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Abstract—Robotic grippers face substantial challenges in
grasping and manipulating thin objects. Most existing grippers
rely on highly precise approach and grasp motions, which limits
robustness and reduces applicability. This paper explores thin-
object grasping using books as a representative example. Here,
we propose a novel solution that integrates an active surface
with underactuated compliance to achieve stable grasping of
thin objects without complex control. First, an underactuated
gripper with an active surface is designed. The active-surface
thumb performs in-hand repositioning of the target book without
requiring adjustments of the robot arm or the other fingers, while
the underactuated fingers establish compliant contact conditions
with the environment, and the reconfigurable structure enables
reliable grasping of books under different configurations. Second,
we establish a kinematic model of the gripper, and determine
the initial grasp postures for two representative scenarios (books
lying flat on a desktop and books vertically packed in a shelf).
Third, by analyzing the physical model of a book lying on a table
and its interaction with the gripper and the environment, we
systematically optimize the structural parameters and grasping
strategy. Finally, extensive experiments validate the effectiveness
of the proposed gripper and strategy. The results demonstrate
strong robustness and adaptability when grasping thin objects
placed flat (including books, paper, fabric, plastic film, and mouse
pad), as well as a high success rate when grasping vertically
packed books. Moreover, the proposed gripper can reliably
complete long sequential ‘“‘grasp-place” tasks.

I. INTRODUCTION

Robotic gripper plays a significant role in the interaction
between robots and the environment, such as fruit picking
[1l, underwater operations [2]], and clearing dining plates [3.
Although robotic grippers have made remarkable progress in
grasping and manipulating objects [4]], [3]], [6], many scenarios
in everyday life still require robotic grippers to be capable of
handling thin deformable objects, such as the automated man-
agement of books in libraries, cafes, and offices. Therefore,
developing a gripper capable of grasping thin and deformable
objects across multiple scenarios is particularly important.

Typically, the thickness of thin deformable objects is much
smaller than their length (h/l < 1/10) [7], and they have
the characteristic of being easily deformable under force.
However, grasping thin deformable objects presents significant
challenges due to their thin and highly deformable nature
(8, (9], [10]. Specifically, grippers need to maintain contact
with the surface during grasping, while the characteristics of
thin deformable objects make the grasping motion difficult
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Fig. 1: Grasping demonstration. The gripper grasps books lying flat
on the desktop and arranged on the bookshelf, respectively.

to predict. In this study, we select books as the research
object. On one hand, books not only exhibit typical thin object
deformability but also have the feature of separable layers,
making the grasping process more challenging [11]. On the
other hand, books in library scenarios exist in multiple states,
such as lying flat on surfaces or vertically arranged on shelves.
The robotic gripper needs to be versatile enough to handle
books in these different scenarios.

Existing methods for grasping thin objects generally rely
on precise finger gait control to maintain force closure during
grasping [12]], [13]l. However, this approach greatly increases
control complexity and depends on accurate mathematical
models or large-sample learning [13]]. Some studies have
designed specialized grippers, such as using suction cups ,
electro-adhesion [[16], or external dexterity to handle thin
objects, but these methods impose significant requirements
on the thickness and surface friction of the objects, lacking



generality. Furthermore, existing methods typically focus on
a single state of thin objects (lying flat), making it difficult
to extend to multi-state grasping in daily scenarios. Although
studies such as [15] and [18] have explored grasping thin
objects on inclined surfaces, their operational logic remains
unchanged. For the two fundamentally different states of
books, it is necessary to develop a simple and general gripper.

To address the challenges of grasping thin and deformable
objects, in this study, we propose a reconfigurable gripper
with an active surface and a grasping strategy that can si-
multaneously handle books in two states commonly found
in libraries, as shown in Fig. [T} Specifically, the proposed
gripper consists of three fingers, with the thumb equipped with
a belt as the active surface for repositioning books during
the grasping process. The other two fingers have coupled
opening and restructuring movements to achieve the design
goal of handling books in two different states. A spring
connects the fingertip to the second phalanx, giving the gripper
passive compliance with the environment. Furthermore, we
analyze the kinematics of the gripper and propose a grasping
strategy based on it. The grasping action of the proposed
gripper mainly involves three steps: determining the initial
configuration, repositioning the book, and parallel grasping.
Unlike traditional finger gait strategies, the repositioning step
uses the continuously rolling active surface to provide a stable
contact point for the book, enhancing robustness and reducing
control complexity. Additionally, we optimize the gripper’s
design parameters and grasping strategy based on the beam
model. Finally, systematic experiments validate the rationality
of the proposed gripper design and strategy. The experimental
results demonstrate that the gripper exhibits good grasping
stability and versatility, providing a universal solution for book
retrieval in libraries. Furthermore, our strategy can be extended
to the grasping of various thin objects, offering a new and
straightforward control method for grasping thin objects.

The main contributions of this paper include:

1) We propose a novel gripper that integrates an active sur-
face structure, reconfigurable mechanisms, and underactuated
joints, achieving good generality with simple control.

2) We develop an active surface-based grasping strategy.
The gripper only needs to determine the initial configuration
and uses the active surface to reposition thin deformable
objects, avoiding complex finger gait control during grasping.

3) Based on beam theory, we analyze the contact situation
during the grasping process, further optimizing the structural
parameters and grasping strategy.

4) We conduct systematic experiments to evaluate the de-
signed gripper, demonstrating its ability to stably grasp both
separated and single-layer thin objects, as well as complete
long sequences of “grasp-place” tasks.

The rest of this paper is structured as follows. Section
IT reviews related work; Section III introduces the gripper
structure; Section IV conducts the kinematic analysis; Section
V proposes the grasping strategy and parameter optimization;
Section VI presents the experiments. Section VII concludes
the paper.

II. RELATED WORKS

In recent years, the manipulation of thin deformable objects
has become a rapidly growing research area [9], [[19], [20].
However, grasping thin deformable objects such as books
still faces numerous challenges. Some studies utilize pre-grasp
actions to move the object to the edge of a surface before
completing the grasp [21]], [22], which requires the prediction
of object trajectories and significant mechanical arm motion
space. Scooping is another effective strategy for grasping thin
objects [13]], 23], where the fingers are inserted into the gap
between the thin object and the surface to complete the grasp
[24]], [25]. However, the contact points between the object
and fingers continuously change during the grasping process,
making it more difficult to maintain force closure, typically
requiring coordinated motion of the robotic arm and fingers.
In [14], a model-based scooping strategy was proposed to
achieve force-closure grasping of thin objects. In [26], the
GelSight Wedge sensor was developed to obtain contact point
information. Similarly, prying methods involve placing two
fingers on either side of the thin object, lifting the object before
grasping it [12]], [27]. Like scooping, prying also requires
precise finger or robotic arm motion control.

Soft grippers, can better handle uncertainties during grasp-
ing, due to their passive compliance [28], [29], yet prediction
of finger motion remains necessary. In [29]], the rotation angle
and stiffness of the soft gripper were experimentally measured.
In [30], an energy-based method was used to predict the con-
tact between flexible fingers and objects. In [15], a two-finger
soft gripper equipped with force/torque sensors was trained
using reinforcement learning to perform grasping. Although
these soft grippers demonstrate good robustness when grasping
single thin sheets, their strategies typically involve contacting
the upper surface of thin objects, making it challenging to
grasp multilayer separable thin soft objects such as books.

Additionally, some specialized grippers have been devel-
oped to handle thin deformable objects using suction cups
[[L1], [31], electro-adhesion [[16], or external dexterity [17],
avoiding the need for finger gait control during grasping.
However, these grippers impose stringent requirements on the
properties of the objects. Suction cups and electro-adhesion
demand absolutely smooth surfaces to generate sufficient suc-
tion or adhesion force [16[], [31]. Meanwhile, grippers relying
on external dexterity struggle to handle thin objects with high
bending stiffness [17].

Some studies have equipped grippers with active surfaces to
perform grasping and manipulation tasks without depending
on finger gait control [32], [33]. These active surfaces are
typically composed of belts [34], [35] or rollers [36], [37].
In the field of grasping thin objects, active surface grippers
simplify control strategies due to their straightforward opera-
tion. In [38], a gripper used short bristles on rollers to pick
up fabric through a single rolling motion, but this method is
not suitable for handling smooth-surfaced objects. To broaden
applicability, the grippers in [18]], [39] were equipped with
rollers on two fingers that rotate in opposite directions to lift
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Fig. 2: The structural design of the proposed gripper. (a) Explosion diagram of underactuated finger. (b) Overall configuration of the proposed
gripper. (c) Explosion diagram of the active surface thumb. (d) Transmission structure and its implementation of reconfiguration and grasping

motions.

protrusions on thin and deformable objects before grasping.
However, this method is limited to handling thin objects with
small bending stiffness due to significant object deformation.
In [40]], a 1-DOF gripper with a belt-based active surface was
developed to handle thin objects with higher bending stiffness,
such as books. Nevertheless, the coupling of active surface and
finger movements necessitates adjustments to the robotic arm
during the grasping process. Therefore, developing a simple
operational method for handling a wide variety of thin and
deformable objects remains challenging.

III. GRIPPER DESIGN
A. Task Analysis

The gripper proposed in this study is designed with the
objective of grasping books in different states. In daily life
scenarios such as libraries and cafes, two typical book states
are frequently encountered: books lying flat on a surface and
books arranged vertically on a bookshelf. Books lying flat
can be regarded as thin deformable objects with separable
layers, exhibiting significant variations in thickness and surface
friction among different books. For this case, approaches that
manipulate only a single surface can easily lead to interlayer
separation [38], [39]]. Therefore, a grasping strategy utilizing
an active surface is developed. Specifically, friction between

the active surface and the book is exploited to move the book
toward the inner side of the gripper. During this process,
continuous rolling of the active surface provides a stable
and continuously changing contact point on the book, which
remains fixed relative to the gripper coordinate frame. This
characteristic effectively avoids the need for complex finger
motion control during book repositioning. After the book is
repositioned, the fingers close to complete the grasp. In another
scenario, for books vertically arranged on a bookshelf, the
active surface is also employed to reposition the target book.
In this case, the book can be regarded as a rigid body under
forces applied along its width direction. However, the target
book may be tightly wedged between adjacent books, which
could unintentionally pull neighboring books out. To address
this, a separation strategy for adjacent books is proposed.
Specifically, the two fingers are inserted into the gaps between
the target book and surrounding books, and the active surface
contacts the side of the target book (the side facing upward) to
perform repositioning. Subsequently, the gripper retracts while
firmly grasping the book using the high-friction active surface.

To realize these grasping tasks, it is necessary to design
a gripper that concurrently satisfies both types of scenarios.
This study proposes a reconfigurable three-finger gripper with
an active surface, as shown in Fig. |Zl Unlike traditional active



surface grippers that are equipped with active surfaces on all
fingers, the proposed gripper features an active surface only
on the thumb, while the tips of the other two fingers adopt
a wedge-shaped structure. This design aims to facilitate the
smooth repositioning of thin deformable objects like books.
Additionally, the reconfigurable feature allows two fingers to
rotate symmetrically relative to the base, enabling the gripper
to switch between grasping and separation modes. To simplify
control and reduce the number of actuators, the thumb is
fixed, while the opening/closing motions of the two fingers
are coupled, as is the reconfiguration motion. Therefore, the
entire gripper functionality is realized with only three motors:
motor 1 controls the finger reconfiguration, motor 2 controls
the opening/closing motion, and motor 3 controls the rotation
of the active surface.

B. Mechanical Structure Design

1) Underactuated Fingers: For handling objects with reg-
ular shapes like books, parallel grasping capability of the
gripper is essential to increase the contact area between the
gripper and the book for stable grasping. Fig. 2{a) shows
the basic structure of the finger, where the upper part of the
finger includes a parallel four-bar linkage structure composed
of links 3, 4, 5, and 6 to achieve parallel grasping. Link 6
is connected to a gear (blue) via a connector and is driven
by motor 1 to achieve finger reconfiguration. Since smooth
repositioning is necessary for books lying flat on a surface, and
the fingers need to be inserted into the gaps between vertically
arranged books, the fingertip is designed to be wedge-shaped.
The fingertip is connected to link 3 by a spring, forming an
underactuated joint. When the back of the fingertip experiences
external force, the finger can passively bend inwards. This
feature allows the gripper to passively bend the fingertips
based on the contact situation when grasping books on a flat
surface, eliminating the need for additional active degrees of
freedom to control the finger structure. In its natural state or
during grasping, the fingertip is tightened by the spring to a
posture perpendicular to the palm, due to the limiting structure
between the fingertip and link 3. The opening and closing
motion of the finger is controlled by motor 2, where the input
gear (green) is fixed to the lead screw. The rotational motion
is converted to linear motion using the lead screw and nut,
and is transmitted to the parallel four-bar linkage mechanism
through links 8, 7, and 4. Notably, link 8 is designed as a sleeve
structure, with its vertical movement restricted by the nut while
allowing rotational motion. This enables the decoupling of
finger reconfiguration and opening/closing motion.

2) Active Surface Thumb: Various methods can be em-
ployed to achieve continuous rotation of the gripper’s active
surface, such as roller [36]], cylinder [41]], and belt [34]. In this
study, considering grasping stability, a belt is selected as the
active surface to provide a larger contact area after grasping
books, as shown in Fig. c). Here, motor 3 drives the belt
motion through bevel gear transmission and active pulley to
achieve the repositioning of the book. To enhance friction, the
belt surface is coated with a layer of silicone. Additionally, six
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Fig. 3: Finger kinematics analysis. (a) Grasping motion with a
parallel four-bar linkage. (b) Grasping motion with a crank-slider
mechanism. (c) Reconfiguring motion with a parallel four-bar linkage.
(d) Reconfiguring motion with a crank-slider mechanism.

idler pulleys are installed on the inner side of the belt, with
five of them densely arranged on the contact surface to ensure
a larger contact area between the book and the thumb after
grasping, providing a more stable grasping effect.

3) Transmission Mechanism: To achieve decoupled motion
between finger opening/closing and reconfiguration, the grip-
per’s transmission mechanism is divided into two independent
layers. The upper layer is responsible for changing the finger
configuration, while the lower layer executes the grasping
action. These two gear sets are separately driven by two
motors for independent transmission, as illustrated in Fig. 2[d).
The upper gear set forms a planetary gear system. Unlike a
traditional planetary gear system, the circular rotation of the
four planet gears is restricted. Additionally, an external gear
meshes with the gear (blue) on finger 2. This design enables
the two fingers to rotate symmetrically by the same angle.
Assuming the angular velocity input to the planetary gear
system is w;,, the angular velocity of gear 3 can be expressed
as follows: ,

w3 = Win— (1
T3

The angular velocity of gear 7 is represented as:

W7 = Wip —— 2
T

To ensure that both fingers rotate symmetrically by the same
angle, the angular velocities of gear 3 and gear 7 need to be

TABLE I: Gear Parameters

Parameters rl 2 3 4 S 6 7 18 9 rl0
Values(mm) 18 8 9 3 14 21 6 5 21 6




the same, and the meshing conditions of the planetary gear
system must be satisfied, i.e.,

{ W = T 3)

ro+2ry =15

Furthermore, since the planar crank-slider mechanism re-
quires gear 3 and gear 10 (left) to be coaxial, as well as
gear 7 and gear 10 (right), the two-layer gear transmission
mechanisms need to satisfy the following conditions:

ri+r3=r9g+r10 =16+ 717 €]

Based on the above constraints, a set of gear parameters is
obtained, as shown in the Table

IV. KINEMATICS ANALYSIS OF THE GRIPPER

As described in Section III, the proposed gripper features
two decoupled motions for grasping and reconfiguring. The
grasping motion is achieved through the coordinated move-
ment of the crank-slider mechanism and the parallel four-bar
linkage, while the reconfiguring motion is directly driven by
the motor through a planetary gear set.

The gripper coordinate system {O} has its origin at the
midpoint of the line connecting the bases of the two fingers,
the proximal joint coordinate system {A} has its origin at
the midpoint of the rotation joint of the proximal joint, and
the distal joint coordinate system {B} has its origin at the
midpoint of the rotation joint of the distal joint. The slider
coordinate system {H } has its origin at the center of the nut
fixed on the slider, as shown in Fig. 3| The initial configuration
is defined by the relative positions of the two fingers and the
proximal joint being perpendicular to the yz plane.

The transformation matrix from the gripper coordinate sys-
tem {O} to the proximal joint coordinate system {A} can
be obtained as T4, and the transformation matrix from
the proximal phalanx coordinate frame to the endpoint F'
is denoted as “ATp. Therefore, the transformation matrix
from the gripper coordinate frame to endpoint F' is given by
OTp = OT 4AT . From which the coordinates of endpoint
F in the gripper coordinate frame can be obtained as “pp.
On the other hand, the transformation matrix from the gripper
coordinate frame to the slider coordinate frame is ©T'f, and
the transformation matrix from the slider coordinate frame to
endpoint G is #T'¢. Thus, the transformation matrix from the
gripper coordinate frame to endpoint G is °T'¢ = °T T,
and the coordinates of endpoint G in the gripper coordinate
frame, ©p,, can be calculated. According to the constraint
relations of the planar crank-slider mechanism, the finger
rotation angle 6» can be expressed in terms of the slider
displacement h. Focusing on the upper part of the finger, the
transformation matrix from the proximal phalanx coordinate
frame to the distal phalanx coordinate frame is AT 5, and
from the distal phalanx coordinate frame {B} to endpoint
P is BTp. Therefore, the coordinate transformation from
the gripper coordinate frame {O} to endpoint P is OTp =
OT 4,AT gBT p. From which the coordinates of endpoint P in
the gripper coordinate frame, “pp, can be obtained. Similarly,
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Fig. 4: Grasping strategies. (a) Initial configuration for grasping
books lying on a surface. (b) Comparison of two grasping strategies
for books on the bookshelf (top view).

the coordinates of endpoint () in the gripper coordinate frame,
“pg. can be derived, i.e.,

{1 sin 01 sin 65 — 7 sin 0 sin 0,4

OpP = | l7cosbysinfy — 1 cosf;sinfy — w (5)
l7cosf4 + 11 cos by
ll sin 91 sin 92 — l7 sin 01 sin 64
OpQ = | —l7cos@sinfy + 1y cos By sinfy + w (6)

l7 cos 04 + 17 cos Oy

Please see Appendix A for the detailed calculation process.

V. GRASPING STRATEGY AND PARAMETER OPTIMIZATION

A. Grasping Strategy

1) Grasping Strategy for Flat Books: Thanks to the design
of the active surface, the proposed gripper only needs to
determine the initial configuration without requiring adjust-
ments to the gripper’s orientation or finger movements during
the manipulation of the book. Fig. Aa) shows the initial
configuration of the gripper when grasping a book with a
thickness of h. At this moment, the thumb presses against
the upper surface of the book, while the two underactuated
fingers passively adjust their rotation angles to conform to the
surface. In this configuration, the surfaces of the fingers are
parallel. Taking finger P as the analysis subject, the expression
of eqn. (B) can be derived in the xz plane as follows:

l1 sin 92 — l7 sin 94

o _
PPaz = | 1, cosfy + l7 cos Oy )

Due to the spring connection between the fingertip and
the four-bar linkage mechanism, the angle 6, is passively
adjusted based on external environmental constraints. It can
be expressed as 64 = ¥ — «, where v is the rotation angle
of the gripper, and « is the angle of the fingertip. Taking the
rotation center of the gripper, i.e., the base of the finger, as the
origin of the world coordinate system {1/}, the coordinates of
the fingertip P in the world coordinate system can be obtained



through a rotation matrix "V Ro:
Tp

= ] ®)

w _ W o _
pP,wz - RO pP,mz -

| lysin(f2 + ) + lrsin (¢ — 64)
| licos (O + ) + l7cos (B4 — 1)

In the zz plane, the coordinates of the thumb tip 7" in the
world coordinate system can be expressed as follows:

w _ | T | _
pT,zz|:ZT:||:

where, e represents the distance between the base of the
finger and the thumb, and [g denotes the length of the thumb.
By combining eqn. and eqn. (9), the vertical distance h
(i.e., the thickness of the book) and the horizontal distance s
between the fingertip and the thumb tip can be obtained as

follows:
{ 9z (02,¢) =xp —x7 =h
gz (02,0) =2r—2zp =5

Therefore, once h and s are determined, the initial con-
figuration of the gripper (i.e., > and 1) can be obtained.
Subsequently, the repositioning and grasping manipulations
can be performed.

2) Grasping Strategy for Vertically Arranged Books: Un-
like traditional methods that rely on finger gait to grasp books
on shelves, the proposed gripper can also utilize the active
surface to grasp books on the bookshelf. In this scenario, the
gripper is in separation mode, where the two fingers should
align with the gap between the target book and the surrounding
books, inserting the fingertips into the gap. The wedge-shaped
fingertips are then used to separate the target book from its
neighbors. The purpose of this step is to reposition the target
book without disturbing the surrounding books, as shown in
Fig. Elkb). Moreover, for books with smaller thickness, this
separation ensures that the active surface on the thumb contacts
only the target book. Similar to grasping books placed flat,
the gripper only needs to determine the initial configuration.
Let the thickness of the target book be h, and the initial
configuration of the gripper is such that the two fingers are
aligned. Therefore, in the yz plane, eqn. (5) and eqn. (6) can
be simplified as follows:

—ecosy + lgsiny

esiny + lg cos } ©)

(10)

—lysinfy —w
O _ 1 2
pP,yz - |: ll +l7 :| (11)
l18infy + w
O _ 1 2
Pqy- = { Iy + 17 ] (12)

Therefore, the thickness of the target book corresponds to
the distance between the two fingers, which can be expressed
as:

201 sinfy + 2w = h (13)

Considering the need to translate the fingers into the gap
between the target book and the adjacent books, the gripper’s
rotation angle ¢ is set to 0, thereby defining the initial
configuration of the gripper. After the gripper completes the
insertion action, the active surface is then used to reposition
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Fig. 5: Contact force analysis during repositioning operation. (a)
Stage before the book contacts the fingers. (b) Stage after the book
contacts the fingers. (c) Forces on the book and boundary conditions.
(d) Approximation of line segment length.

the book. The fingers are then reconfigured, switching to the
grasping mode. In this configuration, the high-friction active
surface contacts the book, allowing for a more stable grasp.

B. Optimization of Structural Parameters and Grasping
Strategies

To successfully grasp a book placed flat, the active surface
of the thumb must not experience relative slipping during the
repositioning process of the book, that is, Fira < paFy, here,
Fyo denotes the friction force exerted by the thumb on the
book, ue is the friction coefficient between the thumb and the
book, and F5 is the normal force applied by the thumb on the
book (the explanations of all control and object parameters
can be found in Table I in Appendix B). Meanwhile, the
system must satisfy force equilibrium conditions. The grasping
process can be regarded as quasi-static. For a book with length
I, width b, thickness h, and weight mg, at any moment during
the grasping process, I’ denote the length of the book to the left
of the thumb contact point. When I’ < s, the book translates
on the table without contacting the fingers, as shown in Fig.
Bla), and the following equilibrium equations hold:

Fro = pu3F3 = pzmg + us ks (14)

where, ps is the friction coefficient between the book and
the table, and F3 is the normal force exerted by the table on
the book. When I’ > s, the book comes into contact with
the fingers and is subjected to the finger’s normal force F}
and friction force, as shown in Fig. Ekb). Based on force
equilibrium, we can get:

Fro = uzmg + psko + KFy (15)

where K = sina + pjcosa — pgcosa + pypugsina, ug is
the friction coefficient between the book and the fingers, and



« is the angle of fingertip. Therefore, a larger friction force
occurs during the stage when the book is in contact with the
fingers. In this stage, the portion of the book to the left of
the thumb maintains moment equilibrium. Approximating the
line segment BC' as I, which connects the book-finger contact
point and the coordinate origin, we obtain:

Fy =(My+m/gcosp-1'/2) /(sinp-l' — pysina - s)
(16)
where, M is the bending moment relative to the origin. m/g
is the weight of the portion of the book to the left of the thumb
contact point, i.e., m’'g = mg (I'/l), 8 is the angle between
segment BC' and the z-axis, and ¢ is the angle between F
and BC'. As illustrated in Fig. Ekd), it can be derived:

cos B = cosa - cosvy + sina - sin-y,

sin ¢ = sin (g — 7) = cos 7y
where the angle v is the angle between BC and AC, with
siny =s-sina/l’, cosy= \/1 — (s -sina/l')>.

Considering that the thin objects studied in this paper, such

as books, belong to a typical slender structure (h/l < 1/10),
and that the deformation during the repositioning process is
relatively small, the Euler-Bernoulli beam model [7] is used as
a first-order approximation. The bending moment M (x) of the
book at position z can be expressed by the curvature w” (),
ie.,

a7)

M(z) = ELwW"(2) (18)

where E is the Young’s modulus, and I, is the moment of
inertia of the book, which can be expressed as:

bh3 h
I, = ig’e‘ T (19)
paper

where hpaper represents the thickness of a single sheet of

paper. Since the mass distribution of the book is uniform, the

distributed load can be expressed as:

mg
l
By performing four successive integrations, the deflection

curve equation with four parameters A, B, C, and D can be

obtained:

ELw" (2) = —q = — (20)

q
24F1I,

During the quasi-static process, the right end of the book
(x = 0) can be considered fixed, and the left end (z = [))
is free. Therefore, the following four boundary conditions can
be established: the deflection at the right end is 0 (w(0) = 0);
the slope at the right end is 0 (w’(0) = 0); the deflection at
the left end is I; (w(l,) = [}); and the curvature at the left
end is 0 (w"' (I}, ) =0), as shown in Fig. ‘c) Combining these
four boundary conditions with eqn. (21)), we obtain:

2+ Az® + B2+ Cx + D

2y

w(x) =—

l/
21/ 9]’ 3

31, (22)

+ oz

_5q¢ l/ _
A8FEI, "x
l/ 2

A=

B=- 16EI
C=D=0

Therefore, the bending moment at the right end can be
obtained as:
mg 2

31,
_ " o N
My = ELW"(0) = EL ( SELI T 1/2>

(23)

where, I}, = I'cos 3, l;, = I'sin 8. By combining eqn. ,
eqn. (16), and eqn. (23), the friction force Fy, exerted by the
thumb on the book can be obtained. Therefore, the friction
condition can be expressed as:

g(F1) < g(Fy)

During the grasping process, a smaller value of F5 should
be used to protect the gripper and the book. Therefore, F}
should be reduced to ensure that eqn. (24) holds, allowing the
thumb to prevent relative slipping between the book and the
thumb under lower pressure. Consequently, o and s should
be optimized. It is important to note that the above analysis
also applies to other thin deformable objects that do not

have a layered structure In this case eqn. D should be
, eqn. 16 and eqn

(24)

modified to I, . From eqn.

@]), it is evident that larger values of m and I, lead to
higher Fy5 values, indicating increased difficulty in successful
grasping. Therefore, a book with larger mass and moment
of inertia is selected as the object of analysis: m = lkg,
b = 300mm, [ = 200mm, h = 15mm, hpaper = 0.18mm,
and E = 828 M Pa [42]. In addition, the friction coefficients
of the contact surfaces are selected as p; = pug = 0.2, and
e = 0.6 [43].

Figure. 1 in Appendix B shows the curve of Fyy during
the book repositioning process from start to finish. It can
be observed that the fingertip angle o and the spacing s
have significant effects on the force Fyo, with larger o and
smaller s leading to a considerable increase in Iy, potentially
causing F'y to enter the failure region. Therefore, considering
structural dimensions, the design parameter is selected as
o = 20°, and the strategy parameter s should be larger.
According to eqn. (I0), s is directly proportional to the finger
opening angle 6. The fingers should open as wide as possible
within the effective range, which is approximately 40mm.

VI. EXPERIMENTS
A. Grasping Books on the Desktop

We designed a gripper prototype and mounted it on a URSe
robotic arm to test the grasping tasks of four books with
different sizes and surface friction coefficients, specific details
of the gripper prototype can be found in Appendix B. First,
we tested the friction coefficient of the objects, as described
in Appendix B. Based on the grasping strategy in Section V,
the specific grasping steps are illustrated in Fig. [p[a): 1) In
the initial state, the book is placed flat on the desktop, and the
gripper is adjusted to the initial configuration; 2) The robotic
arm moves downward until the active surface thumb contacts
the surface of the book; 3) The belt on the thumb rotates to
pull the book into the gripper’s interior; 4) The fingers close
to grasp the book. To make the repositioning process in step 3
approximate a quasi-static process, a low speed for the active
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Fig. 6: Book grasping experiments. (a) Steps for grasping books on the desktop. (b) Steps for grasping books on the bookshelf. (c) Results

of repositioning four books in different scenarios.

surface was set, with the speed of motor 3 set to 166rpm,
resulting in a belt speed of 0.036m/s. It is worth noting that
the control of the four steps mentioned above is extremely
simple, with control inputs provided sequentially without any
coupled motion control. Furthermore, except for step 1, which
has three control inputs (¢, 02, 03), each of the remaining steps
has only one control input (which corresponds to the robotic
arm’s movement distance, the belt’s movement distance, and
02, respectively). We conducted 20 sets of experiments for
each of the four books to test the grasping success rate.
The experimental results are shown in the Table [[Il and the
experimental demonstration can be seen in the video. The
results indicate that the gripper can successfully grasp the
thinner three books without errors, while it failed twice when
grasping the thickest book, with failures occurring at the stage
when the book just contacted the fingers due to its high
bending stiffness. In addition, we conducted the same 20 sets
of experiments from the non-bound side of the book, where
the non-bound side is oriented towards the fingertips. The
experimental results show that the grasping success rate for
all four books is 100%, as seen in Fig. 3 in Appendix B.
Therefore, the grasping strategy does not suffer a reduction
in success rate due to the separable characteristics of the
non-bound side of the book. Overall, the experimental results
demonstrate that the gripper can adapt to grasping various
types of books, with the thickest book having a thickness of
14mm and a bending stiffness (EI,) of 7.7e 3 Nm?2.

B. Grasping Books on the Bookshelf

Similarly, we conducted grasping tests for books on the
bookshelf. The specific steps are shown in the Fig. [6[b):
1) Adjust the gripper to the initial configuration and align
it with the target book; 2) Insert the fingers into the gap
between the target book and the surrounding books, while
the thumb presses against the side of the book; 3) Rotate
the belt on the thumb to pull the book into the gripper’s
interior; 4) Change the gripper’s configuration and grasp the

book. The speed of the active surface during the repositioning
process was set to the same as in the desktop grasping task.
Similarly, there is no coupled motion control in any of the
four steps. The experimental results indicate that there are few
instances of failure when grasping the four books, as shown
in Table [l This is primarily due to positional deviations of
the fingers under open-loop control, causing the fingers to be
obstructed by the books during insertion. This error can be
mitigated in the future with vision-based detection methods.
However, there were no failures after successfully completing
the insertion actions, demonstrating the good stability of the
grasping method based on the active surface.

C. Other Applications

1) Grasping Thin Objects: We also conducted grasping
experiments on four extremely thin objects placed flat on the
desktop, including plastic film, fabric, A4 paper, and mouse
pad. The grasping strategy is the same as in the book grasping
experiments, as shown in Fig. [/| These thin objects exhibit
significant differences in characteristics, as listed in Table
IIT in Appendix B. Specifically, plastic film and mouse pad
have a higher friction coefficient with the thumb, while A4
paper and fabric have a lower friction coefficient with the
thumb. Additionally, the four objects vary in softness, with
the fabric and mouse pad being softer, and the plastic film
and A4 paper relatively harder. The results show that the

TABLE II: Success Rate of Experimental Objects

Object Success Rate 1 Success Rate 2| Object  Success Rate 1
book 1 20/20 18/20 A4 paper 20/20
book 2 20/20 17/20 plastic film 20/20
book 3 20/20 18/20 mouse pad 20/20
book 4 18/20 16/20 fabric 20/20

Success Rate 1 represents the success rate of grasping objects on the
desktop, and Success Rate 2 represents the success rate of grasping objects
on the bookshelf.



Fig. 7: Thin object grasping experiments. (a) Plastic film. (b) Fabric.
(c) A4 Paper. (d) Mouse pad.

gripper can grasp these four thin objects without errors, seen
in Table [l Therefore, the proposed gripper can not only
grasp books with significant differences in size, weight, and
surface friction coefficients but also handle extremely thin
deformable objects (with the thinnest thickness of 0.08mm),
demonstrating excellent versatility.

2) “Grasp-Place” Task: As shown in Fig. [8| we simulated
a scenario of automated book management in a library. Ac-
cording to the proposed grasping strategy, the gripper grasped
a book placed flat on the desktop and then placed it on the
bookshelf, and also grasped a book from the bookshelf and
placed it back on the desktop. Notably, it is very challeng-
ing for traditional grippers to place books on the bookshelf
because the contact points between the fingers and the books
are fixed. To completely place a book inside the bookshelf, the
entire gripper needs to be moved to the inside of the bookshelf,
and the finger structure may be obstructed by surrounding
books, making this process difficult to achieve. In contrast,
the proposed gripper does not require opening the fingers.
Instead, it utilizes the active surface’s reverse rotation to pull
the book out while still holding it. The feasibility of this
process primarily relies on the low-friction fingertip surface
and the high-friction active surface. Thus, the placement stage
eliminates the need for the fingers to push the book into the
shelf, resulting in a more stable overall process. The specific
operational workflow can be seen in the video.

VII. CONCLUSION

In this paper, we propose a novel reconfigurable gripper
with an active surface and innovatively introduce an active-
surface-based grasping strategy for thin deformable objects,
demonstrating excellent generality. Specifically, the active sur-
face provides the object with a stable and continuously chang-
ing contact interface, enabling repositioning of thin objects.
This method avoids the complex finger gait control typically
required when grasping thin objects, while the control quan-
tities in each grasping step are input sequentially, eliminating
coupled motion control. Additionally, the small-angle wedge-
shaped fingertips smooth the deformation process of thin

From desktop to bookshelf

Fig. 8: “Grasp-place” task sequence. (a) Grasp a book from the
desktop and place it onto the bookshelf. (b) Grasp a book from the
bookshelf and place it onto the desktop.

objects, thereby enhancing the robustness of the grasping pro-
cess. The reconfigurable mechanism endows the gripper with
greater versatility, allowing it to handle vertically arranged
books. Experimental results show that the gripper achieves
a high success rate when grasping books in different states as
well as various thin deformable objects. This study not only
provides a low-control-complexity and generalizable method
for grasping thin deformable objects but also demonstrates
the feasibility of replacing multi-finger dexterous hands with
active surfaces in robotic grasping and manipulation.

Future work will introduce perception systems, such as
vision, to achieve automated long-sequence tasks for thin
deformable objects like books. Additionally, we plan to incor-
porate active or passive adjustment mechanisms on the active
surface thumb to handle more types of thin deformable objects.
We will further explore the integration of active surfaces
with dexterous hands to accomplish a wider range of object
grasping and manipulation tasks.
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