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High-Speed Scooping through Dynamic
Manipulation: Model and Practice

Hyeonje Cha, Inho Lee, and Jungwon Seo

Abstract—This study introduces a robotic high-speed scooping
technique, an effective solution for rapidly picking thin objects
from a hard support surface. High-speed scooping involves dy-
namic and impactful manipulation using a two-fingered gripper.
One digit dynamically penetrates beneath the object lying on
a support surface while the other digit helps form a cage
and subsequently secures a firm grip. This entire process is
executed within a fractional-second time frame. We develop a
theoretical model of manipulation for high-speed scooping and
implement it using our custom direct-drive gripper designed for
enhanced environment-adaptability. Extensive experiments verify
the viability of our high-speed scooping approach.

Index Terms—In-Hand Manipulation, Grasping, Dexterous
Manipulation

I. INTRODUCTION

HANDLING thin objects presents significant challenges
for robots, particularly with items such as plastic cards,

coins, small electronic parts, and similar objects. Specifically,
when these objects rest on a hard surface, reachability is
highly constrained, leaving only the top face readily acces-
sible. This creates a demanding scenario for standard multi-
fingered grippers, which primarily rely on unilateral contact
forces and friction. Suction-based gripping, capable of exerting
bilateral contact forces, has been a practical solution to this
challenge, as demonstrated in the Amazon Picking Challenge
[1]. However, suction grippers often need to be used alongside
a multi-fingered gripper (see [1] again), due to limitations such
as sensitivity to surface conditions [2], [3].

In this study, we establish a novel dynamic manipulation
model for quickly scooping objects off from a hard surface
using a multi-fingered gripper. We implement this manipula-
tion model and verify its effectiveness and practicality. Fig. 1a
illustrates the rapid scooping process using our custom two-
fingered gripper, which uses direct-drive actuation. The pro-
cess begins with the gripper, attached to a motion-controlled
arm, being slammed onto the surface where the object is
located. Upon detecting the collision with the surface, the
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Fig. 1. (a) High-speed scooping. The robot with a two-fingered gripper is
quickly scooping a plastic card resting on a hard surface. (b) Schematic of the
high-speed scooping technique. The gripper’s working plane, the xz-plane, is
assumed to be perpendicular to the ground surface, the xy-plane. In practice,
as can be noticed in (a), this assumption can be mitigated by our finger
mechanism, to be addressed later in this paper.

gripper performs a dynamic scooping action (Fig. 1b): one
digit, the thumb, is inserted between the object and the surface
while the other, the finger, pushes down on the object. This
entire physical interaction is executed within a subsecond time
interval (Fig. 1a), without needing to stop the arm’s motion.

We refer to the presented picking technique as ”high-
speed scooping.” This term was first introduced in our re-
cent conference presentation [4], which focused on low-level
engineering aspects addressing how to achieve high-speed
scooping. In this article, we explore the ‘why’ behind the
process by establishing a new theoretical model for high-
speed scooping and present an updated implementation of
the technique, incorporating enhanced design features such as
swivel fingertips to improve adaptability to uncertain environ-
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mental conditions. Additionally, we provide a new series of
experiments to support the hypotheses derived from the new
manipulation model and to reconfirm the empirical feasibility
and reproducibility of high-speed scooping.

This paper is organized as follows. Sec. II introduces related
studies. In Sec. III, we address the dynamic manipulation
model of high-speed scooping. Sec. IV and V presents an
implementation of high-speed scooping and a series of exper-
iments, respectively.

II. RELATED WORK

This work focuses on dynamic manipulation, which con-
siders the object’s dynamics during handling. Early examples
include part reorientation by tray tilting [5] and robot jugglers
[6]. The study in [7] explored the control and planning of
planar dynamic manipulation (extended to three dimensions
in [8]), showcasing various dynamic tasks with a simple robot
system. Low-dimensional models like the acrobot and cart-
pole have been instrumental in solving complex dynamic ma-
nipulation problems, as demonstrated in [9] with cooperative
swinging manipulation. Recently, dynamic manipulation has
been showcased in tasks such as within-hand repositioning
[10], learning-based manipulation of tossing [11], and object
transport by rock-and-walk manipulation [12]. Dynamics has
also been pivotal in the study of robot locomotion. For
example in [13], passive dynamic walking is introduced as
a gravity-driven dynamic process without active control. This
has been extended in many directions including [14] presenting
a bipedal passive walker with knee flexion. In this presented
work, we apply dynamic manipulation to enable robots to ac-
quire objects in an environment-adaptive manner. Our previous
studies demonstrate the feasibility of this approach for both
rigid [4] and flexible [15] objects.

The situation we address in this study–manipulation for
object acquisition under physical environment constraints–
has received multi-faceted attention in the literature. Design-
oriented approaches, such as the incorporation of mechan-
ical compliance and underactuation, can be seen in [16]–
[18]. In terms of planning, [19] presents an optimization-
based planning algorithm for scooping objects in contact with
external surfaces. Recently, learning-based approaches [20]
have proved effective in addressing environmental constraints.
Examples include [21], which introduces self-supervised learn-
ing to leverage environmental features for grasping objects,
and [22], which presents a reinforcement learning method
that derives sequential actions for grasping objects occluded
by external obstacles. The solution presented in this study
employs a physics-based model and a gripper designed to
operate compliantly.

To implement our high-speed scooping technique, we de-
sign a gripper employing direct-drive actuation [23], avoiding
the use of high reduction ratio transmissions. While the
benefits of direct-drive (for example, enhanced sensing due
to proprioceptive feedback [24]) have been recognized for
decades, its application in manipulation tasks was limited
by the unavailability of suitable actuators. [25], [26] have
demonstrated examples of direct-drive robotic grippers. In

the field of robotic locomotion, which typically faces fewer
spatial constraints than manipulation, direct-drive actuation is
well-suited for adaptive multi-modal gaiting [27]. To mitigate
certain limitations of direct drive, quasi-direct-drive actuation
[28] offers an effective alternative. Our direct-drive gripper
operates using impedance control, also known as indirect force
control. This approach configures a robot to mimic a tailored
second-order mechanical system, responding as intended to
external forces. Foundational research in this control method
is detailed in [29].

III. MODEL OF HIGH-SPEED SCOOPING

This section establishes the model of dynamic manipulation
for high-speed scooping, composed of two sequential stages:
dynamic strike and post-strike caging. We initially assume that,
in the schematic of object scooping depicted in Fig. 1b, (1) any
motions of the object out of the xz-plane can effectively be
suppressed and (2) the workplane of the gripper is represented
by the xz-plane. This assumption allows us to focus on
the planar situation within the xz-plane shown in Fig. 2a.
Considering target objects that are symmetric about that plane,
which still covers a variety of practical objects, provides
justification for this assumption.

A. Dynamic Strike by Thumb

In the planar setup of Fig. 2a, an object to scoop is repre-
sented as a line segment lying on a flat, level ground surface.
First, the object is struck by a gripper’s flat thumb moving at
a sufficiently high velocity v (recall Fig. 1), imparting enough
momentum for dynamic effects to dominate over quasistatic
(or purely static) phenomena. Note that in Fig. 2a we consider
an observer moving with the thumb, so the object appears to
approach the stationary thumb with velocity v. We will employ
rigid body mechanics to analyze this situation.

When the object is struck by the thumb (Fig. 2b), the contact
between the object and corner C, formed by the thumb and
the ground surface, will occur within a very brief time interval
∆t. Despite this short duration, the average impulsive force
Cavg exerted by the corner can be significantly high, resulting
in a substantial impulse Cavg∆t =

∫
Cdt. Any other non-

impulsive forces, such as the weight W of the object and the
reaction G at the other end of the object indicated with a
light blue color in Fig. 2b, can be disregarded due to their
insignificant impulse. Now, the question arises: how will the
impact alter the motion of the object?

To address this question, we examine the object’s angular
momentum about C, denoted HC . Before the impact (Fig. 2a),
HC represents the moment of the object’s linear momentum
mv about C (m is the mass of the object) and is therefore
zero, as the vector is in line with the linear object due to its
zero thickness. After the impact (Fig. 2c), the twist of the
object [ω v′]T must be determined so that HC equals zero
again, as HC is preserved despite the collision, in which the
only significant impulse Cavg∆t is exerted at C. This suggests
that ω and v′ are related by

HC = Iω + rC ×mv′ = 0 (1)
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Fig. 2. (a) Planar manipulation setup. The object and thumb are about to
collide. The object’s linear momentum vector mv is attached at the mass
center denoted CM. (b) System of forces during the collision: G (regarded
non-impulsive), C by contact and W (regarded non-impulsive) by gravity.
(c) System of the object’s momenta after the collision. The vectors shown in
(a) and (b) are equivalent to those in (c); this is indicated by the use of the
plus and equal signs, as is common in the mechanics literature. (d) A finger,
as a mass-spring-damper system, presses down on the object.

where I denotes the moment of inertia of the object about its
mass center and rC represents a position vector originating
from C to the vector mv′. Both vectors in Eq. (1)–Iω and
rC × mv′–are all perpendicular to the page. Consequently,
they must point in opposite directions to cancel each other
out. This results in two possible cases: (1) ω counterclockwise
(i.e. negative y-direction) with the moment of v′ about C
being clockwise (i.e. positive y-direction); or (2) ω clockwise
with the moment of v′ about C being counterclockwise. The
case (2) is physically infeasible due to the impenetrability
constraint. Consequently, as indicated in Fig. 2c, the object
rotates counterclockwise, while the sense of the moment of
mv′ about C is clockwise after the impact.

Finally, successful penetration of the thumb into the space

2

4

Γ

γ

G

F
T

θ
ψ

+0
20

40
60

80
0

20
40

60
80

(a)

(b)

θ(◦) ψ(◦)

E
ca

ge

Fig. 3. On the curve γ, the contact normals of the three contacts G, F , and T
intersect, where d (see Fig. 2d) is set 0.5 for a unit-length linear object. The
three-dimensional curve Γ is given by Γ = (θ, ψ,Ecage) where (θ, ψ) ∈ γ
and Ecage = 1

2
kξ2 +mgz as in Eq. (3). All the physical dimensions were

removed when computing Ecage, where we set k = 20, m = 1, and g =
9.81. ξ and z are simply regarded as the vertical displacement of the contact
F and the mass center, collocated at the midpoint of the unit-length object.

beneath the object occurs if the horizontal component of v′

(Fig. 2c) maintains the same direction as v (Fig. 2a). To
ensure this, the horizontal component of the impulse Cavg∆t,
directed in the negative x-direction, needs to be sufficiently
small. One potential approach is to keep the thumb’s angle of
attack, denoted by α in Fig. 2 (the acute angle formed by the
thumb and ground), small. This hypothesis will be tested in
our experiments.

B. Post-Strike Caging

Following the event of dynamic thumb strike through which
the object is taken off from ground, we establish a mechanism
to securely hold the object. See Fig. 2d introducing a finger,
rendered as a mass-spring-damper system, making contact
on top of the object. When the mechanical impedance of
the finger is set sufficiently low, the force F exerted by the
finger becomes non-impulsive (again indicated with a light
blue color) and thus will not affect the analysis in Sec. III-A.
Accordingly, dynamic thumb penetration can still occur in the
presence of the additional finger.

By putting the thumb and finger together, it is possible to
effectively suppress the mobility of the object. Specifically,
the object can be caged [30], although it is not possible to
attain complete immobilization (the first-order mobility index
does not vanish with three contacts on the plane [31]). To
see this, consider the three-point-contact configuration of the
object in Fig. 2d where the object’s tips are in contact with
the ground at G and the thumb’s face at T , along with the
finger contact F on its face. We parametrize the configuration
of the object-gripper system with θ, ψ, and d as shown in
Fig. 2d. The θψ-plane shown in Fig. 3 accordingly represents
the configuration space when d is fixed. On that plane, we
construct the curve γ, the collection of the configurations at
which the three contact normals (note, all the contact normals
are well-defined) intersect at a common point (inset (a) of
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Fig. 3), and consider the configurations “below” the curve
(thus with sufficiently large θ). One such configuration is
depicted in the inset (b) of Fig. 3. Lemma 1 presented below,
an adaptation of Lemma 3 in [32], formalizes that at such
configurations as Fig. 3b the object is caged:

Lemma 1. A linear object is in an energy-bounded cage at
configurations with sufficiently large θ, below the curve γ
(Fig. 3).

Proof. See [32].

Lemma 1 can be understood as follows. First, the ob-
ject cannot escape through the gap between the finger and
ground (i.e. between G and F ) while satisfying the first-order
geometry constraints. This can be seen by establishing the
feasible twist polytope of the object. In Fig. 3b, the polytope
is visualized, by Reuleaux’s method [33], as the orange-shaded
area (with a “+” label) formed by the contact normals, which
can be interpreted as the region of allowable rotation centers.
That is, the object is allowed to move only by instantly
rotating counterclockwise (as indicated by the + label) around
a point in the region, without penetrating the gripper or ground
surface. This confirms that it is impossible for the object to slip
through the gap between the finger and the ground. Second,
although the object can escape the other way, through the
gap between the finger and thumb (i.e. between F and T ),
a positive amount of work needs to be injected against, for
example, the force of gravity acting downwards. To sum up,
the cages addressed in Lemma 1 enable securely holding the
object while scooping it up.

C. Energy Threshold
The energy imparted to the object by the event of thumb

strike, i.e. the initial kinetic energy of the object before the
collision (see Fig. 2a), has to be high enough for the object to
be dynamically lifted by the thumb (Sec. III-A) and to enter a
cage (Sec. III-B). The energy threshold E− can be quantified
as

E− = Ecage + Eloss (2)

Ecage denotes the amount of potential energy for the object
to reach a caged configuration such as Fig. 3b from an initial
configuration at which θ = 0 (that is, the object rests on the
ground surface) while defying the elasticity of the finger’s
spring and the force of gravity (Fig. 2d):

Ecage =
1

2
kξ2 +mgz (3)

where ξ and z denote the spring’s deformation and the mass
center’s vertical displacement. Fig. 3 presents an example. The
three-dimensional curve Γ is constructed by elevating γ by
assigning the value of Ecage to each configuration on γ, which
can be considered marginally caged. The spatial curve Γ can
thus be regarded as a threshold (or “hurdle”) of energy to jump
over in order to get caged from initial configurations, with zero
energy, along the axis θ = 0. In practice, the threshold should
be higher due to Eloss incorporating various energy losses due
to the collision with the thumb, work of frictional forces, and
so on. In case of insufficient initial kinetic energy, the object
will only be pushed away in a quasidynamic manner.

IV. IMPLEMENTATION OF HIGH-SPEED SCOOPING

This section addresses our system to implement the model
of high-speed scooping through dynamic manipulation, as
detailed in Sec. III, which requires high-speed operation with
compliance.

A. Hardware: Direct-Drive Gripper with Swivel Fingertips

Our gripper (Fig. 4a) is the key to realize the manipulation
model established in Sec. III. The gripper has two digits and
each one is constructed as a five-bar parallel linkage with
two degrees-of-freedom (DOF). These digits operate in a fully
actuated, direct-drive manner without a gear train, enabling
high-speed operation (for dynamic strike by thumb) with active
mechanical compliance (for the compliant finger mechanism).
Compared to the previous version in [4], our current gripper
adopts swivel fingertips with passive compliance for enhanced
adaptiveness. See Fig. 4a-b. Specifically, the most distal link
of each finger is connected to the five-bar linkage through a
revolute joint and a torsional spring. This configuration allows
the fingertip to rotate under external perturbations and then
return to its original position (its effectiveness will be shown
in Sec. V-B3). Therefore, each finger actually has three DOF:
two active and one passive. The full up-to-date engineering
process for the gripper is available online.1

B. Reflex-Based Stiffness Control

To realize dynamic physical interactions, our direct-drive
gripper is operated by reflex-based stiffness control (or sim-
plified impedance control), incorporating setpoint feedback
motion control with stiffness scheduling:

• Reflex-based: Because the direct-drive gripper can func-
tion as a collision sensor due to its ‘transparency’ [26],
we control the gripper to respond reactively to collisions,
detected by monitoring joint encoder values (motor cur-
rent values can also be used).

• Setpoint feedback motion control: More specifically, the
gripper, starting from its initial configuration (Fig. 4c),
is carried by a motion-controlled arm to strike the
ground. This collision triggers the gripper to close to its
unique goal configuration where an object can be pinched
(Fig. 4c).

• Stiffness scheduling: Before the event of ground strike,
the gains of the motion controller (specifically, the ratio
between the current into a motor and its shaft’s position
error) are set sufficiently small in order to compliantly
address the impactful physical interaction due to collision.
The digits fabricated as a lightweight (33g each) parallel
linkage not bearing the weight of the heavy motors of the
gripper make this possible by significantly reducing the
need for gravity compensation. After the collision, the
stiffness values are step-increased in order to securely
hold the object.

Specific rollouts of the control strategy are to be provided in
our experiments, presented in the next section.

1[Online] Hardware project https://github.com/JS-RML/
Direct-Drive-Gripper-with-Swivel-Fingertips
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Fig. 4. (a) Our custom two-fingered direct-drive gripper with swivel fingertips. (b) Exploded view of the swivel fingertip. The most distal link can rotate about
the lengthwise axis. (c) For the high-speed scooping experiments in this study, the gripper is setpoint-controlled to assume the goal configuration illustrated
above. Also refer to the attached video.

V. EXPERIMENTS

This section provides a series of experiments to validate the
model of high-speed scooping discussed in Sec. III. Also refer
to the video attachment.

A. Single-Digit Experiments

We begin by testing the dynamic strike model addressed in
Sec. III-A. Fig. 5a shows the gripper configured to use only the
thumb to strike a 19g rigid plastic card, following the protocol
outlined as a two-step sequential procedure below:

• Ground Collision (up to the second panel in Fig. 5a):
The gripper is moved vertically downward by a robot
arm, colliding with the ground at a speed of 0.38m/s,
with low motor gain values.

• Thumb Extension (from the third panel in Fig. 5a): Upon
impact, the thumb is commanded to extend (as also shown
in Fig. 4c), with increased motor gains, allowing it to
move horizontally and strike the object.

We varied (1) the relative velocity between the thumb and
the plastic card vx, the x-component of v in Fig. 2a, by
adjusting the motion controller’s gain values, and (2) the
thumb’s angle of attack α by adjusting the thumb’s initial
configurations. In the first case, the thumb’s initial config-
urations remain unaltered; in the second case, the motion
controller’s gain values remain unchanged. Table I reports the
resulting values of v′x, the x-component of v′, and ωy , the
y-component of ω (refer to Fig. 2c) measured using motion
capture equipment. The results confirm that the directions of v′

and ω align as predicted by the theory in Sec. III-A, enabling
the thumb to dynamically penetrate the space beneath the
object. Additional key findings include the following: First,
penetration is facilitated by a larger initial velocity v, resulting
in larger v′ and ω. Second, a smaller angle of attack α makes
penetration easier, verifying the hypothesis presented at the
end of Sec. III-A.

We also note that the practical outcomes could have deviated
from the theory in Sec. III-A due to the complex nature of

TABLE I
RESULTS OF SINGLE-DIGIT EXPERIMENTS (OBJECT: PLASTIC CARD)

v experiments (Sec. V-A)
vx (m/s) v′x (m/s) ωy (◦/s)

0.36 0.067 −64

0.79 0.302 −314

1.18 0.396 −524

1.51 0.625 −969

α experiments (Sec. V-A)
α (◦) v′x (m/s) ωy (◦/s)

40 0.190 −120

55 0.056 −76

70 0.013 −8

collision mechanics and potentially unfavorable actual contact
geometries. For example, what if reaction G turns out to be
impulsive in the situation of Fig. 2b? Additionally, if a thumb
with a realistically blunt (even microscopically) tip collides
with an object that also has a blunt tip, the interaction would
deviate significantly from the model in Fig. 2, illustrating a
collision between a zero-thickness object and an unrounded
rigid corner. Nevertheless, the experiments here demonstrate
that the theoretical model remains viable despite these unmod-
eled practical challenges.

B. Two-Digit Experiments

We now test whether adding an extra digit, creating a
two-digit scenario, facilitates successful high-speed scooping
through caging, as discussed in Sec. III-B to III-C. The
procedure for the two-digit experiments (Fig. 5b) mirrors
that of the single-digit experiments (Sec. V-A), with the key
difference that we now activate the other digit–the finger–to
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Fig. 5. (a) Single-digit experiment. Only the thumb is activated to make collision with the object, a plastic card. (b) Two-digit experiment. (c) Swivel fingertip
experiment on a surface with nonzero β. (d-e) Scooping fragile objects, a cracker (d) and a roasted seaweed snack (e), on a surface with nonzero β by virtue
of the swivel fingertips.

make contact on top of the object and command the gripper
to fully close upon collision (as also described in Fig. 4c).

1) Setting Parameters: First, we address the challenge of
selecting parameters such as α and d (Fig. 2), which relate
to the positioning of the thumb and the location of the finger,
respectively. If α and d are assumed to remain constant during
manipulation, determining their initial values also contributes
to planning for high-speed scooping. The energy threshold
discussion in Sec. III-C provides an approach to tackle this

issue. Specifically, we aim to minimize the energy threshold
required to enter a cage, referring to Ecage in Eq. (3) (also see
Γ in Fig. 3). To achieve this, it is necessary to minimize ξ and
z, leading to reducing d (to minimize ξ) and α (to minimize
z). In the following experiments, practical considerations of
design, kinematics, and control led to minimally setting α and
d at 40◦ and 5mm, respectively, for the plastic card object
with a width of 57mm (as also shown in Fig. 5b). Reducing α
further would require modifications to the gripper’s design and
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TABLE II
RESULTS OF TWO-DIGIT EXPERIMENTS (OBJECT: PLASTIC CARD)

α experiments (Sec. V-B2)
d

(mm)
Thumb attack
angle α (◦)

(p-gains of finger, p-gains of thumb) Gripper collides
with ground at (m/s)

Success
rateBefore collision After collision

15 40 (20, 20) (50, 100) 0.38 30/30

15 50 (20, 20) (50, 100) 0.38 25/30

15 55 (20, 20) (50, 100) 0.38 11/30

15 60 (20, 20) (50, 100) 0.38 3/30

15 70 (20, 20) (50, 100) 0.38 1/30

d experiments (Sec. V-B2)
d

(mm)
Thumb attack
angle α (◦)

(p-gains of finger, p-gains of thumb) Gripper collides
with ground at (m/s)

Success
rateBefore collision After collision

5 55 (20, 20) (50, 100) 0.38 30/30

10 55 (20, 20) (50, 100) 0.38 23/30

15 55 (20, 20) (50, 100) 0.38 11/30

20 55 (20, 20) (50, 100) 0.38 0/30

28 55 (20, 20) (50, 100) 0.38 0/30

v experiments (Sec. V-B2)
vx

(m/s) α (◦), d (mm) (p-gains of finger, p-gains of thumb) Gripper collides
with ground at (m/s)

Success
rateBefore collision After collision

1.14 55, 15 (20, 20) (50, 60) 0.38 0/30

1.40 55, 15 (20, 20) (50, 80) 0.38 1/30

1.60 55, 15 (20, 20) (50, 90) 0.38 8/30

1.82 55, 15 (20, 20) (50, 100) 0.38 11/30

2.03 55, 15 (20, 20) (50, 110) 0.38 22/30

Swivel fingertip experiments (Sec. V-B3)
Orientation
discrepancy

β(◦)
Fingertip

(p-gains of finger, p-gains of thumb) Gripper collides
with ground at (m/s)

Success
rateBefore collision After collision

15
Swivel (20, 20) (40, 60) 0.38 29/30

Fixed (20, 20) (40, 60) 0.38 3/30

25
Swivel (20, 20) (40, 60) 0.38 28/30

Fixed (20, 20) (40, 60) 0.38 0/30

kinematics, specifically the parallel linkage architecture, and a
shift from setpoint control to full trajectory control, to ensure
that the thumb maintains ground contact all the way at small α
values. Similarly, allowing a smaller d would necessitate full
trajectory control to keep the finger in contact with the top of
the object near its edge. The minimum feasible d would also
depend on the object’s size, particularly if the object exceeds
the gripper’s workspace.

2) High-Speed Scooping Experiments: Our experiment re-
sults presented in Table II demonstrate that high-speed scoop-
ing can be performed with high success using the two-digit
configuration, achieving a perfect success rate of 30 out of 30.
Each successful high-speed scoop involved dynamic thumb
penetration, even in the presence of the finger, followed by
subsequent caging, as discussed in Sec. III-B. More specifi-
cally, The first two sets of experiments indicate that smaller
values of α and d contribute to higher success rates in high-
speed scooping, as covered in Sec. V-B1. The third set of ex-
periments in Table II, titled ’v experiments,’ shows that higher
values of v lead to more successful high-speed scooping for
the same α and d, as discussed in Sec. III-C. These results

suggest that the issue of parameter setting–or, more broadly,
planning–should be understood as a continuum of success rates
rather than a simple success-or-failure decision. In the event
of failure, our high-speed approach could help minimize the
time lost before a successful scoop.

3) Swivel Fingertip Experiments: In the experiments up
to this point, the workplane of the gripper is nominally
set perpendicular to the ground surface, as assumed at the
beginning of Sec. III. What if this assumption does not
hold reasonably true in practice? We now confirm that our
swivel fingertips with passive compliance can address this
problem. The first panel of Fig. 5c shows the plastic card
lying on a plane that is not perpendicular to the gripper’s
workplane. The orientation discrepancy is denoted as β in the
first panel of Fig. 5c. Other conditions remain the same: the
gripper is moved vertically downward at a speed of 0.38m/s
and is commanded to assume the same goal configuration
upon collision with the surface. Table II (the fourth set of
experiments) reports the superior performance of the swivel
fingertips compared to non-swivel, fixed ones. Upon collision,
the swivel fingertips instantly align with the contact surfaces,
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allowing the thumb to reliably penetrate the space beneath
the object, resulting in high success rates. In contrast, fixed
fingertips cause failures due to their inability to adapt to the
orientation discrepancy. A potential alternative to our swivel
fingertip is a needle-like, slender fingertip. This design could
address the orientation discrepancy issue without adding a
DOF. However, two needle-like fingers might miss each other
when closed, potentially reducing the stability of the final
pinch grasp. Other problems include the concentrated contact
areas leading to higher pressure on specific areas of the object,
potentially causing damage.

4) Brittle Objects: Beyond the durable plastic card, we
tested brittle objects to assess whether our current system
can balance the advantages of dynamic manipulation with the
risk of damaging delicate objects. As shown in Fig. 5d-e, it
was possible to scoop brittle objects (a cracker and a roasted
seaweed snack) using the same setup as in the swivel fingertip
experiments in Fig. 5c, with the exception of lowered post-
collision gain values: any values between (10, 10) and (25, 25)
were successful.

VI. CONCLUSION AND FUTURE WORK

In this study, we presented high-speed scooping, a novel
dynamic manipulation technique designed for rapidly picking
objects up from a hard surface using a multi-fingered grip-
per. We explored the rigid body dynamics model of high-
speed scooping and validated its effectiveness and practicality
through extensive experiments. While our direct-drive gripper
represents one specific implementation of the model, it can be
easily fabricated using off-the-shelf components, suggesting
a relatively low entry barrier for gripper technology. Other
grippers, provided they offer high speed and compliance, can
also be employed. In addition to the feasibility of the rigid
body model itself, the success of high-speed scooping is also
partly attributed to the conservative nature of the baseline rigid
body approach; in other words, non-rigidity and deformation
can simplify the handling process to some extent. However,
the assumption of negligible thickness (recall Fig. 2) could
pose a challenge to its applicability.

As an immediate direction for future work, we are con-
structing a dataset of high-speed scooping performed with a
wide variety of objects, which will support the integration of
learning-based methods.
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