grasp-while-reaching behavior. The fingers form a U-shaped cage (adapted from [162,
Fig. 3]) during reaching.

where environment shape passively guides objects into stable poses. Recent work extends this via
dynamic caging [161], using evolving hand configurations to topologically constrain object motion
without full immobilization. Such strategies significantly enhance grasp reliability under uncertainty
but are underutilized in reactive manipulation pipelines.

4.2 Methods and Framework Overview

To address gaps (a) and (b), we develop methods based on the following three core design ideas.

4.2.1 Core ldeas

Idea 1: Unidirectional object—to-finger-to-arm coordination

Tackling gap (a) demands tight coordination between finger and arm motions. Human prehension
research shows that finger shaping often initiates before and actively shapes subsequent arm trajectory
adjustments during reach [163, 164]. Guided by this insight, finger motion is generated by modulating
finger aperture solely based on the distance between the object and a fixed attractor located on the
palm. This enables automatic adaptation to varying approach speeds. Concurrently, hand motion
planning integrates both the current object state and finger configuration to continuously reshape the
reaching path. The result is a unidirectional coordination cascade—object — fingers — arm—in
which the arm naturally adapts to both object dynamics and finger configuration without explicit
timing or synchronization logic.

Idea 2: Hand cage — prioritizing robustness over optimality under uncertainty

Drawing from the conceptual framework in [160], a key strategy for addressing (a) is to prioritize
robust, sub-optimal grasps over globally optimal but fragile ones!. The human hand inherently acts

!“Fragile grasps” refer to configurations that satisfy static criteria like force closure [23] but are prone to failure in
dynamic or uncertain conditions.
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as a hand cage, suggesting that fingers should be pre-shaped into a semi-enclosing configuration
during approach.

From a hand-centric viewpoint, the manipulation task becomes one of guiding the object toward
an attractor until it settles within its basin of attraction (see Figure 4.1). As the object nears the
attractor, fingers progressively close, enabling a seamless transition from an initial caging posture,
such as a U-shaped hand envelope, to a final enveloping grasp (e.g., a power grasp), as depicted in
Figure 4.2.

Idea 3: Hand hull — enabling fast, finger-aware collision avoidance

To fulfill requirement (b), we introduce a unified, continuous, finger-dependent geometric abstraction
termed the hand hull. This surrogate model compactly represents the combined shape of the palm
and fingers across all configurations, offering a lightweight alternative to detailed mesh-based colli-
sion checking. Tailored for high-DoF, multi-fingered hands with complex kinematics, the hand hull
supports real-time, collision-aware motion generation and directly enables the coordination scheme
outlined in (Idea 1).

This chapter focuses on spherical and cylindrical objects. These primitives are selected for two
primary reasons:

* They represent a broad class of convex objects that can be accurately approximated by a single
spherical or ellipsoidal bounding volume.

* They permit rigorous theoretical analysis of convergence and collision avoidance while retain-
ing analytical tractability.

In Section 4.6.5, we outline a pathway for generalizing the proposed framework to more complex
object geometries—a direction left for future investigation.

4.2.2 Overview

Finger Flow
Visual Tracker Reactive Grasping Motion Generator Motion Controller
. Object-to-hand relative Fi ioint
. Ob] ect position and orientation Fi nger Motion Thread Iggseirtilgr:n Camera
i - reference .
Tracking | 30, S State-dependent transition between Finger
i hand cage and power grasp Jgg:; torgue
Object Robot
Desired finger joint . Arm
position (power grasp) Hand Motion Thread _ ‘
Generate | 0 iy | T
Desired object-to-hand ! | Guiding flow generation | il Velociwy veloctty
grasp  iposition and orientation reference — reference
Hand angular iplicati State feedback:
R R loci joint position,
| Orientation regulator I Leloctty Body Nelociy, etc
Jacobian ¢
System T ) inverse Finger joint
3 kHz -
. position
| Hand hull computation |
; 3 kHz |
Signal o
+ Hand pose Hand pose; video streaming

Figure 4.3: The block diagram of Finger Flow (FF) framework, where the middle block is the main contribution. In Motion
Controller: [101, 103] are used for arm control, [165] for finger control; In Visual Tracker, [166] is implemented for object
pose visual tracking.
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Figure 4.3 presents the complete architecture of the proposed system, organized into three princi-
pal modules that jointly process real-time feedback from both the robot’s proprioceptive sensors and
an external vision system.

Visual tracker

A real-time visual object tracker provides continuous estimates of the 6D relative pose (position and
orientation) between the target object and the robotic hand at a rate of 30 Hz. This component builds
upon the framework described in [166] and serves as the primary perceptual input for downstream
motion generation. Accurate and low-latency pose estimation is critical to enabling reactive behavior
in dynamic scenarios.

Finger Flow — A reactive motion generator
The core of the proposed approach is implemented through two parallel execution threads:

* The Hand Motion Thread computes a collision-aware body velocity command for the end-
effector. It integrates real-time measurements of finger joint angles, the current 6D hand pose,
and the visually estimated object pose (see Section 4.4 for details). This ensures that the hand
trajectory continuously adapts to avoid premature contact between fingers and the object during
approach.

* The Finger Motion Thread synthesizes adaptive finger trajectories based on the distance be-
tween the object and a fixed attractor on the palm, a mechanism grounded in design (Idea 1) and
elaborated in Section 4.5. The resulting joint position references are forwarded to the low-level
finger controller for execution.

Together, these threads realize a unified, reactive reach-and-grasp motion generation that operates
without discrete planning phases or explicit state machines.

Motion controller

This module translates high-level motion references into executable torque commands. Specifically, it
receives: (i) desired finger joint positions for grasp execution [165], and (ii) a reference body velocity
for the arm, derived from the Hand Motion Thread. The latter is converted into joint-space velocity
via left-multiplication with the inverse of the body Jacobian. These joint velocities are then processed
by an impedance-based arm controller [ 101, 103], which, alongside the finger controller, outputs joint
torque commands dispatched directly to the actuators.

Remark 3. The grasp synthesis component (“Generate grasp” in the diagram) lies outside the scope
of this contribution. Throughout this work, we assume that a target power-grasp configuration, spec-
ified as desired finger joint angles, and the corresponding object-to-hand relative pose are provided
a priori. For approaches to grasp pose generation, whether model-based [ 167 ] or data-driven [112],
the reader is directed to the broader literature on grasp planning.

4.3 Hand Hull: A Simplified Hand Mesh

The objective is to derive a computationally efficient yet geometrically accurate mesh approximation
suitable for hand-reaching motion generation, enabling real-time collision avoidance between fingers
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and an approaching object. Given that fingers, rigidly attached to the palm, can be represented as
primitive shapes arranged in tree-like kinematic structures, a single continuous 3D hull is introduced
as a unified obstacle representation. In the subsequent development, the following assumption is
adopted regarding the target object:

Assumption 4. The object is modeled as a sphere with radius r,.

rectangles ellipses

‘ |
e o

sectors

(b) 2D simplified fingers:
(a) Planar fingers primitive shapes in a tree structure (c) 2D hand hull (d) Hand hull is not
self-intersecting

Figure 4.4: Illustration of the 2D hand hull concept. (a) Planar fingers and a circular object of radius ro. (b) Fingers
approximated by primitive shapes (ellipses, rectangles, and circular sectors). (¢) The extended hand hull incorporates the
object radius ro, effectively reducing the object to a point. (d) The hull remains non-self-intersecting even when fingers
Cross.

4.3.1 2D Hand Hull

To convey the underlying principle, a planar configuration is considered wherein two fingers are
approximated by a single 2D hull.

Approximation of planar fingers through primitive shapes Under Assumption 4, the object is
treated as a circle of radius rg, as shown in Figure 4.4(a). Each finger is decomposed into three
categories of primitive geometric elements: ellipses for fingertips, rectangles for finger links and
palm segments, and circular sectors for articulation junctions, illustrated in Figure 4.4(b). These
primitives are organized into a kinematic tree structure, with their placement and orientation updated
based on current joint angles. The dimensions of each segment, specifically width and length, are
calibrated to ensure complete coverage of the original hand geometry while minimizing unnecessary
voids between the hull and the actual mesh; detailed design criteria are provided in Appendix B.1.

2D Hull: Approximation via an extended hull To simplify collision detection between the object
and finger primitives, the problem is reformulated by expanding the finger hull outward by a margin
equal to the object radius rg, as depicted in Figure 4.4(c). Under this transformation, the spherical
object is reduced to a point, and collision avoidance is recast as maintaining separation between
this point and the expanded hull. This geometric reinterpretation facilitates the construction of a
guiding vector field that directs the object toward a designated attractor (indicated by the green dot in
Figure 4.4(c)). The formulation of this vector field is detailed in Section 4.4.

4.3.2 3D Hand Hull

While the planar finger model offers a useful simplification, anthropomorphic hands exhibit inherently
non-planar kinematics due to multi-finger arrangements and higher degrees of freedom. Nevertheless,
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Figure 4.5: (a) The spatial hand hull D is defined as a surface of revolution generated by rotating a 2D kinematic tree,
dependent on a rotation angle, about a fixed hand-aligned axis. Regions interior to and on the hull are annotated. (b) Full
360° revolution of the generatrix, with color encoding height variation along the axis of revolution.
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Figure 4.6: Hand hull D constructed for the Shadow Dexterous Hand, showing three representative rotated planes.

the 2D hull concept can be extended to three dimensions through a surface-of-revolution approach,
inspired by axially symmetric geometries such as cones.

Definition 3. The hand hull D is defined as a surface of revolution [168], formed by rotating a set of
2D primitive shapes, rectangles, ellipses, and sectors, arranged in a single serial kinematic tree on
a half-plane about a hand-fixed axis over the interval o € [0,2m). The resulting solid of revolution

is denoted DY, and its boundary surface is denoted DP, consistent with the region classifications in
Table BA4.

This 3D representation consolidates multi-finger kinematic information into a unified tree struc-
ture. Each physical finger segment, including the palm, is encoded by the position and orientation of
corresponding 2D primitives within the rotating plane. These primitives are parameterized not only
by joint configurations but also by the rotation angle «, which identifies the meridional plane inter-
secting the actual fingers (see Appendix B.1.3 for implementation details). By allowing the lengths
of the 2D primitives to vary with «, the hull accurately envelops complex anatomical features such as
the hypothenar eminence and interdigital spaces, yielding a continuous 3D volume around the hand
axis (further elaborated in Appendix B.1.2).

The formulation is agnostic to specific hand morphologies or kinematic architectures. Conse-
quently, the hull can be adapted to diverse hand types and updated in real time based on joint feed-
back. An instance of the hull applied to the Shadow Dexterous Hand is shown in Figure 4.6. In certain
configurations, such as during a power grasp, the hull may not fully enclose all finger segments, as
illustrated in Figure 4.11(d). This behavior is intentional: it prevents self-intersections in the hull
geometry (cf. Figure 4.4(d)) and ensures continuity of the guiding motion even as the fingers close
around an object.

4.4 Hand Motion Generation

This section presents a guiding flow formulation for generating hand-reaching motions. The reaching-
motion generation problem, introduced in Section 4.4.1, is cast as the design of two coupled dy-
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namical systems that jointly realize a target pose, specified through grasp synthesis, by coordinating
translational and rotational motion. In Section 4.4.2, a semi-tangent flow is proposed to generate
object-centric translational motion relative to a given hand hull (see Definition 3). The corresponding
hand motion command is then obtained by inverting this flow and augmenting it with an orientation
regulator, as described in Section 4.4.3. A formal proof establishing convergence and collision avoid-
ance for static, unperturbed spherical objects is provided in Section 4.4.4. Notably, finger motion
during arm reaching is not considered in this formulation; the hand configuration, and thus the hull,
is assumed fixed during the approach phase.

4.4.1 Problem Statement

The synthesis of an approaching motion is formulated as the concurrent design of two dynamical
systems: one governing translational dynamics and another regulating rotational alignment.

Translational Motion Letx = (21,72, 23) €  C R? denote the position of the object’s geometric
center (GC), denoted P, expressed in the hand-fixed frame {H}. The domain Q := B(x*,c) is a
bounded ball centered at the desired GC location x* (denoted P,), as prescribed by a grasp planner,
with radius 0 < ¢ < oco. A first-order autonomous dynamical system is sought to govern the evolution
of P:

& = fi(z), 4.1)
where f;: Q0 — R3 satisfies the following objectives:

(O1) Convergence: The trajectory x(t) asymptotically approaches the attractor x*, i.e., ||x(t) —
x*|| - 0ast — oc.

(02) Collision-free guiding: Throughout the motion, the object remains outside the hand hull D
(see Definition 3), ensuring no penetration of the fingers during approach.

Rotational Motion Let R, € SO(3) represent the orientation of the object-fixed frame relative
to the hand frame {# }. The goal is to define a dynamical system

w=f.MR,), 4.2)

where f.: SO(3) — R3, such that *R,(t) — "R, 4 as t — oo, with "R, 4 € SO(3) specified
by the grasp synthesis module. The translational flow field is developed in Section 4.4.2, while the
orientation regulation strategy is detailed in Section 4.4.3.

4.4.2 Semi-tangent Flow: An Attractive and Collision-Avoiding Translational
Velocity Field for the Object

A semi-tangent flow is introduced to generate a reference translational velocity field for the object,
leveraging the hand hull D as a geometric representation of obstacles. This field guides the object
toward the desired location P; while guaranteeing avoidance of collisions with the fingers. The
design integrates a globally attractive linear vector field with a locally reactive tangent component
that deflects trajectories along the hull boundary.
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Figure 4.7: Overview of hand translational motion generation. (e) Two types of planes are defined based on the object’s
position relative to the dorsal plane (light grey), which separates the palmar and dorsal sides of the hand. The dynamic plane
is spanned by the hand-fixed axis and a vector from the origin to the object’s geometric center, whereas the static plane
is fixed to the hand and spanned by the hand-fixed axis and a user-defined guiding axis (g). The semi-tangent flow (c) is
constructed within these planes by combining a global linear attractor (a) with a local tangent component (b) that enforces
collision avoidance along the hand hull. The spatial realization of the flow is shown in (f). For objects on the palmar side,
the dynamic plane yields convergent motion (d). When the object lies below the palm and the static plane does not intersect
it consistently, an orthogonal correction drives the object toward the plane, enabling a collision-free side approach (h) from
the world frame perspective. The hand motion command is derived by reversing the semi-tangent flow.
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Given that the hand hull D is constructed as a surface of revolution generated by rotating a 2D
kinematic tree about a fixed axis, the synthesis of a 3D collision-avoiding flow can be reduced to the
design of a 2D flow on each meridional (rotated) plane. This dimensional reduction holds when the
object lies above the dorsal plane, as illustrated in Figure 4.7(e).

Guiding axis

When the object is positioned beneath the dorsal plane, a guiding axis must be explicitly defined (see
Figure 4.7(g)). This axis encodes a preferred approach direction, enabling user-specified strategies
such as lateral or side grasping, as demonstrated in Figure 4.7(h).

Remark 4. For instance, when reaching toward a cylindrical object resting on a tabletop, a side
approach typically yields higher success rates than a top-down motion. Such an approach reduces
sensitivity to timing errors in finger closure and enhances robustness to pose estimation uncertainties,
properties reminiscent of caging-based grasps.

Accordingly, the formulation distinguishes between two geometric regimes: objects located on
the palmar side (above the dorsal plane) and those on the dorsal side (below it).

Prior to addressing these cases, the hand-fixed coordinate frame {#} is formally defined, as
depicted in Figure 4.8(a). The xjx2-plane coincides with the dorsal plane. The x3-axis aligns with
the rotational symmetry axis of the hand hull D, oriented such that its positive direction points away
from the palm. The origin O is placed at the intersection of the x3-axis and the dorsal plane. The
positive x1-axis serves as the guiding axis: it lies within the dorsal plane, passes through the origin,
and is directed toward the midpoint of the middle fingertip. This axis is user-configurable and reflects
the intended approach semantics; an example consistent with a side-grasping strategy is illustrated in
Figure 4.2.

Object on palmar side (xz3 > 0)

When the object is positioned above the palm (x3 > 0), motion generation is formulated on a dynam-
ically defined plane that adapts to the object’s current location.

Definition 4 (Dynamic plane). Let v denote the vector from the origin O of the hand-fixed frame {H }
to the object’s center of mass (CoM) position x. The plane spanned by r and the x3-axis is referred
to as the Dynamic Plane (DP), illustrated as the blue plane in Figure 4.8(a). The angle between the
DP and the x1x3-plane is denoted by c.

Remark 5. The DP is undefined when r is collinear with the xs-axis, that is, when the object lies
directly on the hand-fixed symmetry axis. This degenerate case is explicitly handled in the final
dynamical system design.

Remark 6. When the spherical object intersects the DP through its geometric center, the intersection
vields a circular cross-section of radius ro. Simultaneously, the DP slices the 3D hand hull D along
the meridional plane corresponding to rotation angle o, reproducing the 2D generatrix used in the
hull’s construction.

Within the DP, the object’s geometric center is represented in a local 2D coordinate system z =
col[z1 z2] T € €, where Q, = B(2*,¢,) C R? with 0 < ¢, < oo. The planar semi-tangent flow is
constructed in three sequential stages.
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Figure 4.8: (a) Definition of the hand-fixed coordinate system {#} and associated planes. (b) Owing to the rotational
symmetry of the hand hull, only half of the dynamic plane (DP) is displayed for clarity. Key regions on the DP include
Ro, whose solid of revolution constitutes the interior of the hull Dy, and R, representing the exterior region; its solid of
revolution is denoted D;. Sample integral curves are shown for three initial object positions (@, @, @).
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Stage 1: Global linear attractive flow A globally attractive linear vector field is first defined on
the DP:

a3z

= frw(z) = —Asz=— [“121] , (4.3)

where the tracking error is Z = z — z*, and the attractor Py is placed on the hand-fixed axis such that
2* = col[0 23] . The gain matrix

A, = diag(ai,as) = 0, witha; > as, 4.4)

ensures that convergence along the zo-direction (parallel to the symmetry axis) is no faster than along
z1. This property is instrumental in the convergence analysis presented in Lemma 2.

Stage 2: Region partitioning and tangent Flow A critical region R is defined on the DP, as
shown in Figure 4.8(b). This region is constructed by rotating a line, initially aligned with the zo-axis
and passing through the attractor P, clockwise about P, until it first contacts the hand hull boundary.
The resulting supporting line is denoted s; (see (B.32) for its analytic form). The area bounded
by the z9-axis, the line s1, and the domain boundary OS2, (including all edges) constitutes R (see
(B.17)). The adjacent exterior region between s; and the z;j-axis, lying outside the hull, is denoted
R1, while the region below the palm is labeled D- (see Table B.4 for full set definitions). Since
potential collisions are confined to R during approach, the linear flow (4.3) is retained unchanged
within this region.

In R4, a tangent flow e(z) € R? is introduced (see Figure 4.7(b)). This flow assigns to each
point z € R1 a unit vector tangent to the hand hull boundary, providing a local direction that avoids
penetration. Closed-form expressions for e(z) are given in (B.21) and derived in Appendix B.2. The
flow is constructed to ensure continuity across the interface s1, as evidenced by the integral curve
originating from initial position (2) in Figure 4.8(b); further details are provided in Appendix B.2.3.

Stage 3: Semi-tangent flow construction A composite flow, termed the semi-tangent flow, is syn-
thesized to blend the global attraction of f; ,, with the local collision-avoidance behavior of e(z). This
is achieved by locally rotating the linear flow via a state-dependent rotation matrix R(y(z)) € SO(2),
where

cosy —sinvy
R(v) = .
™) [sin ¥ cosvy ]

The rotation angle y(z) € (—m, 7) modulates the influence of the tangent direction based on proxim-
ity to the hull, yielding the final planar dynamics:

T _ | cos(y)arz + sin(y)asZ
¢=-R (=)Az2= [— sin(y)aiz; + COS(’y)Cnggl ’ “45)
where 7(z) is defined as
1(2) = n(T'(2)) - 0(2). (4.6)

Here, I'(z) is a smooth distance function measuring the signed distance from z to the nearest fin-
ger segment center (see (B.35) and Figure 4.9(a-b)). The transition function n(-) € [0,1] is user-
configurable and smoothly interpolates between the linear and tangent regimes; an example is pro-
vided in (B.34), with implementation details in Appendix B.2.4.
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The base rotation angle 7o (z) encodes the angular deviation between the linear flow and the
tangent direction at z:

Jiulz) elz) t’“’(z)Te(z)) , @)

[ ft.0(2) |

where /A denotes the 2D exterior (wedge) product, generalizing the scalar cross product. The denom-

Y0(2) = sgn (fr,w(z) A e(2)) arccos (

inator is non-zero for all z € R, ensuring well-definedness.
The resulting semi-tangent flow exhibits two key properties:

* On the hull boundary (z € RP), the flow aligns with the tangent direction while preserving
the magnitude of the linear field: 2 = e(2) - || fr,w(2)|, with v(2) = 10(2) (see left panel of
Figure 4.9(a)).

* Far from the hull (z — 0S2.), the flow reverts to the pure linear attractor, i.e., y(z) — 0 (see
right panel of Figure 4.9(a)).

The complete planar dynamical system for the palmar side is thus defined as a piecewise-smooth
map g : . — R%:
. ft, (Z) ifZGRo,
—R'(v(z))Ayz ifzeR;.
Remark 7. By construction, the tangent flow e(z) aligns with the linear flow f; ,,(2) along the
interface s1. Consequently, vyo(z) = 0 on s1, and the two expressions in (4.8) coincide. This ensures
continuity of the vector field over Rog U 'R 1.

Object on dorsal side (x5 < 0)

When the object lies below the dorsal plane (23 < 0), motion generation is defined relative to a fixed
reference plane tied to the hand’s geometry.
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Figure 4.10: Geometric interpretation of the 3D semi-tangent flow: the global linear velocity v is rotated about the normal
vector n(x) of the dynamic or static plane by angle ~.

Definition 5 (Static Plane). The hand-fixed Static Plane (SP) is defined as the plane spanned by the
x1- and x3-axes, illustrated as the green plane in Figure 4.8(a).

A globally attractive linear dynamical system is first prescribed in the full 3D space:
rT=-Ax, T=x—x", 4.9)

where the attractor * = (0,0, 23) corresponds to the spatial embedding of the planar target 2* =
(0, 23) from (4.3), with 5 = z3. The gain matrix is chosen as

A = diag(ay,a1,a3) > 0, (4.10)

ensuring isotropic attraction in the x1—x2 plane and potentially slower convergence along the sym-
metry axis xs.

For objects not lying within the static plane, the velocity field is modified only in the component
parallel to the SP (z;x3-plane). The orthogonal component—along the xo-axis—remains governed
by the original linear dynamics. Specifically, the in-plane velocity vector (iy,3)" is rotated by an
angle (1, x3), constructed analogously to the palmar case via (4.6), with the mapping z; = x; and
z2 = x3. This rotation preserves the magnitude of the in-plane flow while redirecting it to avoid the
hand hull.

The resulting 3D semi-tangent flow f : Q2 — R3 is given by

cos(y)a1 &1 + sin(y)azZs
a1Z2 = -Ry(7)Az, (4.11)
—sin(y)a1 &1 + cos(y)asTs

8-
Il
|

where R,,(y) denotes the rotation matrix about the normal vector n of the static plane. The normal
is

n=col[010]", 4.12)

and the rotation is computed using Rodrigues’ formula:

R (7) = I3xz + siny [n]x + (1 — cosy) [n]%, (4.13)
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with the skew-symmetric operator

0 —n3 N9
n]x = | ng 0 -m
—nN2 ni 0
Geometrically, this operation rotates the linear velocity vector v = —A® (shown in red in Fig-

ure 4.10) about the SP normal n (black arrow) to produce the semi-tangent flow f (light green), as
visualized in Figure 4.10. Notably, when the object is initialized below the dorsal plane (x3 < 0), the
integral curves of this vector field drive it toward the plane x3 = 0, after which the motion transitions
into the palmar regime. This behavior is illustrated in Figure 4.7(f).

Figure 4.11 presents the full spatial realization of the semi-tangent flow for two representative
hand configurations: open (a—c) and closed (d—f). The left and right columns show the hand hull D
overlaid with dynamic planes (blue, labeled by rotation angle «) and the static plane (green). Stream-
lines depict the integral curves of the designed vector field on each respective plane, demonstrating
consistent collision-free guidance across diverse postures.

4.4.3 Guiding flow for the hand

This section presents the complete dynamical systems that realize the objectives stated in (4.1) and
(4.2), culminating in a velocity reference for hand motion generation.

For objects located on the palmar side (x5 > 0), the mapping from the 3D hand-fixed coordinates
x to the 2D dynamic plane coordinates z is defined as

. Z1| _ |cosa sina 0 z, 4.14)
29 0 0 1

N

where the rotation angle « is computed as
o = mod (atanZ(:rg, x1), 27r),

with atan2(y,x) € [—m,m) denoting the four-quadrant arctangent and mod(-, 27) ensuring o €
[0, 27). This mapping is valid for all € € Dy U Dy \ D,, where the set

Do={x€Q|x1=0,20=0, 3 > 23} (4.15)

excludes configurations where the object lies on the hand-fixed symmetry axis above the attrac-
tor—precisely the degenerate case in which the dynamic plane is undefined (see Remark 5).

Since the object remains confined to its associated dynamic plane during motion on the palmar
side, the angular coordinate « is constant along trajectories, i.e., & = 0. Furthermore, the matrix
N satisfies NN T = I,,,. Differentiating (4.14) with respect to time and substituting the planar
dynamics from (4.3) and (4.5) yields the 3D representation of the palmar-side flow:

&t=—-N"R'(v(Nxz))A/N . (4.16)
S(x)

Consequently, the full 3D dynamical system for the palmar regime is expressed as

“4.17)

— col [O, 0, as(zs — xg)]—r ifx € Dy,
—S(2)& if 2 € Dy UD; \ D,



72 Chapter 4 Finger Flow (FF): Reactive Reach-While-Grasp Motion Generation

e e

)WM\

A ] I 77 ;
2 [m] o b 21 [m]

- & /// =7 &%

T\ Ui
2 [m] 2 [

0.1 0.2
ent fl wo finger configurations (a—c) d hand (d-f)
(a—c) olumn (d-f) e hand hull D with dyna ( ith rot: an, )
(green). S nt integ rves of the



4.4 Hand Motion Generation 73

Combining this with the dorsal-side dynamics from (4.11) leads to a unified definition of the semi-
tangent flow over the entire domain (2:

Definition 6 (Semi-Tangent Flow). The semi-tangent flow f; : Q — R3, governing the evolution of

the object’s geometric center x, is defined as

_A:i: UCCC € Da)
= fi(x) = —S(x)x ifx € Dy UD; \ Dy, (4.18)
—R,(y(x))AZ otherwise,

where: A = diag(ai,a1,a3) > 0 is given in (4.10), S(x) is defined in (4.16), R,,(-) is the rotation
matrix from Rodrigues’ formula (4.13), n = [0 1 0] " is the normal to the static plane (4.12), ~(x) is
the modulation angle from (4.6).

Velocity reversal

The semi-tangent flow f;(x) prescribes a desired velocity for the object under the assumption that
the hand remains stationary. To generate a corresponding motion command for the hand, the object’s
reference velocity is reversed:

v = —fi(x). (4.19)

This reversal yields a translational velocity reference that drives the hand toward the object while
respecting collision constraints encoded in the hand hull.

Orientation regulator

To ensure rapid alignment of the hand’s orientation with the desired grasp pose, an orientation regu-
lator is designed to converge significantly faster than the translational dynamics. This fast rotational
response is physically realizable through low-inertia actuation modes (e.g., forearm or wrist rotation)
and ensures that the assumption of a circular cross-section remains valid not only for spherical objects
but also for cylindrical ones when viewed along the approach direction.

Following the potential-field approach in [169, 170], the desired angular velocity is defined as

w, = asym (HRode), (4.20)

where asym (M) = (M — M ") extracts the skew-symmetric part of a matrix, and the co-stiffness
matrix is
G=itr(K)I - K, K =diag(k:, ko, k3) 0.

The desired orientation HRo,d € SO(3) is obtained via hand-eye calibration from the grasp generator
and real-time object pose estimates (see footnote in original text for transformation details). Stacking
the translational and rotational components yields the full body-frame velocity reference for the hand:

Xr =

”7“] . (4.21)

wr

In scenarios where the object exhibits measurable motion, denoted by its body velocity x,, the hand
reference is augmented to maintain relative pose consistency:

Xhand = Xr + Xo-

Here, x, generates the attractive, collision-free reaching motion, while x, synchronizes the hand
with the object’s motion induced by external dynamics.
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Remark 8. In practice, accurate estimation of X, is challenging due to limited sensor refresh rates
and noise in numerical differentiation of pose measurements, particularly in dynamic interaction
scenarios such as human-to-robot handovers, tethered objects, or unpredictable disturbances. For
the experimental validation presented in this work, the object is assumed stationary, i.e., X, = 0, and
Xr from (4.21) is used as the final motion reference.

A summary of the overall flow computation is provided in pseudocode form in Algorithm 1.

Joint velocity reference

The body-frame velocity reference . is mapped to joint-space via the hand’s body Jacobian J €
R6*™ (expressed relative to frame {#}) to yield the arm joint velocity command:

Gor = J¥xr + (I — J#T) Goun, (4.22)

where J# = J T(J J T)_1 denotes the right Moore—Penrose pseudoinverse, and g,,1 € R" repre-
sents a nullspace velocity component. The design of nullspace behaviors is outside the scope of this
work and is assumed to be either zero or governed by secondary tasks.

Algorithm 1 Hand Motion Generation via Semi-Tangent Flow

Input: Current object pose in the hand-fixed frame (* Rp, ), desired grasp pose (" Ro 4, *), and
current finger joint configuration qy.
Output: Body-frame velocity reference for the hand, x, = [v,] w,]".
1: while A stable grasp has not been confirmed. do

2 D <« Update hand hull using q > See Definition 3
3 fi+ —A(x —x) > Initialize global linear field, (4.9)
4 ifx € Dy UD; \ D, then

5: z+ Nz > Map to dynamic plane, (4.14)
6 e < Tangent flow at z > (B.21)
7 v+ n((2)) - v(2) > Modulation angle, (4.6)
8 fi+— —S(x)(x —x) > Palmar semi-tangent flow, (4.16)
9 else if x € D, then

10: fi+— —A(x — x) > Axial linear flow
11: else

12: fi — —Ru(y(z)) Az — x¥) > Dorsal semi-tangent flow, (4.11)
13: end if

14: v — —f; > Velocity reversal, (4.19)
15: w, + asym (M Ro «G) > Orientation regulator, (4.20)
16: xr — [v,] w]T > Compose body velocity, (4.21)

17: end while

4.4.4 Convergence and Collision Avoidance

The dynamical systems defined in (4.8) and (4.11) are shown to satisfy the objectives (O1) conver-
gence and (02) collision avoidance stated in Section 4.4.1. The analysis is restricted to translational
dynamics, as rotational regulation is decoupled and assumed to operate on a faster timescale.
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Uniqueness of integral curves

Lemma 1. Consider the autonomous dynamical systems governed by (4.8) and (4.11). For any
bounded initial condition (0) € Q) (or z(0) € Q,), there exists a unique integral curve x(t) (respec-
tively, z(t)).

Proof. The proof follows the framework established in [131, pp. 388] and proceeds in two steps: (1)
establishing Lipschitz continuity of the vector fields, and (2) verifying uniqueness of solutions across
switching surfaces in the sense of Filippov [131, 135, 136].

Step 1: Lipschitz continuity Consider two states x, ' belonging to the same region of the domain
partition (e.g., both in Ds). It suffices to show that the vector field f satisfies

1f(z) = f(=')]| < L]z — o' (4.23)

for some finite constant L > 0.
For the dorsal-side flow (4.11), the difference between vector field evaluations is

If (@) = f(2')| = | Rn(y(x)) AZ — Rn(v(z)) AZ'|. (4.24)
Applying the triangle inequality yields

If () = f@)]| < [I[Rn(v(2)) — Bn(v(x))]AZ]

(4.25)
+ [[Rn(y(2) A(z — 2)|.

The modulation angle (), defined in (4.6), is Lipschitz continuous; this is established in Ap-
pendix B.2.5. Thus, there exists L., > 0 such that

y(x) — ()] < Ly||z — a'||. (4.26)

By the mean value theorem for matrix-valued functions [171, Theorem 5.9] and the smooth depen-
dence of R, (y) on «y via trigonometric terms in Rodrigues’ formula (4.13), there exists Lr > 0
satisfying

| Rn(y(2)) = R (v(&))l| < Lrly(z) - y(2)]. (4.27)

Since x € 2 = B(x*, ¢), the tracking error is bounded: ||Z|| < ¢ < oo, and thus ||AZ|| < c||A]|.
Combining these bounds,

IR (v(2)) = Rn(v(x)]AZ|| < 2¢L)Le| Alllz — 2. (4.28)
For the second term in (4.25), the orthogonality of rotation matrices implies
| Ru(v(2) Az — 2| < | Allllz — /|| (4.29)
Substituting (4.28) and (4.29) into (4.25) establishes (4.23) with Lipschitz constant
L = (2¢LyLr+1)||A|| = (2¢L,Lgr + 1)a, (4.30)

since ||A|| = a; for A = diag(ai, a1, a3) with a; > ag > 0.
An analogous argument applies to the planar vector field g(z) in (4.8) over Rg U R1, confirming
its Lipschitz continuity.
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Incorrect estimated hull
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causing unwanted inward flows
at the switching boundary 25 = 0

Figure 4.12: When the estimated configuration of the finger joint is smaller than the lower bound, this may create a tangent
flow that crosses the switching boundary zo = 0 from the palmar side to the dorsal side.

Step 2: Uniqueness across switching surfaces Consider an initial state (0) € D2 (i.e., below the
palm). The hand hull construction assumes a lower-bounded finger joint configuration (g; > ¢min),
as detailed in Appendix B.1.3 and illustrated in Figure 4.12. This ensures that the hull does not
degenerate and that no spurious outward or inward flows arise near the switching plane z3 = 0.

To verify solution uniqueness in the Filippov sense, the consistency of the flow across the interface
x3 = 0is examined. Letn,, = [0 0 1] denote the normal to the switching plane. The inner products
of the velocity field with this normal satisfy:

:i?Tnxg >0 asxg— 0" (dorsal side),

2"m., >0 asz — 07 (palmarside, withn., = [01]").

Thus, the vector field points strictly from the dorsal to the palmar side across 3 = 0, and no sliding
mode or ambiguity arises. This directional consistency guarantees a unique Filippov solution through
the switching surface.

Combining Lipschitz continuity within regions and uniqueness across boundaries concludes the
proof. 0

Proof of objective (O1): Convergence to the attractor

The convergence of trajectories to the desired attractor Py (i.e., &* or z*) is established through the
following auxiliary result and main theorem.

Lemma 2. The region Ry is an invariant set under the dynamics defined in (4.8).
Proof. See Appendix B.3.1. O

Theorem 1. Consider the autonomous dynamical systems defined by (4.8) and (4.11). For any initial
condition (0) € , the corresponding trajectory x(t) converges to the attractor x* as t — oo.

Proof. The proof proceeds by partitioning the domain €2 into three disjoint cases based on the initial
object position, as illustrated in Figure 4.8(b):

(C1) z(0) € Ry (e.g.. D),
(C2) 2(0) € Ry (e.g., @),
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(C3) x(0) € Dy = {z € Q| 23 < 0} (e.g., Q).

It is shown that all trajectories eventually enter the invariant set /%y and subsequently converge
exponentially to z*. The regions are traversed in a fixed sequence: D, — R; — Ry, ensuring global
convergence.

Case (C1): Initial state in Ry. Within Ry, the dynamics reduce to the linear system (4.3):
z=—-A)(z—z%),

where A, = diag(ay,as) > 0 with a; > as. Since — A is Hurwitz, the origin of the error dynamics
is exponentially stable. Consequently, z(t) — z* as t — oc.

Moreover, by Lemma 2, R is invariant. This invariance is guaranteed by the design choice a; >
a3, which ensures that convergence along the z;-direction is at least as fast as along zo, preventing
trajectories from exiting R through the boundary s;.

Case (C2): Initial state in R,;. Three properties ensure finite-time convergence to Rg:

* No crossing of the switching plane x3 = 0: The lower-bounded finger joint configuration
(¢ > Qgmin, see Appendix B.1.3 and Figure 4.12) ensures that the hand hull remains well-
defined and that the vector field (4.5) does not drive the object across x3 = 0.

* Attraction toward the interface s;: The tangent flow e(z) (defined in (B.21) and detailed in
Appendix B.2) is constructed such that trajectories in R are guided toward the boundary s .

* Uniform lower bound on velocity magnitude: The norm of the semi-tangent flow satisfies
[R(v(2))A/ (2 — 2)|| > as|z3] > 0,

for all z € R4, since 25 = x5 > 0 by construction. This guarantees that the object reaches s
in finite time #1 < oo.

Upon reaching s, the trajectory enters R, after which convergence to z* follows from Case (C1).

Case (C3): Initial state in D> (z3 < 0). Analogous reasoning applies:

* The lower-bounded joint configuration and the design of the dorsal-side flow (4.11) prevent
pathological behaviors near the fingertip.

* The velocity field is uniformly bounded below in magnitude:
| Rn(v(z) Az — *)|| > as|z3| > 0, Va € Dy,
ensuring that the object reaches the switching plane x3 = 0 in finite time ¢y < oo.

* By the consistency of the vector field across x3 = 0 (established in Step 2 of Lemma 1), the
trajectory crosses into the palmar half-space (x3 > 0) immediately after ¢ ¢, entering either R
or Ry. Subsequent convergence follows from Cases (C2) or (C1), respectively.

Thus, for any x(0) € €2, the trajectory x(t) converges to «* as t — oo, satisfying Objective (O1). [
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Proof of objective (02): Collision avoidance

Collision avoidance is guaranteed by ensuring that the object trajectory never penetrates the interior
of the hand hull D. Since the regions Ry and D, (formerly denoted Ro) are defined to lie entirely
outside the hull or within safe convergence zones (see Figure 4.8(b) and Table B.4), it suffices to
analyze trajectories initialized in R, where the object is in proximity to the hull boundary.

Theorem 2. Consider the dynamical system defined by (4.5). Let the initial state satisfy z(0) € R,
with z(0) lying on or outside the hand hull D (as per Definition 3). Then, for all t > 0, the trajectory
2(t) remains outside the interior of D; i.e., z(t) ¢ D/,

Proof. Collision avoidance is established by verifying that the vector field does not point into the hull
at any point on its boundary. Let z, € R? N R, denote a point on the boundary of the hand hull
within the region R4, and let n(z;) be the outward-pointing unit normal vector to D at z;, (defined in
(B.22)).

A sufficient condition for non-penetration is that the velocity vector g(z;) satisfies

n'(z)g(z) > 0,

which ensures that the flow is either tangent to or directed away from the hull—consistent with stan-
dard conditions in obstacle avoidance literature [53, 54, 172].

By construction of the semi-tangent flow (4.5), at any boundary point z;, the velocity aligns with
the local tangent direction:

9(z0) = —[| Ay (2 — 27) e(2s),

where e(z;) is the unit tangent vector (see Figure 4.9(a), left panel). Since the normal vector n(z)
is orthogonal to the tangent vector by definition,

n'(

zp)e(zp) = 0.

It follows that
n'(z)9(z) = = As(z = 2| - n' (z)e(2) = 0.
T
Thus, the flow is everywhere tangent to the hull boundary in R, and no trajectory can enter the
interior D/. Combined with the fact that initial conditions are assumed to lie outside or on D, this

guarantees collision-free motion for all ¢ > 0, satisfying the objective (O2). O

4.5 Finger Motion Generation

Reactive finger motions are generated through an object-state-dependent transition function e(x) €
[0, 1], which smoothly interpolates between a hand-cage configuration gy , (defined in Section 4.5.1)
and a target power-grasp configuration gy 4 (assumed to be provided by a grasp planner; see Re-
mark 3). The interpolation is modulated by the Euclidean distance between the object’s current posi-
tion « and the attractor *. This behavior is illustrated in Figure 4.13.

The resulting finger joint reference is given by

arr(x) = e(x) gra+ (1 —e(x)) qy,0, (4.31)
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Figure 4.13: The transition function ¢(x) enables smooth interpolation between the hand-cage and power-grasp configu-
rations based on object proximity to the attractor.

which is relayed to the low-level finger controller (e.g., as implemented in [165]). The overall signal
flow is depicted in Figure 4.3.
The transition function is designed as

e(x) = exp( —(x—2)"Qf(x — az*)), (4.32)

where Q¢ = 0 is a constant positive-definite matrix that governs the sensitivity of grip aperture to the
object-to-attractor distance. The matrix @y is selected heuristically to ensure that the object is fully
enclosed within the hand cage before significant finger closure occurs.

By construction, as the object recedes from the attractor (|| — x*|| — ¢, with x € B(z*,¢c)),
the transition function satisfies € — 0, and the reference converges to the open hand-cage posture:
asr — qy,.. Conversely, as the object approaches the attractor (|| —x*|| — 0), it follows that e — 1,
and the reference transitions to the power-grasp configuration: qz, — qy 4.

Remark 9. In practice, the selection of Q y must account for uncertainties in object pose estimation,
arising from visual tracking latency or noise, as well as mechanical effects such as joint friction,
which may delay actual finger response relative to the commanded reference.

@

Figure 4.14: (a) A valid hand-cage configuration forming a concave, bowl-like enclosure. (b—d) Invalid configurations: (b)
irregular finger placement lacking coherence, (c) excessive thumb abduction disrupting cage continuity, and (d) fragmented
finger arrangement yielding disjoint sub-cages.
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4.5.1 Selection of the Hand-Cage Configuration

The hand-cage configuration gy, defines the finger posture during the approach phase. While no
universal mathematical definition exists due to variations in anthropomorphic hand kinematics and
object geometry, the primary design criterion is to form a geometrically coherent, concave workspace
around the palm that facilitates reliable object capture during motion.

A common and effective choice is a bowl-shaped configuration, in which the index finger, the
little finger, and the thumb together form a smooth, continuous concavity. This is illustrated by a
five-fingered humanoid hand with 20 degrees of freedom (4 per finger: 3 for flexion/extension and 1
for abduction/adduction). The following guidelines are adopted:

* Minimal or no abduction/adduction for the index to little fingers, with slight flexion at the
metacarpophalangeal (MCP) joints to initiate curvature.

* Significant abduction of the thumb at its base joint to oppose the fingers and complete the cage
structure.

* All joint angles are maintained above a lower bound (g7, > gmin > 0) to preserve hull validity
and avoid degenerate postures, consistent with the assumptions in Figure 4.12.

This configuration is illustrated in Figure 4.14(a). In contrast, Figure 4.14(b)—(d) depict non-viable
alternatives: (b) lacks structural coherence, (c) features a hyper-abducted thumb that breaks cage
continuity, and (d) results in two isolated sub-cavities rather than a unified enclosure—each failing to
satisfy the functional requirements of a hand cage.

4.6 Experimental Validation, Simulation Study, and Discussion

Three experimental scenarios were conducted to evaluate whether the proposed Finger Flow (FF)
framework satisfies the stated objectives of convergence, collision avoidance, and robust grasp execu-
tion. The experimental outcomes are analyzed to highlight key insights, while the practical strengths
and limitations of the framework are critically discussed.

The evaluation encompasses the following scenarios:

1. Stationary tabletop object: The robot performs a grasp on a static ketchup bottle placed at
random positions and heights on a table.

2. Unpredictably moving object: The robot attempts to grasp a bottle suspended from a rope,
subjected to external perturbations that induce irregular spatial motion.

3. Interactive human-to-robot handover: A human operator hands over the bottle to the robot
under two conditions, cooperative (unpredictable motion) and adversarial (evasive or disturbed
motion), to assess robustness in dynamic interaction.

In all experiments, a standard ketchup bottle (mass: 500 g, height: 30 cm, diameter: 5 cm) with
homogeneous mass distribution is used as the target object. Its 3D mesh (OBJ format) is assumed
known and provided to the visual tracking system. The object remains within the robot’s reachable
workspace and is continuously visible within the camera’s field of view throughout each trial.
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Figure 4.15: Post-grasp continuous pouring motion used to validate grasp stability. This sequence follows the framework
in Figure 4.3 and is executed only in physical experiments. Parameters are listed in Appendix B.4.2.

Grasp stability assessment

Grasp success is evaluated through a post-grasp pouring motion that transitions smoothly from the
final power-grasp configuration. A grasp is deemed stable if the object remains securely held through-
out the entire pouring sequence without slippage or loss of contact.

As illustrated in Figure 4.15, this motion serves as a functional verification of grasp integrity
and is applied exclusively in experimental validation (not in simulation). During the final approach
phase, visual pose estimation becomes unreliable due to occlusion between the object and the hand.
To address this, grasp confirmation is based on proprioceptive feedback: specifically, the estimated
external joint torques 7; ex¢ must exceed a minimum threshold 7; i, for at least 1 second, and the
number of engaged finger joints n. must satisfy n. > nmin. Once this condition is met, the system

transitions to the pouring action in open-loop mode, assuming a stable grasp has been achieved.
Implementation details of the pouring motion are provided in Appendix B.4.2.

System setup

The FF framework is implemented on the right arm (5 active degrees of freedom) and right hand (20
degrees of freedom) of the DLR humanoid robot neoDavid [44], which features variable stiffness
actuators (VSAs) across its kinematic chain [118]. The wrist joints (DoFs 6-7) and torso are fixed
during experimentation to simplify control and reduce computational load. A summary of system
parameters is provided in Table B.5.

Two reference signals are generated in real time:

* Arm joint velocity reference q, . (see (4.22), with Jacobian Jr € R3%5 reflecting the 5 active
arm joints);

¢ Finger joint position reference gy, (see (4.31)).

These references are dispatched to dedicated low-level controllers. The arm controller is im-
plemented within a unified MATLAB/Simulink model using the Elastic-Space Programming (ESP)
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Figure 4.16: Experimental setup on the DLR robot neoDavid. The Azure Kinect camera is head-mounted. The right arm
has five active DoFs; the hand has twenty. The torso is fixed. Coordinate frames: world (W), camera (C), hand (H), object
(O). Axes (x1, 2, x3) are colored red, green, and blue, respectively.

framework [101, 103]. The hand controller employs a cascaded architecture comprising an inner-
loop tendon force regulator and an outer-loop joint-space impedance controller. Both models are
auto-generated into C code and executed on two real-time PCs (Intel® Core™ i7-1185G7 @ 3.00
GHz) at a control frequency of 3 kHz. Forward kinematics and dynamics computations for neoDavid
are performed at 1 kHz using the libraries described in [173].

Visual perception is enabled by an Azure Kinect RGB-D camera mounted on the robot’s head in an
eye-to-hand configuration (see Figure 4.16). Object pose estimation leverages the M3T library [166]2,
which fuses 3D mesh models and kinematic priors to robustly estimate the 6-DoF pose of rigid and
articulated objects under partial occlusion and motion blur. In this setup, the ketchup bottle’s pose,
comprising position 2 and orientation * R,,, is tracked at 30 Hz using the provided OBJ mesh, running
on a separate workstation (Intel® Core™ i9-11900K @ 3.50 GHz).

4.6.1 Experiment 1: Grasping a Stationary Tabletop Object

The ketchup bottle was placed at random positions on a circular table of diameter 0.8 m, arranged in
a9 x 9 grid as shown in Figure 4.17. The table height was varied across three levels: 0.90 m, 1.00 m,
and 1.10 m. The robot arm was initialized in random configurations above the table, ensuring the
object remained visible to the camera throughout the approach. A total of 150 trials were conducted,
50 at each height, with trials discarded if the visual tracker lost the object during the approaching
phase. After filtering, 132 valid trials were retained for analysis. Representative successful trials are

Zhttps://github.com/DLR-RM/3DObjectTracking
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Figure 4.17: Placement regions for the stationary tabletop experiment. The bottle is randomly positioned within one of
nine marked zones (1-9) at heights between 0.9 m and 1.1 m.

illustrated in Figure 4.20, while a detailed failure case is analyzed in Figure 4.21.

Grasp success rate

The spatial distribution of outcomes is shown in Figure 4.18, where green markers denote successful
grasps and red markers indicate failures. An overall success rate of 87.3% (115 out of 132 trials) was
achieved. Performance across regions and heights is summarized in Figure 4.19.

Notably, the closed-loop nature of the Finger Flow (FF) framework enabled recovery from tran-
sient disturbances. For instance, in the failed trial depicted in Figure 4.21, the system re-engaged
the moving object after an initial collision, a behavior not possible under open-loop control. How-
ever, once grasp confirmation was erroneously triggered (based on torque estimates), the subsequent
pouring motion proceeded in open-loop mode, preventing further correction and ultimately leading
to object drop. This highlights a key limitation: while FF ensures a robust approach and collision
avoidance, final grasp verification remains sensitive to proprioceptive sensing fidelity.

Transient object motion within the hand cage

A core design principle of the semi-tangent flow is to tolerate sub-optimal intermediate grasps to
maximize overall success under real-world uncertainties, including perceptual noise, unmodeled ob-
ject dynamics, and actuation errors. To evaluate this, the object’s transient motion within the hand
cage was analyzed across all successful trials using kinematic data and video verification.

As shown in Figure 4.22, the object typically exhibited either sliding or rolling toward an in-cage
equilibrium as the hand advanced and fingers closed. Rolling, characterized by significant rotation
about the bottle’s principal axis, occurred in 57% of successful trials, often when the arm operated
near singular configurations. In these cases, limited hand mobility allowed fingers to gently “hook”
the object into the cage, promoting stable contact formation and yielding a smaller final position
error relative to the attractor (2.7 & 1.8 cm). Sliding, occurring in 43% of trials, was observed when
the object entered the cage aligned with the symmetry axis, resulting in slightly larger errors (3.2 £
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Figure 4.18: Spatial distribution of initial object positions (projected onto the horizontal plane) for Experiment 1. Green:
successful grasps; red: failures. Due to perception noise in the world frame, some projections appear outside the physical
table boundary. Overall success rate: 87.3% (115/132).

2.5 cm). Despite these variations, both behaviors led to functional grasps, validating the robustness
of the proposed approach.

Failure analysis

Of the 17 failed trials (13%), two primary failure modes were identified, often co-occurring:

Collision during approach (14/17 trials). Most collisions involved the thumb sliding against or
adhering to the bottle surface. These incidents stemmed from inaccuracies in the hand hull approxi-
mation, primarily due to uncertainties in elastic joint position estimation. The DLR neoDavid hand
employs tendon-driven variable stiffness actuators, for which joint position is inferred indirectly via
tendon length and force models. This introduces greater uncertainty compared to rigid hands with

table height | NN 0.9 m NN 1.0 m Lim |

T T T T T =
Il
R1 R2 R3 R4 RS R6 R7 R8 R9

Figure 4.19: Grasp success rate by region and table height. Regions near the table center exhibit higher reliability, whereas
edge regions exhibit higher failure rates due to arm kinematic constraints.
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Figure 4.20: Selected moments from three successful trials in Experiment 1. The orange arrow indicates the trajectory
of the hand-fixed attractor P;. (a) Trial #1: Rapid approach (At = 0.403 s) with concurrent orientation alignment and
synchronized finger closure. Bottom left: Sequence showing the object sliding into the hand cage during finger closure,
accompanied by rotation about the vertical axis. (b) Continuation of Trial #1: Stable power grasp (classified as “large
diameter” per [162]) confirmed, followed by continuous pouring motion (not the focus of this work).

Figure 4.21: Analysis of a failed trial in Experiment 1. @—)@: Collision with the thumb causes object displacement.
@—)@: Closed-loop tracking enables the arm to follow the rolling object as it temporarily exits the reachable workspace.
@—)@: Erroneous torque-based grasp confirmation leads to premature transition to a precision (fingertip) grasp. @—):

Open-loop pouring motion begins; the unstable fingertip grasp fails under dynamic loading, resulting in object drop.
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Figure 4.22: Transient in-cage motion of the object during successful grasps. The error is quantified as the Euclidean
distance between the object’s center and the attractor Py.

Table 4.1: In-cage motion characteristics across all successful trials (n = 115).

Behavior Sliding (43%) Rolling (57%)
Distance to attractor 3.2+ 2.5cm 2.7+ 1.8 cm

direct joint encoders. Although the hand hull includes safety margins to account for such errors,
residual inaccuracies, particularly in thumb configuration, can still lead to unintended contacts.

The silicone fingertip covering enhances friction, aiding grasp stability in imperfect configurations
(see Figure 4.21(c)). However, this same property can inhibit necessary in-cage adjustments (e.g.,
rolling or sliding), causing the object to become trapped in unstable equilibria and eventually fall,
even on smooth surfaces like the plastic bottle.

Premature grasp confirmation (5/17 trials). Grasp confirmation relied on estimated external joint
torques derived from tendon force measurements and a tendon-to-joint coupling matrix [117, 165].
Unlike systems equipped with dedicated joint torque sensors [174] or tactile arrays, this indirect
method is susceptible to static bias from stiction, tendon friction, and configuration-dependent cal-
ibration errors, especially at the thumb base joint. In several cases, these errors caused the torque
condition (7; exy > T4 min for > 1 s) to be falsely satisfied before a stable power grasp was established.
Subsequent open-loop execution of the pouring motion then led to failure.

Developing a more robust grasp verification mechanism lies beyond the scope of this work but
represents a critical direction for future improvement.

4.6.2 Experiment 2: Grasping an Unpredictably Moving Object

This experiment evaluates the robustness of the Finger Flow (FF) framework under highly dynamic
conditions, where the target object undergoes continuous, unstructured motion. A ketchup bottle is
suspended from a rope and persistently perturbed in random directions with varying amplitudes, in-
ducing Cartesian velocities of up to 0.8 m/s in the world frame. The test is conducted continuously for
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20 minutes, with each successful grasp triggering an automatic reset to restart the swinging motion.
Compared to Experiment 1, this scenario introduces three key challenges:

1. Unpredictable object dynamics: External disturbances cause non-smooth, high-acceleration
motion that cannot be modeled a priori.

2. Limited visual tracking bandwidth: The M3T tracker [166] operates at 30 Hz, which con-
strains the system’s ability to resolve fast-moving states accurately.

3. Pose estimation uncertainty: Transient occlusions, caused by the robot’s own arm or fingers,
introduce intermittent errors in the object’s 6-DoF pose feedback.

A representative successful trial is illustrated in Figure 4.23, with key phases annotated by times-
tamped frames. By design, the magnitude of the semi-tangent flow f;(x) in (4.18) preserves the
norm of the underlying linear field (4.9), ensuring that hand velocity scales with object distance from
the attractor. This property enables the robot to respond more aggressively when the object is far
away, facilitating real-time adaptation.

Despite these mechanisms, high-speed motion remains challenging. As shown in frames 2)—(3),
the bottle occasionally collides with the palm and rebounds before the control loop can react, a limi-
tation primarily attributed to the 30 Hz visual feedback rate. In such cases, incorporating a predictive
estimate of the object’s motion (x, # 0) could enhance responsiveness, provided low-latency, low-
noise state predictions are available.

Quantitative analysis across all successful trials is presented in Figure 4.24. The median peak ve-
locity of the bottle exceeds 0.7 m/s, confirming the highly dynamic nature of the task. Nevertheless,
the guiding vector field consistently drives the hand toward the moving attractor, achieving spatial
convergence even during motion. At the moment of grasp confirmation (f = 0, aligned across tri-
als), the object is rarely stationary; however, the median distance between the bottle’s center and the
attractor is approximately 0.02 m, indicating accurate alignment despite dynamic conditions.

These results confirm that the FF framework maintains both convergence (Objective O1) and
collision avoidance (Objective O2) even under significant motion uncertainty, validating its suitability
for real-world robotic manipulation in unstructured environments.

4.6.3 Experiment 3: Interactive and Adversarial Human-to-Robot Handover

This experiment evaluates the Finger Flow (FF) framework in a human-in-the-loop scenario, where
a human operator hands over a ketchup bottle to the robot under varying levels of cooperation. The
human is instructed to either assist the robot (cooperative mode) or actively challenge it by introducing
evasive motions, sudden pose changes, or resistance during the approach phase (adversarial mode).
Throughout the interaction, the object’s pose is continuously perturbed, requiring the robot to react in
real time while maintaining collision-free motion and convergence to a stable grasp.

A representative sequence of interactions is shown in Figure 4.25, illustrating both cooperative
and adversarial behaviors. In cooperative trials ((D—(2)), the human presents the object steadily, en-
abling smooth convergence. In adversarial cases ((3)—(35)), the human moves the bottle unpredictably,
pulling away, rotating, or repositioning it mid-approach, to test the system’s robustness. Despite these
disturbances, the closed-loop nature of FF enables continuous adaptation, culminating in successful
power grasps in the majority of trials.
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Figure 4.23: Experiment 2: Grasping a bottle undergoing persistent, unpredictable motion due to external disturbances.
@: Object moves behind the thumb; hand retracts to avoid collision. @—>@ (At = 1.32 s): Object motion exceeds
robot response capability. @—)@ Object approaches dorsal side; hand adjusts to maintain safe distance. @—)@ (At =
0.87 s): Rapid approach executed as object enters capture zone. —>@: Slight slippage during finger closure triggers
transient reopening. —>@: Stable power grasp achieved, followed by pouring and placement. Bottom panel: Time
evolution of relative object—attractor distance, relative velocity norm, and absolute translational velocities in the world
frame.
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Figure 4.24: Statistical analysis of successful dynamic grasps. Left: Upper plot shows absolute translational velocity of the
object over time; lower plot shows object—attractor distance. All trials are time-aligned at ¢ = 0, defined as the onset of the
pouring motion (grasp confirmation). Middle: Box plots of peak object velocity and velocity at ¢ = 0. Right: Distribution
of object—attractor distance at ¢ = 0, with median near 2 cm, demonstrating consistent convergence despite motion.

Figure 4.25: Experiment 3: Interactive and adversarial human-to-robot handover. @—)@ Cooperative handover with a
stationary object. ®—>@: Adversarial handover with active object motion by the human. @—)@: Dynamic handover
involving rapid changes in object orientation and position. : Stable power grasp confirmed, followed by pouring motion

to verify grasp integrity.

Out of 63 total attempts, 60 resulted in successful handovers, yielding a success rate of 95%. The
spatial distribution of grasp confirmation points, expressed in the object-fixed frame, is shown in Fig-
ure 4.26. Successful grasps are predominantly concentrated in the regions above R4 and RS5. It offers
sufficient clearance for finger closure, aligns well with the palm curvature, and lies within a region
of high visual observability from the head-mounted camera. This concentration reflects both robotic
kinematic preferences and implicit human behavioral adaptation; participants unconsciously adjusted
their handover poses based on tactile feedback (e.g., contact forces) and visual cues (e.g., observ-
ing the robot’s approach trajectory), often converging toward configurations that facilitate successful

grasping.

Guiding the robot by shared holding an object

When the object enters the vicinity of the attractor, or when visual uncertainty causes the estimated
state to lie inside the hand hull, the reference hand velocity v, approaches zero (see (4.19)). In
this regime, the closed-loop arm controller effectively behaves as if operating in a low-impedance or
near-zero-gravity mode. Consequently, the human can physically guide the robot’s end-effector by
manipulating the shared object, while the fingers maintain a compliant yet stable grip governed by
the reactive finger generator (Section 4.5).

This capability is illustrated in Figure 4.27, where the human applies an interaction force Fiyer to
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Figure 4.26: Analysis of successful handovers (n = 60). (a) Spatial distribution of grasp confirmation points in the world
frame. (b) Same points expressed in the object-fixed frame. (c) Top-down view highlighting clustering near the region above
R4-RS5. (d) Distribution of peak translational velocities during handover, demonstrating the dynamic nature of adversarial
trials.
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steer the robot during co-manipulation. The system remains passive and responsive, enabling intu-
itive physical collaboration without explicit mode switching or teleoperation commands. This prop-
erty enhances usability in human-robot teamwork scenarios, where seamless role transitions between
autonomous action and human guidance are essential.

Figure 4.27: Shared control during co-manipulation: a human and robot jointly hold the object, with the human guiding
the robot’s motion through physical interaction. The interaction force Fiyer is applied by the human to direct the arm.

4.6.4 Simulation Study

Recent reinforcement learning (RL) approaches have demonstrated impressive reactive grasping ca-
pabilities with high-degree-of-freedom hands [11, 175]. However, such methods rely on extensive
offline training in high-fidelity simulators and embed implicit horizon-based optimization within their
policies. In contrast, the proposed Finger Flow (FF) framework is a purely model-based, fully reac-
tive controller that operates without preview, policy pretraining, or simulation-to-reality adaptation.
A direct comparison with RL-based systems would conflate differences in training paradigms, data
requirements, and planning horizons, thereby obscuring the core contribution.

To isolate the effect of closed-loop reactivity and geometric reasoning, baseline comparisons are
restricted to two alternatives that share the same modeling assumptions and computational footprint:

* Position-Based Visual Servoing (PBVS): A classical 6D visual servoing method using a linear
control law with gain matrix A from (4.9), combined with the same orientation regulator (4.20).

* Open-loop FF: The full FF trajectory is computed once from the initial object state ¢y =
x(t = 0) and executed without subsequent updates, ignoring all motion for ¢ > 0.

To further investigate the influence of geometric and physical parameters, such as hand hull fi-
delity, object diameter, and surface friction, additional ablation studies are conducted in simulation.
These conditions are difficult to control systematically on physical hardware but can be precisely
varied in a physics engine.

The simulation environment replicates the DLR neoDavid platform: a 7-DoF arm equipped with
a 20-DoF anthropomorphic hand, modeled in the MuJoCo physics engine. To decouple reaching
performance from grasp synthesis, a fixed power-grasp pose is used across all trials. A cylindrical
object with a lowered center of mass (mimicking a Roly-Poly toy) is placed on a table and assigned a
random initial horizontal velocity, inducing persistent swinging motion. The robot hand is initialized
at diverse poses around the object, ensuring no initial collisions.
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Comparison of PBVS, open-Loop, and closed-loop FF

A total of 294 trials were conducted per method, with success defined strictly by the outcome of
the first grasp attempt; subsequent recovery motions are not counted. Initial object positions are
categorized based on their location relative to the hand’s dorsal plane (x3 < 0) or palmar side (z3 >
0).

As summarized in Table 4.2 and visualized in Figure 4.28, PBVS succeeds only when the object
starts directly above the palm (Dy), achieving a 62% success rate in this region but failing entirely
on the dorsal side. This validates the design choice of preserving a pure linear flow in Dy, where
collision risk is minimal.

Open-loop FF performs marginally better overall (27%) but struggles with dynamic objects, as its
trajectory cannot adapt to motion after initialization. In contrast, closed-loop FF leverages continuous
feedback from both object pose and finger configuration to adjust the hand trajectory in real time,
avoiding collisions and maintaining convergence. It achieves a near-perfect success rate of 99.7%
(293/294), demonstrating robustness across both palmar and dorsal regimes.

Table 4.2: Grasp success rates across baseline methods in simulation. Trials are grouped by initial object position relative
to the hand-fixed frame.

Object center at ¢ = 0

Method

Dorsal (z3 < 0) Palmar (x5 > 0) Total
PBVS | 07134 (0%) 62/160 (39%) 62/294 (21%)
Open-loop FF || 30/134 (22%) 49/160 (31%) 79/294 (27%)
FF (proposed) || 134/134 (100%) 159/160 (99%) 293/294 (99.7%)

PBVS Open-loop FF FF (ours)

N— ' . . . . .. .
randomly mltxallzedl-ﬁ_ L o . Lt . °. N
& o« L ve e, : . .
hand pose £

#(0) #0 N«
Ay

randomly initialized

velocity =
tabletop bottle

’ Object's geometric center at ¢ = () o ® Failure ‘

Figure 4.28: Baseline comparison in simulation. (Left) Experimental setup: 294 randomized hand poses around a swinging
cylindrical object. (Right) Initial object positions (in hand-fixed frame) color-coded by success (green) or failure (red) for
each method. PBVS fails on the dorsal side; open-loop FF lacks adaptivity; closed-loop FF succeeds universally.

Effect by changing object’s geometry and surface friction

To assess sensitivity to physical properties, grasp success is evaluated under variations in bottle di-
ameter (small: 4 cm, large: 8 cm) and surface friction (low/high, corresponding to halved or doubled
MuJoCo geom/friction values). The hand hull remains unchanged, and all trials initialize with the
object in Dy at > 40 cm from the attractor.



4.6 Experimental Validation, Simulation Study, and Discussion 93

Results from 60 trials per condition (Table 4.3) show high success rates across all settings, with
minor degradation for large, high-friction bottles (80%). Smaller, low-friction objects exhibit smoother
in-cage motion (sliding/rolling toward the attractor), consistent with the “bean-in-bowl” dynamical
model. Failures in the large/high-friction regime arise from excessive stiction between fingers and
object, which inhibits necessary adjustments and leads to slippage during closure.

Table 4.3: Grasp success rate under varying object diameter and surface friction.

W Low High
Diameter

Small 98% 97%
Large 89% 80%

Sensitivity to hand hull parameterization

The accuracy of the hand hull representation critically influences performance. Two key parameters
are varied: (1) hull thickness (distance between inner and outer contours in Figure 4.4(c)), and (2)
thumb coverage extent. As shown in Figure 4.30, deviations from the nominal hull lead to perfor-
mance degradation.

Using the same swinging bottle and 102 randomized trials per configuration, success rates are
compared against the baseline (98% with nominal hull). Results in Table 4.4 reveal two failure modes:

* Insufficient coverage (e.g., partial thumb hull): Causes early collisions before caging, leading
to up to 34% drop in success.

* Excessive hull volume (e.g., double thickness or over-coverage): Creates hollow regions where
the object is misclassified as “inside” the hull, causing the controller to halt motion prematurely,
even without physical contact.

These findings underscore the importance of tight yet complete hull approximation: it must cover
all potential finger configurations without introducing unnecessary voids that disrupt the vector field
logic. Together, these simulation studies validate the robustness, adaptivity, and geometric sensitivity
of the FF framework, confirming that its performance hinges on accurate hand modeling and tight
integration of perception, dynamics, and control.

Table 4.4: Change in grasp success rate relative to the nominal hand hull (98%). Negative values indicate performance
loss.

Thickness H Double Half
Difference | -27% 9%
Thumb coverage H Partial Over

Difference ‘ ‘ —34% -19%




94 Chapter 4 Finger Flow (FF): Reactive Reach-While-Grasp Motion Generation

large diameter small diameter

(a) Initial bottle's center locations (b) Test bottles

Figure 4.29: (a) Initial object centers (black dots) confined to Dy, the solid of revolution generated by rotating the tangent
line s1. (b) Test bottles of small and large diameters used in friction/diameter ablation.
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Figure 4.30: Variants of the hand hull used in parameter sensitivity analysis: (left) nominal, (middle) increased thickness,
(right) altered thumb coverage.

4.6.5 Limitations and Outlook

While the Finger Flow framework demonstrates robust performance in reactive grasping across di-
verse experimental conditions, several limitations remain, pointing to promising avenues for future
research.

Non-smooth arm velocity transitions

The current formulation exhibits discontinuities in the arm velocity field when the object crosses the
switching plane z3 = 0 (i.e., the dorsal-palmar interface). Although solution uniqueness is guar-
anteed in the Filippov sense (Lemma 1), the resulting non-smooth velocity profiles can challenge
low-level tracking controllers on physical hardware, particularly those requiring continuous deriva-
tives. A natural extension is to redesign the vector field to be continuously differentiable across all
regions, e.g., via smooth blending functions or higher-order modulation schemes, thereby improving
compatibility with industrial-grade motion control systems.

Scalar-driven finger closure strategy

Finger motion is currently governed by a single scalar transition function ¢(x) dependent solely on the
Euclidean distance to the attractor (see (4.32)). While effective for canonical objects like cylinders,
this simplification lacks adaptivity to complex geometries, surface properties, or task-specific grasp
requirements. Future work could incorporate multi-dimensional feedback, such as local curvature,
contact normals, or tactile signals, to modulate finger trajectories in a more nuanced, shape-aware
manner.
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Absence of dynamical modeling

The FF framework is purely kinematic: it does not account for the dynamics of either the robot or the
object. Consequently, performance may degrade in highly dynamic scenarios involving rapid accel-
erations or external forces (e.g., catching an object moving at speeds exceeding 3 m/s). Incorporating
dynamical priors, such as object inertia, momentum, or environmental constraints—would require
tighter integration with high-bandwidth perception (e.g., > 100 Hz tracking) and model-predictive
control. Such an extension remains a compelling direction for applications demanding high-speed
interaction.

Generalization to different object geometries

The current design assumes the object admits a circular cross-section of fixed radius r, in any plane
through its geometric center (Assumption 4). This limits applicability to non-cylindrical or irregularly
shaped objects. A principled generalization involves redefining the dynamic plane to pass through the
point on the object’s surface closest to the 2D hand hull, rather than its centroid. The intersection of
this plane with the object yields a convex 2D silhouette, which can be tightly enclosed by an oriented
ellipse. The hand hull thickness can then be modulated locally based on this ellipse’s semi-axes,
replacing the fixed-radius assumption.

This approach would relax Assumption 4 and improve geometric fidelity. For mildly non-convex
objects, a convex hull approximation may suffice; however, pronounced concavities (e.g., handles,
hooks) remain challenging. Conservative convexification risks introducing excessive empty space
around the object, potentially triggering premature motion arrest or suboptimal caging. Extending FF
to handle arbitrary non-convex geometries, possibly through learned shape embeddings or hierarchi-
cal decomposition, constitutes an important open problem.

Integration with global motion generators

The semi-tangent flow is inherently local: it activates only when the object lies within a predefined
reactivity margin (e.g., 30 cm from the attractor). Beyond this range, the flow reverts to a global
linear attractor. This property enables seamless composition with other motion generators via smooth
activation functions (e.g., sigmoids).

As a proof of concept, FF was integrated with a Gaussian Mixture Model (GMM)-based imitation
learning framework—specifically, the Stable Estimator of Dynamical Systems (SEDS) [78] —to gen-
erate collision-free reaching motions around environmental obstacles such as tables. The GMM was
trained on human demonstrations of table-avoiding reaches toward a bottle. The final arm velocity
reference combines both systems:

v, = o(d) - vgg + (1 — o(d)) - voum,

where d = || — «*|| and o(d) is a smooth switching function that activates FF only when d < 0.3 m.
Figure 4.31 illustrates this hybrid behavior: the hand starts below the table (1), follows a GMM-
generated trajectory to avoid collision ((D—(2)), and transitions smoothly to FF for final approach
and grasp (2—®). This demonstrates FF’s compatibility with data-driven motion planners, enabling
end-to-end reactive manipulation that respects both environmental and self-collision constraints.
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Figure 4.31: Hybrid motion generation combining FF with GMM-based SEDS. @: Initial hand position below the table.
@%@: GMM guides the hand around the table. @—)@Z Smooth transition to FF for final approach and grasp.

4.7 Summary

This chapter introduced Finger Flow (FF), a reactive reach-while-grasp generation framework that
leverages visual and proprioceptive feedback to instantaneously provide velocity references to lower-
level controllers of a robot arm and a multi-fingered hand. FF enables robust grasping of both sta-
tionary and unpredictably moving objects. By design, the framework accounts for finger location and
geometry in real time, continuously guiding the hand to avoid collisions with the object during the
approach phase and adjusting finger opening and closure based on the relative pose between the ob-
ject and the hand. This purely state-dependent behavior allows automatic recovery from failed grasp
attempts. Formal proofs of convergence and collision avoidance were also established for the case of
grasping a stationary spherical object.

The FF framework was implemented on the DLR robot neoDavid equipped with a multi-fingered
hand and evaluated through a series of fast pick-and-catch tasks involving both stationary and ran-
domly moving objects. Operating in closed loop at 3 kHz, FF achieved a grasp success rate exceeding
87 % for stationary objects placed at random locations across 130 trials. In addition, interactive and
adversarial handover experiments demonstrated the robustness and safety of the proposed approach
in human-robot interaction scenarios.

At present, FF guarantees only piecewise smooth arm motion generation and relies on simpli-
fied finger-closing strategies. Future research directions include extending the framework to handle
a broader range of object geometries, including concave and irregular shapes. Moreover, the current
formulation generates body velocities based on object-to-hand poses in SO(3) and R? separately,
rather than directly operating on the non-Euclidean manifold SE/(3). Additional practical considera-
tions remain to be addressed, such as the explicit incorporation of sensing uncertainties arising from
visual object perception and finger position and torque measurements. Overall, the results presented
in this work demonstrate that the model-based FF motion generator is not restricted to humanoid
platforms and is equally applicable to manipulators equipped with arbitrary multi-fingered hands.



Passivity-based Motion and Force Tracking
Control

In this chapter, the focus is shifted to the phase following the completion of the reaching motion,
where the robotic hand establishes contact with the target object and wraps around it. At this stage,
the system can be viewed as a kinematically constrained system. Using the multifingered grasping as
an example, the contact points between the hand and the object are assumed to remain fixed relative
to the object’s surface. For simplicity without the loss of generality, all contacts are assumed either
point contacts with friction or soft-finger contacts, which provides a physical justification for the
assumption of fixed contact locations [120, Chapter 6].

Aligned with the goal G5 outlined in Section 1.3, this chapter introduces a control strategy that
combines PD+ task-space tracking with integral force control. Importantly, this approach maintains
the intrinsic inertial and elastic properties of the robot system. A passivity analysis is conducted
to demonstrate the uniform asymptotic stability of the equilibrium point. The effectiveness of the
proposed control law is demonstrated through simulations on a planar two-armed robotic system
subject to constraints.

The contributions corresponding to CS5 in Section 1.4 are detailed as follows:

* A passivity-based control framework is developed for elastic joint robots, enabling simultane-
ous precise motion tracking and force regulation during object manipulation. This is achieved
by employing a dynamically consistent projection operator while preserving the system’s in-
herent inertial and elastic structure.

* To eliminate steady-state errors caused by constant disturbances within the constrained space,
an integral of force error is integrated in the feedback loop. This enhancement ensures out-
put strict passivity in physical interactions and guarantees uniform asymptotic stability during
unconstrained motion phases.

The chapter is structured as follows. Following the introduction in Section 5.1, the dynamics
of the constrained robotic system with serial elastic actuators are formulated in Section 5.2. The
control problem is then stated, and the proposed control law is derived in Section 5.3. The passivity
and stability properties of the resulting closed-loop system are rigorously analyzed in Section 5.4.
To validate the theoretical developments, simulation results for a planar two-arm robotic system,
subject to a holonomic distance constraint between its end-effectors, are presented in Section 5.5,
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using smooth motion and force reference trajectories. Finally, Section 5.6 provides a summary of this
chapter.

Publication Note

The content of this chapter is based on the following publication:

[129]: X. Meng, M. Keppler and C. Ott, "Passivity-Based Motion and Force Tracking
Control for Constrained Elastic Joint Robots," in IEEE Control Systems Letters, vol. 7,
pp. 217-222, 2023.

5.1 Introduction

Constrained elastic joint robots can be viewed as multi-body systems with closed-loop topologies,
such as cooperative manipulators, multifingered hands, or humanoid robots. This raises a central
question: How can one achieve robust, simultaneous motion and force control for constrained elastic
joint robots?

In the domain of hybrid motion and force control for such systems, early approaches like those
by Spong [104] and Mills [105] employed a two-loop structure based on integral manifolds and cor-
rective control to address joint flexibility, requiring fast inner loops due to the singularly perturbed
system dynamics. Later, Ahmad et al. [176] proposed a single-loop framework that canceled nonlin-
earities in the projected end-effector dynamics without relying on acceleration or force measurements.
To handle dynamic uncertainties and unknown stiffness, adaptive and sliding mode strategies were
introduced in [177-179].

Later on, Aghili [106] introduced a projected inverse-dynamics approach for rigid-joint robots,
decoupling the dynamics into orthogonal subspaces using kinematic projections. This method was
extended to operational space control by Mistry et al. [107, 108], enabling applications in underactu-
ated systems like humanoid robots. Subsequent works (e.g., [109-111]) validated similar projection-
based controllers in multi-arm and legged robotic platforms, achieving effective decoupled motion
and force control.

Although the aforementioned approaches have demonstrated strong performance, control laws
developed for rigid-joint manipulators [106, 111] are not directly applicable to robots with elastic
joints. A common workaround is to introduce an additional inner control loop, such as a cascaded or
dual-loop architecture [104, 105], to bridge this gap. However, this practice unavoidably alters the
original system dynamics, thereby complicating the control design and analysis. Moreover, several
methods, including [106, 108], rely on inverse-dynamics or feedback-linearization techniques in at
least one subsystem, typically the unconstrained subspace. Such strategies explicitly cancel or reshape
the inherent mechanical properties of the robot, which may be undesirable from both robustness
and physical interpretability perspectives. In addition, the extent to which passivity is preserved in
these designs is not always evident. In contrast, passivity-based control has long been recognized
as a principled framework for robot control [180, 181]. Building upon this paradigm, Keppler et al.
[101, 113] introduced a control approach for elastic-joint robots that enforces a desired interaction
behavior at either the motor side or the link side, while explicitly retaining the robot’s intrinsic elastic
characteristics.

This chapter builds upon these foundations to propose a novel control strategy that achieves simul-
taneous motion and force tracking in constrained elastic joint robots while preserving their intrinsic



5.2 Open-Loop Task-Space Dynamics 929

inertial and elastic structure.

5.2 Open-Loop Task-Space Dynamics

Consider the system dynamics (2.20a), (2.20c), and (2.20c) with all rotational joints implemented by
SEAs. The system considers n rigid links with n — m linearly independent kinematic constraints,
expressed by a set of algebraic equations [128].

M(q)d+C(q,4)4+9(q) = K(0 — q) + Je(@) ' A + Tear, (5.1a)
BO+ K0 —q)=u, (5.1b)
J.(q)g =0, (5.1¢)

where g € R represents link position. M (q) is a symmetric positive definite link inertia matrix. Te
Coriolis/centrifugal matrix C/(g, q) is chosen such that M (q) — 2C(q, ) is skew-symmetric [120].
g(q) denotes the gravity torque, T, € R"™ the generalized external torques on the link, 8 € R™
the motor coordinate. The positive diagonal matrix B includes the reflected motor inertia, with the
following Assumption 5

Assumption 5. The joint elasticity is modeled by a constant, positive-definite diagonal stiffness ma-
trix K > 0O, representing ideal linear torsional springs between each motor shaft and its correspond-
ing link. The inertia matrix M (q) is symmetric, uniformly positive definite, and satisfies

0<m< Umin(M((I)) < Umax(M(q>) <m < 00,

forall g € R™, where m,m are finite positive constants and oin (+), Omax (+) denote the minimum and
maximum singular values, respectively. Similarly, the motor inertia matrix B is constant, symmetric,
and positive definite, with its singular values bounded away from zero and infinity. Consequently, both
M (q)~! and B! exist for all q and are uniformly bounded. Moreover; the Coriolis and centrifugal
matrix C(q, q) is continuous in (q,q) and satisfies the property that, for any bounded q, the norm
I|C(q, q)|| remains bounded uniformly in q.

The motor input w € R" is the control input. Recap that A is a Lagrange multiplier that denotes
the constraint force. The constraint Jacobian matrix J.(q) is given in (2.19), where the constraint
function ¢(q) is assumed fulfilling Assumption 6:

Assumption 6. The system is subject to a set of holonomic constraints described by the vector-valued
function ¢(q) : R™ — R™, which is assumed to be at least four times continuously differentiable
(¢ € C*). The associated constraint Jacobian matrix, defined as J.(q) := 82—5}‘1)@) € R™ " has
constant full row rank equal to m (equivalently, the nullspace of J.(q) has dimension n — m) for all
configurations q in the domain of interest. Furthermore, J.(q) and its derivatives up to the required
order are uniformly bounded with respect to q.

Remark 10. The C* continuity ensures that time derivatives of the constraints up to the fourth order
exist and are continuous—a condition often required in higher-order control designs (e.g., feedback
linearization, differential flatness, or observer-based schemes). The full-rank condition guarantees
that the constraints are independent and that the constrained configuration manifold is a smooth
embedded submanifold of R™.
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Owing to the presence of holonomic kinematic constraints, the configuration vector g € R"
no longer constitutes a set of minimal coordinates; the true degrees of freedom of the system are
reduced to m < n. To work within the constrained tangent space, it is common practice to intro-
duce a projection operator that maps arbitrary velocities onto the nullspace of the constraint Jacobian
J.(q) := O¢/0q. Following the approach of Aghili [106] and Mistry [108], such a projector P
satisfies

q=P(a)q, VqeN(J),

though it is important to note that P is not unique.

As discussed in Table 2.2, the choice of projector has significant implications for the preservation
of the system’s inertial structure. In contrast to the geometric projectors employed in [106, 108], a
dynamically consistent projector is adopted that respects the kinetic energy metric induced by the
inertia matrix M (q). Specifically, the following is defined:

P(q) =1I- Jc(q)M+Jc<q)v (5.2)

where JM*(q) denotes the inertia-weighted (or M (q)-weighted) pseudoinverse of J.(q), defined
by
IMH(q) =M (J.M I (5.3)

For notational brevity, the explicit dependence of P, J., and related matrices on q is omitted in what
follows (see footnote!).

This projector is idempotent (P? = P) and satisfies the orthogonality condition J.P = 0 (with
J. denoting the constraint force direction, ensuring that projected dynamics remain consistent with
the underlying Lagrangian structure of the constrained mechanical system.

To achieve task-space control objectives, a smooth task mapping is introduced as follows:

z:=f(q), f:QCR"—R™",

which maps each configuration q to a point « in the task space. The corresponding task-space velocity
is given by the standard Jacobian relationship

= J(q)q = J(q)Pq, (5.4)

where J(q) = 0f/0q € R"™ " denotes the task Jacobian, and P is the dynamically consistent
projector defined in (5.2), ensuring that only velocities compatible with the holonomic constraints are
considered.

To standardize the treatment of constraints and task variables, an extended task vector is defined
by combining the constraint functions with the task mapping:

- |0 _ 9@
]~ Je].
——

Differentiating with respect to time yields the extended velocity relation

i:[Q Je(q)

q (5.6)
J(q)P
'The argument q is suppressed in P(q), J.(q), and J(q) throughout this chapter for conciseness.

J(q)
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where J(q) € R™" is referred to as the augmented task Jacobian. Here, &, Z, and f(q) collectively
represent the extended task position, velocity, and configuration-to-task mapping, respectively.

The following structural assumption ensures that this augmented representation is well-posed and
free of kinematic singularities:

Assumption 7 (Full-Rank Extended Task Mapping). The mapping f(q) is injective over the set
Q:= {q €Q ‘ or < Umin(j(Q)) < UmaX(j(Q)) < JU} )

for some constants 0 < 07 < o, < oo. Consequently, J(q) has full rank n for all ¢ € Q, and is
therefore invertible. This implies that (i) the task variables {x;} are mutually independent, (ii) each
task variable is independent of the constraint functions {¢;}, and (iii) the combined set T spans the
entire constrained configuration manifold. Moreover, f is assumed to be continuously differentiable
with respect to q.

This singularity-free workspace assumption is standard in task-space control analysis (see, e.g.,
[182]) and guarantees that the inverse kinematics and dynamics can be uniquely resolved. Under
Assumption 7, the inverse of the augmented Jacobian admits the explicit block structure

T =1 PP, 5.7)

where the inertia-weighted constraint pseudoinverse JM 7 is defined as in (5.3), and the task-space
pseudoinverse is given by

P(JP)"=PP JT(JPPTJT)"". (5.8)

Using this inverse, joint velocities and accelerations can be expressed in terms of extended task-space
variables:

g=J 'z, (5.9)

G=J Y% - J VI 4. (5.10)

Substituting (5.10) into the joint-space dynamics of the compliant actuated system (cf. (5.1a)) and
premultiplying by J~ T yields the intermediate task-space dynamics:

MJ '+ (—MJ‘*I.'I‘Jr C)J‘*lizr—ngJjAJrrext. (5.11)

Introducing the transformed inertia and Coriolis/centrifugal matrices,

Ag):=J TMJ', plqq):=J " (-MJ'J+C)J ™,

the full open-loop task-space dynamics can be compactly written as

MA@z + plg,q)z=J " [K(O—q) — g+ I XA+ Teu]. (5.12)

Owing to the particular structure of .J, which separates constrained and unconstrained directions,
the transformed inertia matrix A is block-diagonal:

A, O

A =
0 Aa:ac

)
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while the Coriolis/centrifugal matrix assumes the general block form

l,l/ — IJ’CC IJ’CCC
l‘l’l’c l“l‘.Z’Z'
These blocks satisfy the well-known properties of mechanical systems: Ape = pow + w) and

Mew = — I, (see, e.g., [95, Sec. 4.4]).
Decomposing (5.12) into constrained and unconstrained subspaces yields the following pair of
equations:

A= pe — (JMT)T[K(O - q) — g] — Aexss (5.13a)
Ay + proed = [P(JP)*]T [K(0 - q) — g] + Fex. (5.13b)

Here, the generalized external joint torque Tex is decomposed according to the dual spaces in-
duced by the constraints and the task:

Text = Jc—r)\ext + (JP>TFext7 (5.14)

where Feyy € R™ and Ay € R”™™ represent C'-continuous disturbances acting in the unconstrained
(task) and constrained subspaces, respectively.

5.3 Control Objectives and Design

The control strategy developed in this work aims to simultaneously achieve three key objectives:
(i) Passive, asymptotically stable task-space motion tracking,
(i) Robust force tracking with rejection of constant disturbances, and

(iii) Preservation of the system’s intrinsic elastic and inertial structure throughout the closed-loop
dynamics,

These goals are pursued within a framework that respects the physical nature of elastic-joint me-
chanical systems, avoiding aggressive cancellation of natural dynamics while ensuring performance
through structural augmentation.

5.3.1 Desired Closed-Loop Dynamics

The proposed control architecture follows the Elastic Structure Preserving (ESP) philosophy intro-
duced in [113], which transforms an underactuated flexible-joint system into a quasi fully-actuated
one by leveraging its inherent elasticity rather than suppressing it. Within this paradigm, the refer-
ence trajectories for task position and constraint force are assumed to satisfy the following regularity
condition:

Assumption 8 (Smoothness and Boundedness of Reference Trajectories). The desired task trajectory
x4(t) is four times continuously differentiable (x4 € C*) with uniformly bounded derivatives up to
the fourth order:

l&a(®)l,. leg” @) < e < oo.
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Similarly, the desired constraint force trajectory \y(t) is twice continuously differentiable (Ayg € C?)
with bounded first and second time derivatives:

MO, [Aa(®)]] < ex < 0.

Under this assumption, the desired closed-loop dynamics is prescribed by:

~ t ~ .
A= K / A(r) dr — (TN T4 (m, &) + prea — Aoty (5.150)
0

Apa + (poy + D)@ + K& = [P(JP)T] T 4p(n, &) + Fiu, (5.15b)
Bij+(n,z) = —Dyn, (5.15¢)

where K, K, D,, D, - 0 are positive-definite gain matrices, and the elastic torque error is defined
as

P(n, &) = K(n—G(x)).

Here, n € R"™ denotes a virtual motor coordinate, whose role will be clarified in Section 5.3.3.
The tracking errors are defined as

.= f(q) — za, (5.16)
A=A — Ay (5.17)

ISR

with corresponding velocity and acceleration errors given by

To express the dynamics solely in terms of the error variable &, an implicit inverse kinematics map-
ping G : R™ — Q is introduced, which is defined as

G(z) == f *(col[0,z]) — F'(col[0,z4)), (5.18)

where f(q) = col[¢(q), f(q)]. By Assumption 7, f is locally invertible, ensuring that G' is well-
defined in a neighborhood of the desired trajectory. Importantly, GG is used only for conceptual clarity
in formulating the desired dynamics; no explicit computation of G is required in the final controller
implementation.

The motion control objective (i) is realized by augmenting the open-loop task dynamics (5.13b)
with a linear spring-damper pair (K, D,) and pseudo-feedforward terms that ensure asymptotic
tracking without altering the underlying inertia structure. Similarly, the force control objective (ii)
addresses the fundamental challenge posed by flexible joints: unlike rigid-joint systems, the elastic
coupling K (6 — q) cannot be directly commanded, making exact force tracking infeasible without
high-gain or derivative feedback. To circumvent this, a robust integral action on the force error is
adopted, introducing the term — K7 [ Xdt to reject constant disturbances, while retaining the cross-
coupling Coriolis term um:fc to preserve dynamic consistency. Feedforward of Ay and p., a4 further
enhances tracking fidelity. The resulting closed-loop equations (5.15a)—(5.15c¢) retain the original
system’s:

* Inertial properties (via Ay, tizz),

¢ Elastic coupling structure (via 1),
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* Natural motion-force interaction (via fi.y).

Finally, the motor dynamics (5.15¢) are augmented with viscous damping D, to enhance robust-
ness against motor-side disturbances, completing the passive stabilization of the full cascade. For
notational convenience, the extended reference vector is defined as &, := col[0, ).

5.3.2 Equilibrium Analysis

To facilitate stability analysis, differentiating (5.15a) leads to a first-order representation of the force
error dynamics: .
A+ KA = hy(Z,2,1.9) — Aext, (5.19)

where

= . X d ~
Ry = Moo + fies — 4 |(FT) Tp(n. ).

Notably, substituting & from (5.15b) ensures that ho depends only on positions and velocities. Define
the composite state vector
z :=col [i, z,n,n, )\].

Setting z = 0 and assuming zero external disturbances (Fixy = O, )\ext = 0), the equilibrium
conditions reduce to:

Kix=0, (5.20)
K.,@ = [P(JP)*]"¢(n, 2). (5.22)

From (5.20), A = 0. Equation (5.21) implies 7 = G(&). Substituting into (5.22) yields K,& = 0,
and since K, > 0, it follows that £ = 0. By definition of G in (5.18), G(0) = 0, hence n = 0.
Therefore, the unique equilibrium of the closed-loop system is the origin:

z=0.

5.3.3 Coordinate Transformation

The controller is constructed via a change of variables from the physical motor coordinates 6 to
the virtual coordinates 7. This transformation is designed so that the actual open-loop dynam-
ics (5.13a)—(5.13b) match the desired closed-loop dynamics (5.15a)—(5.15b) when expressed in terms
of 1. Specifically, the equivalence is imposed by

K(0—q):=%(n,z) + 14, (5.23)

where the auxiliary term 7,4 encapsulates the control actions necessary to achieve tracking:

t
S_— [ A+ KI/ A7) dr + uwm‘d} +(JP)T [Am:id ¥ pgaicg — Ko@ — Do) +g.

0
(5.24)
This term comprises three physically interpretable components:

1. A force controller (integral action + feedforward) acting in the constrained subspace,
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2. A task-space PD+ controller acting in the unconstrained subspace,
3. Joint-space gravity compensation.

Differentiating (5.23) requires care due to the implicit dependence of G(&) on q. Utilizing the
chain rule and the identity & = J ¢ leads to

where the reference velocity is written as
71 - 15714 F—1z2
a=J x5, a=-J  JJ xq+J x4

with 4 = col[0, & ).
Consequently, the physical motor velocity and acceleration are related to the virtual ones by

0=n+a+ K ‘7, (5.25a)
0=1i+a+ K ' (5.25b)

Implementation of this transformation requires access to higher-order derivatives and constraint
forces, which are obtained via model-based reconstruction, as detailed in the following remark.

Remark 11 (Computation of Higher-Order Signals). The term # involves the task jerk x(®) =
Jq® + 2J q-+ J q. The joint jerk q® is computed by differentiating the joint-space dynamics:

¥ = M7 K6~ )+ JIA+ I A+ Fo = MG~ Cg— Cii - g .
The constraint force A may be measured directly or estimated from the dynamics:
A= (Jc]\4_lJcT)_1Jc]\4_1 [Cq +9-— K(9 - (I) - Text} - (JCM_IJCT)_leq"

These computations rely only on measurable or reconstructable signals and known model parameters,
ensuring practical implementability.

5.3.4 Controller Design

The complete control architecture is illustrated in Figure 5.1. The scheme implements the coordinate
transformation and dynamic augmentation described in the previous sections, with all higher-order
derivatives (e.g., jerk, force rates) computed via model-based reconstruction as detailed in Remark 11.
Analytical differentiation blocks (denoted by %) operate on reference or error signals, ensuring com-
patibility with the desired closed-loop structure without reliance on numerical differentiation. To
derive the control law, substituting the motor acceleration transformation (5.25b) into the original
motor dynamics (cf. (5.1b)), yields the intermediate expression

Bij+ Ba+BK '#;+ K(0 — q) = u. (5.26)

Recalling the elastic coupling identity (5.23), namely K (0 — q) = ¥(n, &) + T4, and selecting the
control input as
uw=BK '#;+ Ba+1;— D;n, (5.27)
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Figure 5.1: Proposed control architecture. The block %

Higher-order derivatives required for implementation are obtained through model-based computation, as outlined in Re-

represents analytical time differentiation of its input signal.

mark 11.

the intermediate dynamics (5.26) simplify precisely to the desired motor equation (5.15c¢):

Bij+ (0, &) = —Dyn.

The complete control architecture is illustrated in Figure 5.1. Notably, the only free design param-
eters are the stiffness-like gains K7 (for force error integral action) and K, (for task-space position
regulation). The damping matrices D, and D), are not tuned heuristically but are instead computed
via the modal damping method [183], which relates damping to the closed-loop inertia and stiffness
properties through a dimensionless modal damping factor £ € [0, 1]. In practice, £ = 1 is chosen,
corresponding to critical damping of the dominant error modes. Under this choice:

* The convergence rate of the task-position error & and the virtual motor error 7 is primarily
governed by K,

* The convergence rate of the constraint-force error A is predominantly determined by K7 and
also affected by the convergence rate of the task-position error.

This systematic tuning procedure eliminates the need for ad hoc damping selection and ensures well-
damped transient responses without oscillatory behavior, consistent with the passive design philoso-
phy underpinning the ESP framework.

5.4 Passivity and Stability Analysis

This section establishes the passivity properties and asymptotic stability of the closed-loop sys-
tem formed by the original flexible-joint dynamics (cf. (5.1a)-(5.1c)) under the proposed control
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law (5.27). The analysis proceeds in two parts: First, it is shown that the closed-loop system is out-
put strictly passive concerning physically meaningful input-output pairs. Additionally, the uniform
asymptotic stability of the equilibrium is established under zero external disturbances.

5.4.1 Output Strict Passivity (OSP)

The process begins by constructing a storage function that effectively captures the total energy of
the error dynamics in both task and virtual motor coordinates. Consider the candidate Lyapunov-like
function

1. . 1 1
S = §§:TAm:i: + 51" B+ 53 Kod + Uo(n — G(@)), (5.28)

where the elastic potential energy is defined as

1
2

This function aggregates kinetic energy in the task and motor error velocities, potential energy from

Ue(n — G(&)) := 5 (n— G(&)) K(n — G(&)).

the regulation springs, and stored energy in the closed-loop elastic coupling. The following proposi-
tion characterizes the passivity of the resulting closed-loop system.

Proposition 6 (Output Strict Passivity). The closed-loop dynamics (5.15b)—(5.15c¢) define an output
strictly passive map from the external disturbance input F,; to the task-velocity tracking error output

.

Proof. Differentiating the storage function S along trajectories of the closed-loop system yields

. =T s 1.7, I3 . .. ~ - . N/~
S=x Apx+ iw Ay + TITBTI + CCTKJ;.’I: - (?7 - G(m))—r’lpa

where ¥» = K (n— G(&)). Using the identity Ayp = Moz + ), (cf. [95, Sec. 4.4]), and substituting
the closed-loop dynamics (5.15b) and (5.15¢) leads to

. =T T * . . .
S=x Fo—x D,z — nTDnn + GT'zj).

Crucially, the term Gy represents the power exchanged through the implicit kinematic mapping.
Recalling that

G@) = J! g =[PP,
it follows that
G =3 [P(JP) 4. (5.29)

This term appears with opposite sign in the expression for S and precisely cancels the corresponding
elastic coupling term in the task dynamics (5.15b). After cancellation, the time derivative of the
storage function is then:

§=& Fou—& Do —1) Dyi) < & Fex, (5.30)

since D, D,, > 0. This inequality confirms that the system is output strictly passive from Fey to 53,
with strict dissipation in the absence of external disturbances. O

. . =T .
Remark 12. In the regulation case (xq = 0), the term x F,y corresponds to the physical power
injected into the system through environmental interaction.
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5.4.2 Uniform Asymptotic Stability (UAS)

The local uniform asymptotic stability of the equilibrium z = 0 is established under the assumption
that external disturbances vanish, specifically, Fix; = 0 and )\ext = 0. Due to the requirement of
a non-singular task Jacobian (Assumption 7), the domain of attraction is necessarily restricted to a
neighborhood of the desired trajectory within the singularity-free workspace Q, a standard limitation
in task-space control (see, e.g., [182]).

To facilitate the analysis, the full state vector is partitioned as

z = col[z;, zo] € R3™T™ (5.3D)

with
z1 : =col[&, &, n, 9] € R, (5.32)
Zp:=AeR¥V™, (5.33)

The closed-loop dynamics can then be expressed as a cascaded (or hierarchical) system:

z1 = fi(t, z1), (5.34)
zo = —K1zo + ha(t, z1), (5.35)

where ha(t, z1) is continuous and vanishes at the origin (cf. (5.19)). This structure matches the form
considered in Vidyasagar’s framework for interconnected systems [184, Eq. (2.2)].

Proposition 7 (Uniform Asymptotic Stability). Under Assumptions 7-8, the equilibrium z = 0 of
the closed-loop system (5.34)—(5.35) is uniformly asymptotically stable when (F,y;, Xex,) = (0,0).

Proof. The proof follows from Theorem 3.1 in [184] (see Appendix A.1), which provides sufficient
conditions for UAS of cascaded systems. The following steps are required to verify:

1. Continuous differentiability: The vector fields f; and ho are continuously differentiable in a
neighborhood of the origin due to the smoothness of the robot dynamics and the C* continuity
of the reference trajectories (Assumption 8).

2. Uniform asymptotic stability of the driving subsystem: The subsystem (5.34) is autonomous
and isolated. Using Matrosov’s theorem [185], and leveraging the strict dissipation established
in (5.30) (with F, = 0), one can construct a Matrosov function to show that z; = 0 is
uniformly asymptotically stable within the domain Q. A concise proof is provided in Ap-
pendix A.2.

3. Uniform asymptotic stability of the driven subsystem: Setting z; = 0in (5.35) yields ha(¢,0) =
0, reducing the force-error dynamics to

22 = —K]ZQ.
Since K7 > 0, this linear system is exponentially (hence uniformly asymptotically) stable.

By Vidyasagar’s theorem [184], the cascade is uniformly asymptotically stable at the origin, complet-
ing the proof. O
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5.5 Case Study: A Constrained Dual-Arm System

To validate the proposed control framework, a planar dual-manipulator system subject to a holonomic
kinematic constraint is examined, as depicted in Figure 5.2. Each arm is actuated by series elastic
actuators (SEAs), represented by the large red dots, with identical joint stiffnesses. The mechanical
structure consists of four rigid links: two proximal links (AB and EF) of mass 6 kg each, and two
distal links (BC and DE) of mass 1 kg each. All links have uniform mass distribution, so their centers
of mass lie at their geometric midpoints. The total length of each link is 0.3 m.

The motion of the two end-effectors, which are denoted C' and D, is constrained by a massless
rigid bar, enforcing a fixed distance between them. This introduces a single scalar holonomic con-
straint,

¢(q) = ||zc(q) —zp(g)|| — Lo =0, (5.36)

where £ is the prescribed constant length. As a result, the originally unconstrained system with n = 4
DoFs is reduced to m = n — 1 = 3 independent DoFs. The associated Lagrange multiplier A repre-
sents the internal reaction force transmitted through the constraint bar—interpreted physically as the
manipulation force along the connecting rod. The task space is defined by the Cartesian coordinates
that specify both the position and orientation of the end-effector C":

fz(q)
x = fy(q) € R3, (5.37)

@+ g+ q.(q)

where ¢,(q) accounts for the relative orientation induced by the closed-loop kinematics. The full
schematic, including sample configurations along an elliptical reference trajectory, is shown in Fig-
ure 5.2(b).

All joints are equipped with SEAs characterized by identical diagonal stiffness

K:diag(Kl,Kz,Kg,K4), Kz = 800 Nm/rad, 1= 1,...,4.

The system dynamics—including inertia, Coriolis, and Jacobian matrices—are computed using the
recursive algorithms described in [186].

T2

’ 4
s
>/7//desired
0 0

5
[m]

(b)

Figure 5.2: (a) Schematic of the constrained two-arm system with SEAs (red dots). Links AB and EF have mass 6 kg; BC
and DE have mass 1 kg. A massless rigid bar enforces a constant distance between end-effectors C' and D. (b) Sequence
of configurations tracking an elliptical reference trajectory (black curve). © 2022 IEEE
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5.5.1 Reference Trajectories and Disturbance

The desired motion and force trajectories are designed to be sufficiently smooth to satisfy Assump-
tion 8:

1. Task-space motion: The end-effector follows a frequency-modulated elliptical path with time-
varying angular velocity:
rq cos(w(t)t) + cq
zq(t) = | rpsin(w(t)t) + ¢ | » (5.38)
Ay sin(wot) + ag
where the instantaneous frequency is given by a smooth sigmoidal transition:
Awg

= —"20 4
w< ) ) +e(—(t—h0)) wo

2. Constraint force: The desired internal force is a sinusoidal signal:

Aa(t) = Ao sin(wyt). (5.39)

The numerical values of all trajectory parameters are listed in Table 5.1.

Table 5.1: Parameters for the desired motion and force trajectories.

rq = 0.06 m rp, = 0.03 m cq = —0.05m cp =—0.45m
apg =6.64rad | Aap =0.2rad | Awy = 2.57rad/s | wg = 0.27 rad/s
ho=4s Ao =10N wy = 27 rad/s

To evaluate robustness, external disturbances are injected into both the constrained and uncon-
strained subspaces. The disturbance in the constraint force channel is modeled as a smoothed step

( 1,t—hgy2
&6<_2( (s} )) t<ho,

Aext(t) = 4 5ov/2m (5.40)

L @0 otherwise,

function:

ensuring C!-continuity at ¢ = hg. The task-space disturbance is a damped oscillatory signal:

1,t—hie
aj =
1 —
Fext(t): a9 Ulme( 2( g1 )>

az

sin(wet), (5.41)

which is inherently C*-smooth due to the product of analytic functions.
The disturbance parameters are summarized in Table 5.2. The temporal evolution of these distur-

Table 5.2: Parameters for the external disturbances Fex (t) and Aex((t).

a0:20N a3:10Nrn 0’0:0.4
a1 =—20N ho=8.0s o1 =05
as =40 N h1 =6.5s we = mrad/s

bances defines four distinct experimental phases (see Figure 5.3, shaded regions):
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a. t € [0.0,5.0) s: nominal operation (no disturbance);
b. t € [5.0,6.5) s (yellow): task-space disturbance Fiy only;
c. t € [6.5,8.0) s (lime): simultaneous disturbances in both subspaces;

d. t € [8.0,10.0] s (gray): pure constraint-force disturbance Aex;.

5.5.2 Parameter and Simulation Setup

The control gains are selected as follows:
* Task-space stiffness: K, = diag(5000,5 000, 1 000) in units of N/m, N/m, Nm/rad;
* Force integral gain: K; = 10.

A practical guideline for selecting K is provided in the following remark.

Remark 13 (Initial Gain Selection via Stiffness Mapping). An informed initial estimate for the task-
space stiffness gain K, can be obtained by mapping the intrinsic joint-space elasticity into the task
space using the static stiffness transformation [187, Eq. (5.3)]:

K, ~ [J(q) K J" (q)] ",

where J(qo) is the augmented task Jacobian evaluated at the initial configuration qq. Since J is
square and nonsingular under Assumption 7, this inverse is well-defined and can be computed nu-
merically (e.g., using the methods in [154]).

Prior to each simulation, the system is initialized at a configuration satisfying the exact con-
straint ¢(g) = 0. All simulations are conducted in MATLAB/SIMULINK using a fourth-fifth-order
Runge—Kutta (RK45) solver with a fixed integration step of 1 ms. The results are presented in Sec-
tion 5.5.3, followed by a discussion on numerical sensitivity to solver choice and sampling time in
Section 5.5.4.

5.5.3 Results and Discussion

The closed-loop performance is illustrated in Figures 5.3 and 5.4. Figure 5.3 shows the reference
trajectories (dashed black) alongside the actual system responses (colored lines) for task position,
velocity, and constraint force. The external disturbances, comprising three components of Fey; (two
translational and one rotational) and the scalar constraint disturbance Ay, are plotted in the bottom
row. Figure 5.4 presents the corresponding tracking errors, control inputs, and the storage function S
defined in (5.28). The system behavior is analyzed across four distinct phases, each characterized by
a different disturbance regime:

* Phase a (0.0-5.0 s, white background): In the absence of external disturbances, the system ex-
hibits critically damped convergence of the task-position and velocity errors to zero, consistent
with the modal damping design (£ = 1). The constraint force error also decays asymptotically,
confirming stable regulation in both subspaces.
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Figure 5.3: Reference (dashed black) and actual (colored) trajectories for task position, velocity, and constraint force.

Bottom row: external disturbances—Fexi,1, Fexi,2,

Fix,3 (task space) and Aey (constrained space). © 2022 IEEE

Phase b (5.0-6.5 s, yellow background): The introduction of the task-space disturbance Fiy
induces transient deviations in both the unconstrained and constrained dynamics (visible in
position, velocity, and force responses). Crucially, the storage function S increases during

.. . . .. . =T . ..
this interval, reflecting the physical power injection @ Fiy > 0 as predicted by the passivity
analysis in (5.30).

Phase ¢ (6.5-8.0 s, lime background): Both Fyy and )¢y are active. Notably, while Ay af-
fects the constraint force trajectory, it does not excite the task-space dynamics or increase the
storage function S. This observation aligns with the theoretical result that disturbances in the
constrained subspace do not inject energy into the passive closed-loop system, only task-space
disturbances contribute to S.

Phase d (8.0-10.0 s, gray background): The task-space disturbance is removed, leaving only a
constant bias Aex¢ = 20 N in the constrained channel. Thanks to the integral action in (5.15a),
the constraint force error A converges asymptotically to zero, demonstrating effective rejection
of constant disturbances. Meanwhile, the storage function S monotonically decreases, indicat-
ing that all previously injected energy has been dissipated through the inherent damping terms
D, and D,), a direct consequence of the system’s output strict passivity.

These results collectively validate the three core design objectives: (i) asymptotically stable mo-
tion tracking, (ii) robust force regulation with integral disturbance rejection, and (iii) preservation of

the system’s passive energetic structure.



5.5 Case Study: A Constrained Dual-Arm System

113

— 0.02 T
CS ok v eComa—
Ty 5 -0.02;
sonf —n —n
= 0.40 2 ‘Il 6 8 10
E i oy
_E o2
ay E O \ —_— YUY, U,
- 100 ‘.‘ 6 8 10
2o
<
-10 1
50, ‘Il 6 8 10
E L*'WAMMX’W
Z. 0f
= 50 I’LL1 - us Uy
200 2 4} 6 8 10
— 0.02
n 0 :
: o
0 2 4 6 8 10
Time [s]

Figure 5.4: Tracking errors in position (&), velocity (), and constraint force (A); control input w; and storage function S.

© 2022 IEEE



114 Chapter 5 Passivity-based Motion and Force Tracking Control

5.5.4 Robustness to Numerical Integration Solver Settings

The controller is derived in continuous time; however, practical implementation requires discretiza-
tion. To assess sensitivity to numerical approximation, simulation results are compared using different
solvers and sampling intervals while keeping all physical and control parameters unchanged.

The baseline simulation employs a fourth-fifth-order Runge—Kutta (RK45, ODE45) solver with a
fixed step size of 1 ms, providing a high-fidelity approximation of the continuous-time dynamics. For
comparison, the experiment is repeated using a third-order Bogacki—Shampine (ODE3) solver with
coarser sampling rates of 5 ms and 10 ms, which correspond to integration steps that are 5x and 10x
larger, respectively.

As shown in Figure 5.5, the tracking performance remains largely unaffected at 5 ms (Fig-
ure 5.5b), with errors nearly indistinguishable from the baseline (Figure 5.5a). At 10 ms (Fig-
ure 5.5¢), minor deviations appear in the position and velocity errors during the peak disturbance
interval (f =~ 6.5-7.0 s), where the system experiences the highest dynamic excitation. Nevertheless,
stability and passivity are preserved: the errors remain bounded, converge after disturbance removal,
and no retuning of gains is required.

This robustness to discretization parameters underscores the structural integrity of the control
law; its performance is not critically dependent on ultra-fine sampling, which is advantageous for
real-time embedded implementations. The results suggest that even modest computational resources
can support effective deployment of the proposed ESP framework, provided the sampling rate satisfies
basic Nyquist criteria for the dominant disturbance frequencies.

5.6 Summary

This chapter presented a task-space motion and force tracking controller for constrained robotic
systems with elastic joints. In contrast to conventional approaches, such as inverse dynamics lin-
earization [106, 188] or strategies that enforce complete decoupling between motion and force, the
proposed framework deliberately preserves the system’s intrinsic inertial and elastic structure. This
structure-preserving design aligns with a passive control philosophy, thereby enhancing robustness
while preserving the system’s intrinsic inertial and elastic properties.

Rather than relying on aggressive cancellation of nonlinear dynamics, the force control compo-
nent employs an integral action that ensures asymptotic tracking accuracy in the presence of constant
disturbances acting in the constrained subspace. Crucially, the closed-loop system retains uniform
asymptotic stability at the origin even when subjected to such persistent force disturbances, pro-
vided no external perturbations act in the task space. This result underscores the effectiveness of the
controller in achieving stable, accurate, and energetically consistent simultaneous motion and force
tracking for elastic-joint robots under holonomic constraints.
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Figure 5.5: Tracking error under disturbances (t = 5-10 s) for varying numerical settings. All other parameters and
references are identical.






Conclusion and Discussion

The final chapter of this thesis provides a comprehensive summary and discussion of the main con-
tributions presented throughout the work. The limitations of the current approach are examined,
along with the challenges encountered during the implementation of real-world controllers for tendon-
driven systems. Particular attention is given to the insights gained from these difficulties, and potential
research directions are suggested to further enhance and extend the proposed framework. The chapter
concludes with the author’s forward-looking perspective on the vision for future robotics research.

6.1 Conclusion

Biological systems possess a remarkable ability to merge motion planning and control through the in-
terplay of musculoskeletal elasticity and reflexive neural responses. This integration enables seamless,
anticipatory adjustments during object interaction, without the need for explicit re-planning. In con-
trast, most contemporary robotic systems remain constrained by rigid, sequential behaviors—typically
executing reaching and grasping as two separate stages, which limits their adaptability and fluidity in
dynamic environments. Motivated by the natural agility of human motor systems, this thesis explores
how reactivity, compliance, and dynamic control can be combined to enable more adaptive robotic
grasping.

The thesis addresses these limitations through three key contributions: specialized control systems
for antagonistic actuators, responsive motion planning algorithms, and integrated motion-force con-
trol under constraints. These advances enable high-degree-of-freedom robotic systems with compliant
actuation to perform smooth, continuous approach-and-grasp movements in a single fluid motion.

In Chapter 3, controllers are designed for both unilateral and bidirectional types of antagonistic
actuators, commonly employed in elastic-joint robotic systems, particularly multi-fingered hands. To
enable impedance control on such systems, the Elastic Structure-Preserving Impedance (ESPi) control
is extended to preserve intrinsic inertial and elastic elements while imposing desired link-side stiffness
and damping. For BAVS actuators, ESPi ensures physical motor-side pretension during link-side
stiffness modulation, while motor-side damping suppresses oscillations. Extending this philosophy to
a multi-DoF tendon-coupled system, desired link-side impedance behavior is achieved with minimal
perturbation to the underlying dynamics and elastic coupling arising from tendon routing. Global
asymptotic stability and output-strict passivity are established for both actuator types. Simulations on
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the DLR neoDavid hand and experiments on its forearm joint validate these properties. These results
underscore the importance of preserving physical system dynamics to enhance robustness and energy
efficiency in uncertain interactions.

Following the investigation of joint-level impedance control, Chapter 4 introduces Finger Flow
(FF), a reactive motion generation paradigm that synthesizes visual and proprioceptive feedback into
continuous velocity commands for coordinated hand-arm motion. By encoding real-time finger and
spherical object geometry into a computationally efficient representation, the hand hull, FF generates
finger-avoidant trajectories for the arm in real time. FF enables the grasping-while-reaching behav-
ior and has the intrinsic nature of recovering from failed attempts. Formal convergence proofs are
provided for stationary spherical objects, and experimental success rates exceed 87 % on dynamic
pick-and-catch tasks. Implemented on the neoDavid platform, FF operates at 3 kHz, enabling safe
and responsive interaction during adversarial human-robot scenarios. This demonstrates the critical
value of state-dependent, closed-loop control in dynamic grasping.

Once a stable grasp is established, Chapter 5 presents a task-space motion and force tracking
controller that preserves the system’s intrinsic elastic structure under constraints, such as when stably
holding an object. Unlike inverse-dynamics approaches, this method avoids full decoupling or can-
cellation of dynamics in constrained and unconstrained subspaces. Instead, it leverages closed-loop
passive dynamics to enhance robustness. An integral term in the force controller ensures accurate
force tracking under constant disturbances, with formal guarantees of uniform asymptotic stability
even during prolonged constrained interactions. A case study simulating a two-arm constrained ma-
nipulation scenario validates the approach.

Collectively, these contributions establish a “scene-act” paradigm that unifies compliance, reactiv-
ity, and dynamic control, enabling fluid transitions between reaching, grasping, and force regulation.
By synthesizing insights from human motor control and advancing elastic robotics through novel con-
trol and planning frameworks, this thesis provides a principled pathway toward reactive, human-like
grasping in robots. Experimental validation on the complex hardware platform of the DLR neoDavid
robot underscores the practical viability of preserving physical system dynamics while achieving ro-
bustness in dynamic environments—and maintaining safety in human-shared settings.

6.2 Limitations and Lessons Learned

In this section, the limitations and remaining gaps in the control of tendon-driven hands, as well as the
reactive control strategy employed in Finger Flow, are elaborated upon. The lessons learned, based
on the author’s current observations and intuition, are summarized.

6.2.1 Tendon-Driven Hand Control: Gaps in Real World

Chapter 3 presented a mathematical foundation for antagonistic actuator control, including formal
passivity and stability proofs. For BAVS actuations, the controller’s effectiveness was demonstrated
through real-world experiments on the underarm joint of the DLR robot neoDavid. However, as
summarized in Chapter 3, a notable discrepancy persists between simulation predictions and real-
system performance when applying the proposed control strategy.

The current approach relies heavily on accurate kinematic models of finger joints and tendon rout-
ing, as well as precise state estimation, particularly tendon elongation and force calibration via FAS.
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In systems such as the neoDavid hand or other tendon-driven platforms like the Clash Hand [189]
and hybrid compliant grippers [190], tendons serve dual roles: acting not only as actuators but also
as indirect sensors, since no physical position or force/torque sensors are embedded within the fin-
gers or fingertips, especially in compact configurations. Consequently, accumulated modeling errors
propagate into critical state estimates, such as joint position and link-side torque. This becomes par-
ticularly problematic in tasks requiring high precision, such as trajectory tracking or constrained force
regulation, where model-based controllers are inherently sensitive to identification inaccuracies.

Lesson Learned

A central question to myself was: Can the performance of finger control be enhanced without altering
the mechatronic setup?
Past efforts focused on improving two key aspects:

* Finger (joint) position accuracy, which is crucial given that advanced multi-fingered manip-
ulation strategies depend on precise Cartesian or joint-space trajectory execution;

* Joint torque estimation, which plays a pivotal role in the feedback loop of ESPi control and
enables contact localization in the absence of tactile sensing, critical for object stabilization or
reorientation within the hand.

To mitigate modeling and sensing errors, a recalibration routine for tendon elongation in the FAS
component was implemented. While a comprehensive ablation study isolating the impact of tendon-
force calibration was not feasible, a measurable reduction in static error during impedance control
experiments was observed following recalibration.

Efforts were also made to refine tendon elongation estimation by incorporating wrist forward
kinematics into the model, motivated by the known influence of wrist motion on finger joint estima-
tion!. However, this approach was abandoned due to insufficient measurement fidelity in abduction
and flexion angles. The resulting noise would have degraded, not improved, the overall estimation
quality.

From a control design perspective, multiple avenues were explored to improve set-point regula-
tion. An observer-based friction estimation scheme proposed by works [180, 191] was applied to
estimate both motor-side and link-side friction. The latter was found to dominate system dynam-
ics, approximately 100 times larger than combined inertial and gravitational effects, at intermediate
movement speeds. Yet, compensating for this estimated friction via a quasi-feedforward term added
to the ESPi control yielded only marginal improvements.

Alternative control structures were also tested. An integral term with anti-windup was introduced
into the ESPi controller’. However, this led to delayed response dynamics: once accumulated error
finally overcame the dead zone, overshoot and oscillations ensued. The presence of this dead zone is
attributed to stiction between tendons and the bent routing within the wrist’s parallel mechanism [39],
as observed empirically. No systematic friction identification protocol was pursued beyond these ob-
servations. Similarly, implementation of the decoupled control scheme from [95, Sec. 6.1], designed
to minimize steady-state error in set-point regulation, did not yield significant gains in precision.

Ultimately, a cascaded control architecture [149] was adopted: an inner loop maintains minimal
tendon pretension to ensure tautness, while an outer loop performs classical joint-level impedance

ISee prior work on wrist kinematic modeling in [165]
*Think of adding an integral term of error K; [ G(7)dr in (3.47)
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control in regulation mode. This structure proved most effective in practice, balancing robustness and
simplicity.

This iterative process revealed several key insights: In lightweight, highly frictional systems,
structure-preserving control approaches inherently preserve unmodeled dynamics, particularly fric-
tion and related nonlinearities, that can severely degrade real-world performance if not explicitly
addressed. It appears that, under conditions of poor modeling fidelity, high-gain feedback may be
unavoidable to achieve acceptable tracking accuracy.

Can enhanced sensing or mechanical design help? An alternative path forward could involve
augmenting the sensing architecture, for instance, by integrating direct joint encoders or mechanically
decoupling tendon elongation from wrist motion. However, adding sensors introduces challenges in
cabling, signal conditioning, and system integration, potentially compromising the platform’s com-
pactness and passive compliance, which define its value.

While future work may explore such enhancements, the conclusion drawn from this phase is clear:
achieving robust, high-performance finger control in tendon-driven systems will require a careful
balance between mechanical design sophistication and control algorithm resilience.

6.2.2 Hand-Arm Coordination and Human Motor Control Parallels

The FF framework adopts a unidirectional finger-arm coordination strategy, where arm motion adapts
in response to finger positioning rather than establishing bidirectional coupling between these sub-
systems. This design choice stems from the fundamental kinematic and manipulation advantages
inherent to multi-fingered robotic hands. Unlike simple parallel grippers that provide limited contact
configurations for a given grasp pose, multi-fingered hands offer significantly larger solution spaces
for achieving force closure grasps [120, 192].

Meanwhile, research in human motor control also reveals that individuals employ diverse reaction
strategies when reaching for or catching perturbed targets, strategically leveraging the dexterity of
fingers, arms, or coordinated combinations of both systems [73].

6.2.3 Reactive Control but Non-predictive

The vector-field-based feedback planning employed in FF operates under a history-invariant, non-
predictive paradigm, processing instantaneous sensory feedback without incorporating preview in-
formation or receding-horizon optimization techniques commonly used in model predictive con-
trol (MPC) frameworks [49] or trajectory optimization methods [193, 194]. This temporal myopia
presents both advantages and limitations in reactive grasping scenarios. The absence of predictive
modeling eliminates the computational overhead associated with forward simulation and optimization
over future time horizons, enabling the 3 kHz control frequency demonstrated in the DLR neoDavid
implementation. This high-frequency operation proves crucial for handling adversarial human-robot
interactions and dynamic object trajectories where rapid response times supersede optimal long-term
planning. The history-invariant nature may constrain the system’s ability to anticipate and prepare for
predictable disturbances or object motion patterns. Unlike MPC-based approaches that can preemp-
tively adjust control actions based on predicted system evolution, FF responds reactively to sensory
feedback, potentially missing opportunities for smoother, more efficient motion generation. Recent
advances in real-time MPC [195] and learning-based predictive models [196] suggest potential path-
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ways for incorporating limited-horizon preview capabilities while maintaining computational trace-
ability.

6.2.4 Assumption on Constraint Modeling in Force Tracking Control

Chapter 5 has only considered an ideally simplified manipulation scenario where a contact is assumed
invariant and can be simply described by a finite number of deterministic analytical algebraic rela-
tions. The work assumes the constraint models (Pfaffian and holonomic constraints) are consistently
satisfied and analytically tractable. This represents a significant barrier to real-world implementation,
where constraints cannot always be precisely described analytically. Complex environments, man-
ufacturing tolerances, and sensor uncertainties challenge the reliability of exact mathematical con-
straint representations. Depending on the constraint modeling uncertainties, different force control
schemes (direct vs. indirect) in the constrained space may apply.

Force control trade-offs: indirect versus direct approaches

Indirect force control through an impedance control scheme offers robustness when constraint mod-
eling contains uncertainties, as the robot maintains compliant behavior and reduces damage risk from
excessive contact forces. "Indirect" means this approach converts force control problems to mo-
tion tracking problems without explicit knowledge of the environment (or constraints) [59, 197].
Impedance control facilitates stable interaction even without precise environmental models. How-
ever, indirect force control provides only approximate force regulation through motion control mech-
anisms rather than direct force feedback [198]. This limitation becomes critical for tasks requiring
precise force control, where accurate force tracking is essential rather than merely maintaining safe
interaction.

Our current work prioritizes direct force control over the indirect approach. The former scheme
utilizes explicit force feedback in compliant environments while maintaining passivity in the closed
loop for elastic-joint systems. This choice balances precision and robustness, acknowledging that
applications such as precision assembly or grasping require exact force control that indirect methods
cannot adequately provide.

6.3 Future Directions

The findings and limitations of this work reveal several promising avenues for advancing reactive
robotic grasping systems. These directions span from fundamental improvements in uncertainty han-
dling to the development of more sophisticated planning and control paradigms.

Learning-augmented structure-preserving control

The limitations of model-based control in systems with unmodeled friction, tendon compliance non-
linearities, and sensorimotor uncertainty motivate a paradigm shift toward learning-augmented archi-
tectures. Rather than replacing physical models, data-driven methods can be embedded as adaptive
correctors that preserve the stability and passivity guarantees of structure-preserving frameworks like
ESPi. Recent advances show that neural observers can learn residual dynamics without compromis-
ing closed-loop stability, for example, Lipschitz-constrained neural networks enable stable model-



122 Chapter 6 Conclusion and Discussion

reference adaptation under unmodeled disturbances [199], while episodic learning with control Lya-
punov functions ensures stability despite uncertain dynamics [200]. Hybrid approaches, where a
learned module compensates for unmodeled dynamics in real-time while an underlying structure-
preserving controller enforces safety and energy efficiency, offer a principled path forward. Such ar-
chitectures align with the emerging field of learning-augmented control [201] and physics-informed
neural networks [202], where domain knowledge constrains the hypothesis space to ensure general-
izability and robustness.

Stochastic reactive motion generation under sensor uncertainty

Current reactive motion generation frameworks, such as Finger Flow, often treat sensory inputs as
deterministic signals, neglecting the stochastic nature of visual tracking, proprioceptive estimation,
and force sensing. This simplifying assumption leads to instability under conditions like large-scale
occlusion, rapid object motion, or low-confidence measurements. A critical advancement lies in em-
bedding probabilistic reasoning into the feedback loop, explicitly modeling sensor outputs as random
variables with known or learned uncertainty distributions [203, 204]. By maintaining belief states
over object pose, finger configuration, and contact forces, the system can dynamically reweight ev-
idence from complementary modalities (e.g., decreasing reliance on vision during occlusion while
increasing trust in tendon tension signals). Recent work on stochastic motion planning [205, 206]
provides mathematical foundations for collision-free trajectory generation under sensing uncertainty,
while Bayesian filtering and Gaussian-process-based approaches enable real-time tracking of evolv-
ing belief states in robotic manipulation [207, 208]. Together, these methods enable graceful degra-
dation under degraded sensing conditions, preventing oscillatory or divergent behaviors common in
deterministic reactive controllers when confronted with corrupted input.

Adaptive hybrid planning: From reactive to predictive execution

The dichotomy between purely reactive control and computationally intensive predictive planning
suggests a more nuanced architecture: one that adaptively switches between paradigms based on
environmental predictability. In stable or predictable scenarios, such as object free-fall, known ma-
nipulation patterns, or pre-learned interaction dynamics, a finite-horizon predictive planner could
optimize motion sequences ahead of time, improving efficiency and precision. Conversely, during
unpredictable interactions, the system reverts to the robust, history-invariant reactive framework. The
challenge lies in defining trigger criteria for switching: metrics derived from prediction confidence,
entropy of belief states, or rate of change in contact forces may serve as reliable indicators. Re-
cent breakthroughs in diffusion policies [81], flow-matching generative models [209], and robotics
foundation models [210] demonstrate that high-dimensional, multi-modal reactive behaviors can be
learned from diverse datasets, enabling generalization across unseen scenarios without explicit plan-
ning. Future work will explore how these generative models can be conditioned on real-time context
to produce hybrid plans, reactive when needed, predictive when beneficial, while maintaining real-
time feasibility on embedded hardware.

Understanding contact for dexterous manipulation

A central obstacle to dexterous manipulation is the absence of compact, computationally feasible,
and physically meaningful representations of contact. Traditional spring—damper abstractions fail to
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capture the richness of multi-point and multi-modal interactions, while full-resolution contact me-
chanics remain computationally prohibitive for real-time control [211]. This motivates the search for
intermediate representations that balance physical fidelity with online tractability.

One promising direction is the development of stochastic contact models that encode the intrinsic
uncertainty of contact formation, dissipation, and slip. Rather than resolving material-level physics,
such models would provide learned statistical summaries of interaction outcomes [212]. In practice,
this could take the form of probability distributions over contact locations, feasible force directions,
or effective friction coefficients. Inspired by domain randomization in reinforcement learning [213],
these probabilistic models could serve as priors for both motion planning and impedance control,
allowing the robot to operate within trust regions of plausible contact behavior rather than relying on
brittle deterministic assumptions.

A natural next step is to integrate these stochastic models with contact-implicit representations.
In such formulations, contact forces, object motions, and discrete contact events are jointly optimized
through complementarity constraints, eliminating the need to enumerate contact modes a priori [211].
By embedding probabilistic contact models within contact-implicit MPC or trajectory optimization,
one could achieve both robustness to model uncertainty and adaptability to unanticipated interactions.
Moreover, coupling this approach with online constraint identification via machine learning [214]
opens a pathway toward controllers that continuously refine their internal contact models during de-
ployment, enabling reliable performance in contact-rich scenarios characterized by non-smooth dy-
namics, discontinuous gradients, and combinatorial explosion of feasible contact configurations.

Integration and system-level architectures

These future directions are inherently interconnected, suggesting that the most significant advances
may come from integrated approaches that simultaneously address uncertainty handling, predictive
planning, and contact understanding. The development of unified frameworks that seamlessly com-
bine these elements while maintaining real-time performance represents a significant but potentially
transformative research challenge. Additionally, the scalability of these approaches to more complex
scenarios, involving multiple objects, collaborative manipulation, or long-horizon tasks, remains an
open question that will require careful consideration of computational constraints and system archi-
tecture design.






Appendix: Stability Analysis for the Constrained

System

A.1 Vidyasagar’s Theorem on Hierarchical Systems

We recall the following result from Vidyasagar [184, Theorem 3.1], which provides sufficient condi-
tions for uniform asymptotic stability of cascaded (hierarchical) nonlinear systems.

Theorem 3 (Vidyasagar, 1980). Consider a system in hierarchical form
() zi=filt,z1,...,2z), i=1,...,n,
and its associated collection of isolated subsystems
() 2= fi(t,0,...,0,z;).
Suppose the following assumptions hold:
(Al) Each vector field f; is continuous and satisfies f;(t,0,...,0) =0 forall t > 0;
(A2) There exists a constant ¢ > 0 such that

sup sup ||V, fi(t,w;)|| < co, where w; = col[z1,...,zi].
t20 Jlw;||<c

Then, the equilibrium z = 0 of the full system () is uniformly asymptotically stable (UAS) if and
only if the origin z; = 0 is UAS for each isolated subsystem (.%;), foralli =1,...,n.

This theorem serves as the foundation for the stability analysis of the closed-loop dynamics pre-
sented in Section 5.4.

A.2 Proof of Uniform Asymptotic Stability

The stability of the driving subsystem 21 = fi(t, z1) (cf. (5.34)) is established using Matrosov’s
theorem, following the approach in [101]. Due to the local nature of the task-space parametrization
(restricted to the singularity-free set Q), the result is necessarily local; hence, we prove (local) uniform
asymptotic stability (UAS), rather than global.
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Proof. Let f1 : [0,00) x Q — R*"~2™ be continuous, where 2 C R**~2™ is an open, connected
neighborhood of the origin containing the initial conditions of interest.
We select the storage function S(t, z1) defined in (5.28) as a Lyapunov candidate:

V(t, Zl) = S(t, Zl).

In the absence of external disturbances (Fix; = 0), its time derivative along trajectories of 2; =
J1(t, z1) is given by

) =T 53 . .

V=-2 D,x—n'D,mn<0,

which is negative semi-definite due to the positive definiteness of D, and D).
To apply Matrosov’s theorem (in the formulation of Paden and Panja [185]), we verify the follow-
ing conditions:

Condition (1): Boundedness of /. Define the bounding functions

ax(||z1]]) = %(/\min(Aacx)||9'~3”2 + )‘min(B)||77||2 + Amin(Kx)”i"P) +Ue(n — G(2)),
bo(llz1])) = 5 (Amax(Aw) |2 ] + Amax (B[] + Amax (K) |1 2]%) + Ue(n — G(%)).

By Lemma 4.3 in [215], there exist class-/C functions a, b such that
a(llz1]l) < V(t, 21) < b([|z1)),

which implies that the origin is uniformly stable (US) and that z; (¢) remains bounded.

Condition (2)—(3): Auxiliary function and boundedness. Define the auxiliary function

2T x 2T o o . .. T 1y
W(t,z1):=V(t,z1) = —(2:1: D,z+x D,z + 217TD7717 + nTDnn).

Since 2z (t) is bounded and all system matrices are smooth, |V (¢, z1)| is uniformly bounded, satisfy-

ing Conditions (2) and (3) of Matrosov’s theorem.

Condition (4): Non-vanishing derivative on the invariant set. Let E = {2z, € Q| 2 = 0,7 =
0} be the largest invariant set contained in {V = 0}. Differentiating W along the closed-loop
dynamics (5.15b)—(5.15c¢) yields, for all z; € F,

W(t,z1) = —2[Te — K,&] Q[T — K,&] — 2 Ry, (A.1)

where
T:=[P(JP)"", Q:=A,/D,A,}~0, R:=B 'D,B™'~0.

€T

Here, symmetry of @ and R follows from the modal damping design [183], which ensures symmetric
positive-definite damping matrices.
Equation (A.1) can be rewritten in quadratic form as

.
W= 2 H H(t, 1) [ﬂ ,

xr

with
_|TTQT+R -T'QK,

H =
~-K/QT K]QK,

] CyvyT oy [R1/2 _TTQ1/2]

0 K;—QI/Q
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Since Y has full column rank and depends continuously on z1, H (¢, z1) is uniformly positive definite
on compact subsets of €2. Thus, there exists a class-/C function « such that

(W (t,z1)| = v(llz1]), Vz1 € E\{0}.
This satisfies Condition (4) of Matrosov’s theorem (see Lemma 1 in [101]).
Condition (5): Uniform stability. Already established in Condition (1).

Hence, by Matrosov’s theorem, the equilibrium z; = 0 is locally uniformly asymptotically stable.
O






Appendix: Finger Flow

B.1 Hand Hull Generation

The hand hull is constructed by approximating the kinematic structure of each finger on a series of
rotated planes parameterized by angle o. This approach is applicable to anthropomorphic multi-
fingered hands. The process begins with the estimation of effective joint configurations from raw
sensor feedback, as detailed in Appendix B.1.2, which serves as input to the forward kinematic model
described in Appendix B.1.3.

B.1.1 Preliminaries: Rotated and Center-Shifted Ellipses

An ellipse with center x. € R? is defined implicitly by the quadratic distance function
I'(z)=(z -z Q(x — z.) =T, (B.1)

where T’y > 0 is a constant and Q € R?*? is a symmetric positive-definite matrix. The matrix Q

admits the eigendecomposition
Q = R(¢9)AR (q), (B.2)

Y4 = (71> ;"}:'U’
i m > 1
{T} | oz

Figure B.1: Parametric representation of an elliptical sector or arc with center x., rotation matrix R(q), and radial scaling
factor m. The frame 7~ is obtained by rotating 7 by angle q.

129
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Table B.1: Geometric explanation of different ¢, w.

Geometric form 10) U

Ellipse € (0,2n] ug

Arc € (¢1,02) U

Sector € (¢1,02) € (0,up)
Annulus € (1, $2) € (u1,us)

¢1 and ¢ are starting and ending angles, respectively. w1 and us are lower and upper bounds or radial scaling.

with rotation matrix

R(q) = [C?Sq R = SO(2),
sing cosgq
and diagonal matrix
A =diag (I,% 1, ?), (B.3)

where [, and [, denote the semi-major and semi-minor axes, respectively.
For the purpose of defining local regions around finger segments, a parametric set notation is

} , B.4)

where ¢ € R is the angular parameter and u € R™ is a radial scaling factor. Different choices of ¢

introduced:

cos ¢

xr=x.+ uRA /2 )
sin ¢

X(xe, R, A, b, u) = {x e R?

and u yield distinct geometric primitives, as summarized in Table B.1.

Ellipse in second-order polynomial form

Expanding (B.1) yields the general conic form
a1 x? + agzy + azy® + agx + asy +ag =0, (B.5)

where the coefficients relate to () and . as follows:

1
ar 542
Q= !1 2 ] : (B.6)
5@2 as
—1 —%CL4
T.=Q 1 > (B.7)
~Las
det Q
To=— J B.8
07 T detQ (B.8)
with the augmented matrix
o la lag
Q.= %az as %05

1 1
5@4 5@5 ag

The conic represents a non-degenerate ellipse if and only if det Q > 0 and det Q4 # 0.



B.1 Hand Hull Generation 131
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lw,O
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s | | s
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| i |
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¢’ A i Other links:
= [ rectangle
e 92 = J=12
—v i i
V'Y 4 i .
,,,,,, HZI . ~ ‘ Junctions:
- i m = sector

L/A' m > 1

Palm: q1
rectangle

|— Finger hull —— Extended hull |

Figure B.2: Estimated kinematic chain of a single finger on a rotated plane. The extended hull (orange) incorporates object

radius r, per Assumption 4.

B.1.2 Estimation of Finger Configuration and Length

To balance fidelity and computational efficiency, the estimated finger model employs fewer degrees of
freedom than the physical hand. As an example, a 3-DoF serial chain is used to represent flexion/ex-
tension at the metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal
(DIP) joints, denoted ¢; for j = 1,2, 3. The base link is anchored to a fixed point representing half
the palm width.

Joint configurations and segment lengths are modeled as piecewise third-order polynomials in the

rotation angle «:

Gi(a, @) = Pqoj + Pg1,j0 + Pg2,j0° + py3 ja°, (B.9)
lj(a,q) = pioj + P+ prajo® + pizja, (B.10)

where coefficients are determined by boundary conditions at discrete angles corresponding to anatom-
ical finger positions (thumb, index, middle, ring, little), as listed in Table B.2. For interval k, the con-
ditions §;(ay) = qé? and Gj(op41) = qf“ yield standard cubic Hermite interpolation coefficients.
The estimated configuration vector is compactly denoted ¢ = fp01y3(a, q), with components
bounded as
0 < ¢min < (jj < Gmax;

where gmin and gmax are functional limits (not mechanical joint stops). Violations of these bounds can
lead to degenerate hulls, as illustrated in Figure 4.12 and Figure 4.4(d).
Physical parameters for the DLR neoDavid hand are provided in Table B.3.

B.1.3 Estimated Finger Kinematics

On each rotated plane, the finger is approximated using primitive shapes: rectangles for phalanges,
circular sectors for joints, and ellipses for fingertips. The position of the j-th joint and the center of
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Table B.2: Boundary conditions for polynomial interpolation of joint angles and segment lengths as a function of rotation

angle a.

ol ) 20 40 100 180 240 310 340

Cjéc q;niddle q;mg q;ittle Gmin Gmin q}humb Gmin q}ndex

Zk lmiddle lring llittle lauxl lbottom lthumb laux2 lindex
l,j l,j l,j lLj lLj lj l,j l,j lj

bottom jaux2
P

Auxiliary lengths (™! ) span interdigital and hypothenar regions.

Table B.3: Segment lengths (m) and base thickness l.,,0 for the neoDavid hand, used in Table B.2.

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

[Piadle 0,041, 0.041, 0.039 [poem - 0.012,0.012,0.010
e 0.032, 0.032, 0.025 [P 0.050, 0.050, 0.040
[jiue 0.028, 0.028, 0.022 [ 0.004, 0.004, 0.003
st 0.002, 0.002, 0.002 — —

lw,O 0.02 - -

the j-th segment are computed via forward kinematics:

. i

p; = fa(g. 1) = D (B.11)
i=1 | @S (Zk:1 dk
P+ pj-
Pej = % (B.12)

where py is a fixed palm offset and segment lengths a; are defined as

I =12,
a; =4 o (B.13)
0.5(m+1)i; j=3,

with scaling factor

m = Mj (B.14)
lw,O

accounting for object radius r, per Assumption 4. A uniform thickness b; = ml,, ¢ is applied to all
segments. The curvature at joints and tips is encoded via radius matrices:

Q.; = R(0;) diag ((0.5mlw0) %, (0.5mly0) )R (6;), (B.15)
Q: = R(0s) diag ((0.5mly3) "2, (0.5mlu0) %) R (65), (B.16)

where 0; = Zi:l q.-

B.1.4 Closed Forms of Region Definitions

Figure B.3 illustrates the spatial partitioning (i.e., the regions) used in the dynamical system design.
Formal set definitions are provided in Table B.4.
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Table B.4: Definition of sets in the neighborhood of the hand hull D.

Symbol  Category Set Definition

RY Rectangular boundary  {z € Q. | Gg]; = b3}, G1:9% < bpg)}

Rb Circular boundary X(pj, R(—= Y1, 4i), diag(l,5,0,7), [-5 — ¢j,—%5):1),
j=1,2

RY Fingertip boundary X(pqg, R(— 2?21 i) diag(l;%, lb_é), (=5, ¢1), 1)

RE Rectangular exterior {z€Q, | Gz < b}

RE Circular exterior X(--,(1,0),ec>1

R Fingertip exterior X(-,(1,0),ec>1

R® Boundary {2z, |T(2) =1} =ROURLURY

RS Interior {ze€Q,|T'(2) <1}

Ro Cone set {z€ Q.| Gz < b}

R Exterior set {z€Q,|T(2) >1} = REURSEURS

Db Hull boundary Surface of revolution of R? about x3-axis

DI Hull interior Solid of revolution of R/

Do Spatial cone Solid of revolution of R

Dy Spatial exterior Solid of revolution of R

Dy Below palm {x e Q| x3 <0}

The Cone-shaped Set R

As shown in Figure B.3(a), R is a convex polyhedral cone defined by

ok
Roz{Zz(x,y) xZO,yépo,y,yzw’ﬂchp;}, (B.17)
t,x
or equivalently Gz < b with
-1 0 0
G = 0 1 |, b=| poy (B.18)
Dty — p; Pt —PyPta
The tangent point p; and supporting line s; are computed as described in Appendix B.2.2.
The Rectangular Set R,
The region adjacent to finger links is bounded by three half-planes (Figure B.3(b)):
Re = {z = (2,9) [ njay > njy(z — pj1.0) + Pj-14,
iy < Ny (T = Pja) + Piys (B.19)

liay <ljy(x — Pja) + Dy}

where p; = p; + 0.5mly on;, and n; = [n;,, nj,y}—r is the unit normal. In matrix form, Gz < b

with

NjyPj—1,a — Pj-1y
NjyPjx — Pjy

Njy —Njx

G=|nj, —nj.|, b= (B.20)

Ly —lja liyDje — Djy
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Figure B.3: Visualization of regions defined in Table B.4. (a) Cone set Ro; (b) rectangular and curved boundaries around
finger segments.

B.2 Tangent Flow

B.2.1 Closed Forms for Tangent Flow

On each rotated plane, a finger is approximated by three primitive geometric elements: rectangles
(for phalanges), circular arcs (for joints), and ellipses (for fingertips). The tangent flow e(z), a unit
vector field guiding motion along the hand hull boundary, is defined piecewise over the corresponding
regions R, R., and Ry, as illustrated in Figure B.4(b—d). The closed-form expression is given by

e(z)=R (g) n(z), (B.21)
n, z €R,,
n(z) = q{nqg,., z€Re, (B.22)

ng, z € Ry,

where R(7/2) denotes a counterclockwise rotation by 7/2, and n(z) is the outward-pointing unit
normal to the hand hull at z. The normal vectors for each region are defined as follows:

—— (_E) Pj —Pj-1_ (B.23)
2/ |lpj — pj-1ll
chj(z - pj—l)
ng,. = ’ , (B.24)
@i T [ Que(z — pi—1)l]
_ Qv(z_pc,v) (B.25)

n o — s
P T NQu(z — pew)|

where:
* p; denotes the position of the j-th joint (j = 1,2, 3),
* Dc.v 18 the center of a virtual ellipse near the fingertip,
* Quej = R(0) diag(r, 2, r,2)RT (0), with 0 = 321_, i,
* rye = ||Z — Pcvl| is the radial distance to the virtual center.

Near the fingertip (z € R;), the tangent flow aligns with the tangent of a virtual ellipse whose
parameters are chosen to ensure smooth transition across the switching boundary s;. Further details
are provided in Appendix B.2.3.
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Figure B.4: Tangent flow vectors (blue) in different regions around the finger approximation.

B.2.2 Tangent Line and Tangent Point

The supporting line s; and its point of contact p; with the fingertip ellipse are computed to define the
boundary between R and R1. Consider a line of unknown slope k& > 0 passing through the attractor

Py = (x4,yq):

y=k(z —zq) + ya. (B.26)
Substituting into the implicit ellipse equation (B.5) yields a quadratic in x:
A(k)z? + B(k)z + C(k) = 0, (B.27)
with coefficients dependent on &:
A(k) = azk® 4 ask + a1, (B.28a)
B(k) = az(yq — kxa) + 2a3k(yq — k), (B.28b)
C(k) = a3(yq — kxq)® + as(yq — kxq) + as, (B.28¢)

where a1, as, a3 are derived from the fingertip radius matrix Q; via (B.6), (B.7) and (B.8).
Tangency requires a double root, i.e., vanishing discriminant:

A(k) = B*(k) — 4A(k)C (k) = 0. (B.29)

This quartic equation in k£ admits two positive real solutions (see Figure B.5(a)). The steeper slope is
selected to ensure the cone R remains narrow and forward-facing:

k= max(k‘l, k?g) (B30)

The tangent point and line are then:

B
Pra = —51, Pty = k(pty — xda) + Yd, (B.31)

s1:{(z,y) | y — kx — ya + kxg = 0}. (B.32)



136 Appendix B Appendix: Finger Flow

Figure B.5: (a) Two tangent lines from an external point to an ellipse. (b) When a1 = as, the virtual ellipse is tangent to
s1. (c) When a; > as, tangency occurs with a modified line s, of slope k., = kas/a;.

The angular parameter of the tangent point relative to the fingertip major axis is:

(Pt — pe3) " (p3 — pc,s)) 7 (B.33)

[Pe = Pesll lP3 = pesl]

where p. 3 is the center of the third segment.

¢ = arccos <

B.2.3 Continuous Tangent Flow Across s, via virtual ellipse

To ensure smoothness of e(z) across s, a virtual ellipse is introduced in R;. Its parameters are
constrained such that (1) The center p, . lies along the normal to the fingertip at p. 3. (2) The aspect
ratio matches that of the physical fingertip ellipse, scaled by factor m from (B.14).

Two cases arise depending on the gain matrix A, = diag(a, a3):

(I) If a1 = ag, the virtual ellipse is tangent to s at p,, 1 = p; (Figure B.5(b)).

(II) If a1 > ag, the linear flow is anisotropic; the virtual ellipse is instead tangent to a modified line
s, with slope k, = kag/a1, intersecting s; at p, o (Figure B.5(c)).

In both cases, the center p, . and radius matrix @, are determined by solving the tangency condition
(B.29), ensuring continuity of e(z) across s;.

B.2.4 State-dependent Transition Function

The blending between linear and tangent flows is governed by a smooth transition function n(z) €
[0, 1]. An example design is:

n(z) = % [1— tanh (o1(I'(2) — To))], (B.34)

where o1 > 0 controls the transition sharpness and I'y > 0 defines the reactivity margin.
The distance function I'(z) encodes proximity to the hand hull boundary R?:

( 2 )2[(z—pj)/\l]2 z€R,,

mlmg

[(z) = 2 \? B.35
(2) ( ) l=—p;l?  zeR. (B.35)
mlw,o

(Z - Pc,B)TQt(Z - pc,3) FARS Rta

where:
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* mly o is the extended finger thickness from (B.14),
* l=(p;j —pj—1)/|lpj — Pj—1|| is the unit link direction,
* @, is the fingertip radius matrix from (B.16).

By construction, I'(z) = 1 on R’, and T'(2) increases quadratically with distance from the hull.
Consequently,  — 1 near the boundary and 7 — 0O far from the attractor. The isolines of I" are shown
in Figure B.6.

I'(z)=1VzeR
Z2 3

)
Y]

08

o
o o
< -
o
/& o

/ ©
] /

N, //
0. ~0. Q
> 2 % 0 N

Figure B.6: Isolines of the distance function I'(z). The boundary R® corresponds to I' = 1.

B.2.5 Lipschitz Continuity of the Rotation Angle

Lemma 3. For z € Ry (or x € Ds), the rotation angle v(z) defined in (4.6) is locally Lipschitz

continuous.

Proof. The proof proceeds in two steps.
Step 1: Differentiability. The transition function 7(z) in (B.34) is smooth due to the analyticity
of tanh(-). The base angle vo(z) in (4.7) is differentiable because:

1. The sign term sgn(f; ., A e) is constant within each connected component of R1,
2. Both f; ,,(2) and e(z) are differentiable by construction,
3. | ft,w(2)|| > 0forall z € Ry, avoiding singularities in (4.7).

Hence, 7(z) = n(z)70(2) is differentiable.

Step 2: Bounded derivative. Within R4, the vectors f;,, and e are neither parallel nor anti-
parallel. Parallelism occurs only on s, which lies outside R;; anti-parallelism is precluded by hull
design (see Figure 4.12). Thus, the argument of arccos(-) in (4.7) remains strictly within (—1,1),
ensuring the derivative of g is bounded:

< Ly < o0,

il
0z

o

V1 —h2(z) 0z
where h(z) = fl,e/| fiwll. Similarly, |0n/0z| < L, < oo due to the bounded derivative of
tanh(-).
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Combining these bounds:

Iy on 0
— < |5 — | <L, < oo.
|52 < |52 ol + a1 e | < 2 <0
By the mean value theorem, ~y(z) is Lipschitz continuous on any compact subset of R ;. O

B.3 Invariant Set

Lemma 4. [2]6, Lemma 3.5] Let P = {z € R" | Gz < b} be a polyhedral set. The set P is
positively invariant under the linear dynamical system z = Az if and only if, for every boundary
facet OP; = {z | G z = b;}, the condition

G/ Az <0
holds for all z € OP;, where G denotes the i-th row of G.

Proof. The result follows directly from Nagumo’s Theorem [217, Theorem 2.7], which provides a
necessary and sufficient condition for set invariance under continuous dynamics. A detailed proof is
provided in [216, Lemma 3.5] and [218]. O

B.3.1 Proof of an Invariant Set

Proof. Consider the linear dynamical system defined in (4.3):
z= —A//(Z — Z*) = —A//i,

where 2 = [z,y — pz*/]T and A, = diag(ai,as) with a; > agz > 0. The set Rg is a convex
polyhedron defined by Gz < b as in (B.18), with three boundary facets OR{, i = 1,2, 3.

To verify invariance, it suffices to show that the vector field points inward or is tangent to each
boundary, i.e., —GZTA//,% < Oforall z € 87%6.

(1) On IR} (z = 0):

~Glasz=[-1 of | " -0
—a3(y — pj)

(2) On dRG (y = poy > p}):

—ai1xr

~GjAz=0 1] [_ag(y_p*)
Yy

] = —a3(y —py) <0,
since y > pj.

(3) On GRS (the tangent line 51 : y = %az + p}):

_ —alxr
~GjA)z = [pt —p, —Dt }
vy 1 —as(y — py)
= pra(az —a1)(y —py) <0,
because p;, > 0,y > pj, and a1 > as.

Thus, the invariance condition of Lemma 4 is satisfied for all boundary facets. Therefore, Rg is a
positively invariant set under the dynamics (4.3). O
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B.4 Implementation Details in Experimental Validations

B.4.1 System Parameters

The parameters employed in all experimental evaluations of the Finger Flow framework are summa-
rized in Table B.5. Joint configurations follow the order: metacarpal adduction, metacarpal flexion,
proximal interphalangeal flexion, and distal interphalangeal flexion.

Table B.S: Parameters used in experimental validations.

Parameter Value

Desired orientation ** R4 R, (7m/2)
Attractor position x* [0, 0, 0.02] T [m]
Gain matrix A (4.10) 3 I3xs

Transition sharpness o1 (B.34) 0.01
Reactivity margin I'g (B.34) 150
Finger closure gain Qf (4.32)  diag(80, 1, 260)
Power-grasp configuration g4  Thumb: [0.45, 0.5, 0.5, 0.5] rad;
Little: [0, 0.7, 0.5, 0.5] rad;
Index/Middle/Ring: [0, 0.5, 1.0, 1.0] rad
Hand-cage configuration g,  Fingers: [0, 0.524, 0, 0] rad;
Thumb: [~0.524, 0.524, 0, 0] rad

B.4.2 Object Pouring and Placing Motion

Following grasp confirmation, a predefined joint-space trajectory executes a pouring-and-placing se-
quence. The arm velocity reference is generated by blending between the Finger Flow command and
a target motion via a smooth time-dependent function:

ac = k(T)Gan + (1 = k(7)) Ga,r, (B.36)
where:
* {, r 1s the Finger Flow joint velocity from (4.22),
* qon = —A:(q — qq,p) drives the arm toward a pouring posture g,
* A. = I5.5 is a diagonal gain matrix,

« The blending function k() = 3[1 + tanh(5(7 — 1))] transitions smoothly from 0 to 1 over 2
seconds.

After pouring, the arm moves to a final placement configuration g, ., while the fingers reopen to the
hand-cage pose g ,. Grasp confirmation requires at least n. = 6 engaged finger joints and external
torque exceeding 7; min = 0.1 Nm for more than 1 second. Parameters for this phase are listed in
Table B.6.
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Table B.6: Parameters for pouring and placing motion.

Parameter Value

The gain matrix A, Is.x

Number of the engaged joints n, 6

Torque threshold 7; min 0.1 Nm

Pouring configuration g ; [25°, 40°, —10°, 70°, —60°]"

Placement configuration gy . [25°, 40°, —10°, 70°, 40°]T
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