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Abstract— In-hand manipulation with multi-fingered robotic
hands is often limited by the restricted range of finger postures
that can be achieved when handling objects. Expanding this
range is crucial for enhancing the dexterity and versatility of
robotic hands in various applications, such as assembly and
precision tasks. One of the main limitations comes from the
structural design of the fingers, which are typically composed of
linked mechanisms comprising fixed-length links and rotational
joints. To address this issue, this paper proposes the use of
continuum robots for the fingers of multi-fingered hands. We
detail the design of the robotic hand and its kinematic model
using a constant curvature model, followed by simulations
of finger reach and actual grasping experiments. The results
of the grasping experiment show that the proposed robotic
hand significantly expands the graspable range compared to
conventional two-link robotic hands, due to its ability to greatly
extend, retract, and bend.

Index Terms— Multi-fingered robotic hand, Grasping, In-
hand manipulation, Continuum robot.

I. INTRODUCTION

In the industrial field, the use of robots for automation
is advancing, with the objective of enhancing the speed and
efficiency of production processes for automobiles and home
appliances. Grippers that are active in these production lines
have been designed to grip specific workpieces, and they are
capable of performing specific tasks with great accuracy on
repeated occasions. However, conventional grippers are not
well suited to performing tasks other than pick-and-place.
For example, in situations that require handling a variety
of workpieces with different shapes, such as multi-product
production or packaging at logistics facilities, conventional
grippers are not adequate. In such environments, versatility
can be achieved through regrasping, whereby the workpiece
is regripped in order to change its position and orientation,
or by replacing the gripper [1]. However, regrasping or
replacing the gripper not only takes time, which reduces
work efficiency, but also carries the risk of dropping the
workpiece. In addition, there may be cases where these op-
erations cannot be performed due to workspace constraints.
In these cases, in-hand manipulation with a multi-finger
robotic hand, where the position and orientation of the
object can be fully controlled within the hand, is effective
[2], [3]. Despite the advantages, the range of position and
orientation control of objects through in-hand manipulation
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Fig. 1. The hand with continuum fingers can reach a wider range of motion
compared to conventional hands, which are limited in motion by interference
between the links. (a) Two-finger robotic hand with conventional rigid links.
(b) Continuum robot for fingers.

is constrained by the limitations of conventional multi-finger
robot hands. Most multi-finger robot hands use fixed-length
links and rotational joints. For example, when manipulating
an object as shown in Fig. 1, bending a finger as in Fig. 1(a)
results in interference between the links, preventing further
bending. Moreover, the rotational joints between the links
protrude, which may result in contact with the surrounding
environment. These physical interferences limit the possible
positions and orientations of the fingertips. Furthermore,
during in-hand manipulation, multiple fingers must maintain
contact with the workpiece to prevent it from falling, which
indirectly constrains the movement of the fingers relative
to one another. This constraint further limits the reachable
positions and orientations of the fingertips. As a result, the
range of positions and orientations of the grasped object is
significantly reduced due to mechanical interference inherent
in common link structures.

In this study, we consider relaxing the constraints of fixed
link lengths and rotational movement only at the joints. As
shown in Fig. 1(b), if the finger itself can vary in length and
the entire finger can deform, the range of motion of the finger
expands. The reachability of the fingertips expands, allowing
a wider range of contact points with the object and enabling
grips that are difficult to achieve with conventional link
structures. We define this characteristic as “shape flexibility,”
which refers to the ability of the entire robot to deform
by extending and bending. With shape flexibility, multiple
gripping strategies can be employed, enabling extensive in-
hand manipulation.
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As a structure with shape flexibility, continuum robots
inspired by the flexible structures of biological organisms
such as elephant trunks and octopus arms have been proposed
[4], [5]. Continuum robots are not constrained by rigid link
structures and have a wide range of motion in their shape. In
particular, Parallel-continuum robots (PCR) have been pro-
posed as structures that can achieve both significant extension
and bending movements [6]. PCR consist of multiple elastic
rods arranged in parallel, allowing for potential deformations
through both extension and bending. However, rods without
length constraints can produce significant extension but lack
structural rigidity and shape constraints between the rods,
making them unsuitable for tasks that require grasping or
transporting objects. Matsuda et al. [7] addressed this issue
by proposing a robotic arm that combines high rigidity and
a wide range of reachable positions using flexible rack gears
and rigid link chains instead of elastic rods. By rotating the
gears attached to the motors, the rack gears move, allowing
for extension when the motors on both sides rotate at the
same speed and bending when they rotate at different speeds.
If the mechanism proposed in [7] with these characteristics
can be adapted for fingers, it is expected to achieve extensive
in-hand manipulation due to the wide range of fingertip reach
mentioned earlier.

However, there are significant differences in design spec-
ifications, including size, between robotic arms and robotic
fingers, making it difficult to directly apply the design
proposed in [7] to robotic fingers. Additionally, while the
robotic arm proposed in [7] is mainly intended for use as
a single unit, in-hand manipulation with robotic fingers is
primarily performed through the coordination of multiple
fingers. Therefore, this study aims to develop robotic fin-
gers that can take a wide range of fingertip positions and
orientations by adapting the design in [7] while considering
these differences.

Manipulation with continuum robots has primarily been
conducted through power grasping [8], [9]. However, pre-
cision grasping, which involves pinching objects with the
fingertips, is better suited for more dexterous manipulation,
as it involves fewer constraints at the contact points [3]. Thus,
this study focuses on precision grasping.

In the following sections, after discussing the design of the
robotic fingers, we will conduct simulations of the grasping
range and perform grasping experiments with the actual
device to demonstrate the effectiveness of the proposed
method in achieving a wider range of in-hand manipulation
using the continuum fingers.

II. ROBOT DESIGN

This chapter presents the design and structure of our
robotic finger, which has developed based on the robotic
arm proposed in [7]. The details of this design are discussed
in [10]. Figure 2 shows the developed robotic finger. Key
features and differences from the original robotic arm [7]
include:

• Size: While the robotic arm in [7] has a length of
approximately 400mm and a diameter of about 30mm,
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Fig. 2. Schematic diagram of the proposed robotic finger. (a) Overview.
(b) Backbone. (c) The robot extends when the drive gears rotate at the same
speed. (d) The robot bends when the drive gears rotate at different speeds.

our design achieves an effective length of about 100mm
and a diameter under 20mm. This significant reduction
in size allows for use as a finger in a robotic hand.

• Degrees of Freedom: Our finger has 2 degrees of
freedom, compared to the 4 degrees of freedom in
the original arm. This reduction is offset by the multi-
finger design of our robotic hand, allowing for complex
manipulations through finger cooperation.

• Manufacturing Approach: To address miniaturization
challenges, we used high-precision techniques. The
links were produced with a stereolithography 3D printer
(Form3, Formlabs), minimizing friction effects that be-
come more prominent at smaller scales.

• Rack Gear: We employed a standard DURACON rack
gear (DR0.8-2000, KHK) with a module 0.8 reference
rack tooth profile (JIS B1701-1).

As illustrated in Fig. 2, a 2mm diameter knock pin is used
as a rotational joint. Guides on both sides of the link allow
passage for two rack gears. The driving unit comprises servo
motors (Dynamixel XL330-M288-T, ROBOTIS) and gears to
transmit the motor rotation to the rack gears.

III. KINEMATIC MODEL

In this section, we derive the kinematic model of the pro-
posed robot. The forward kinematics is derived to examine
the range of positions the fingertip can reach within the
operational range of the actual device when the length of the
rack is varied. Additionally, the inverse kinematics is derived
to perform position control-based in-hand manipulation using
two fingers.
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Fig. 3. Top view of proposed robot finger. (a) Definition of the constants.
(b) Kinematic model of the robot finger.

A. Forward Kinematics

The robot changes the length of the rack gears by rotating
two gears connected to the motors. The fingertip position
p = [x, y]⊤ is defined by the mapping f : L → p, where
the length of the rack gears L = [L1, L2]

⊤ serves as the
variable. Assuming a constant curvature model [7], [11], [12]
commonly used for continuum robots, it is hypothesized that
the backbone and the rack gears deform into an arc while
maintaining a constant curvature. Based on Fig. 3, L can be
expressed using the radius of curvature r and the degree of
curvature θ as follows:

L =

[
L1

L2

]
=


(
r − w

2

)
θ(

r +
w

2

)
θ

 . (1)

Here, w represents the distance between the left and right
rack gears. By adding and subtracting the components of
(1), q = [r, θ]⊤ is expressed as a mapping g : L→ q:

q =

[
r
θ

]
=

 L2 + L1

L2 − L1

w

2
1

w
(L2 − L1)

 . (2)

Based on Fig. 3, the fingertip position p = [x, y]⊤ can be
expressed using q with the mapping u : q → p as in (3):

p =

[
x
y

]
=

[
r(1− cos θ) + h sin θ

r sin θ + h cos θ

]
. (3)

Here, h represents the length from the end of the rack gear
to the fingertip, as shown in Fig. 3(a). Thus, the forward
kinematic model can be expressed as the composite mapping:

f = (u ◦ g) : L→ p. (4)

It should be noted that there is an error in the actual
curvature of the robot, k. Since this error depends on the
desired curvature kd of the robot, we introduce the error
term ε and express it as follows:

k = kd(1 + ε). (5)

Algorithm 1 Levenberg-Marquardt Algorithm

1: k ← 0
2: e(qk) = pd − p(qk)
3: if ∥e(qk)∥ < δ or k > m then
4: return q ← qk
5: end if
6: ∆qk = [J⊤WJ + λI]−1J⊤We(qk)
7: qk+1 = qk +∆qk
8: k ← k + 1
9: Go to 2

B. Inverse Kinematics

The inverse kinematics is derived using the relation f−1 =
g−1 ◦ u−1. While u−1 can be easily obtained using (1),
deriving g−1 analytically is challenging due to the existence
of singularities. Although there are methods to avoid sin-
gularities by mapping to a different state space than that
of q [12], [13], this study uses the Levenberg-Marquardt
(LM) method [14], which can robustly compute around
singularities, to numerically obtain u−1 and solve the inverse
kinematics. The Jacobian matrix J is expressed as in (6):

J =
∂u

∂q
. (6)

When the target position of the fingertip pd is given, the
inverse kinematics calculations were performed using the LM
method. The framework is shown in Algorithm 1. The weight
matrix W is defined as follows:

W = diag
(
1,

1

2π

)
. (7)

IV. SIMULATION

A. Condition of the Robot

The robot handled in this study can change the lengths
of the two rack gears L while satisfying the following two
constraints. Here, Lmax is the maximum length of the rack
gear, and kmax is the maximum curvature of the robot.

k < kmax, 0 ≤ L1, L2 ≤ Lmax (8)

The maximum curvature kmax is restricted by the structure
of the robot when not considering the bending of the rack
gear. As shown in Fig. 4, the curvature limitations due to the
structure of the robot are considered. As shown in Fig. 4(a),
the curvature of the robot is maximized when the side of
the robot contacts the preceding link. Given the angle α =
arctan

(
l
w

)
and the lengths l and w, we can analyze the

curvature. As shown in Fig. 4(c), consider the circle passing
through the joints of each link. If the radius of this circle is
r, then △CBD is an isosceles triangle with ∠BCD = 2α.
From the law of cosines, the radius r can be determined, and
thus the maximum curvature of the robot is given by:

kmax =
1

r
=

1√(w
2

)2

+

(
l

2

)2

+
t√

2(1− cos 2α)

. (9)
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Fig. 4. Curvature limitations due to the structure of the robotic finger.
(a) The curvature is maximized when the side of the robot contacts
the preceding link. (b) Structural constraints limiting curvature based on
link dimensions. (c) Maximum curvature analysis using the circle passing
through the joints of each link.

The robot used in this study has l = 6mm, w = 13mm, t =
5mm. In this case, kmax = 0.076mm−1.

B. Simulation of Reachable Area

The robotic finger proposed in this study is expected to
have a wider fingertip reach compared to conventional link-
structured robotic fingers. In this section, to clarify the ad-
vantages of the proposed robotic finger in terms of fingertip
reach, we use the forward kinematics model described in
III-A to simulate the fingertip reach of the proposed robotic
finger and compare it with that of the link-structured robotic
finger. Here, we simulate the fingertip reach when two
proposed robotic fingers are placed side by side at a 100mm
interval and operate as a two-finger hand. The overlapping
area of the fingertip reach of the two robotic fingers is
considered as the area where sufficiently thin objects can
be grasped. Based on the specifications of the prototype,
the maximum length of the robot is set to 100mm and
the maximum curvature to 0.076mm−1. The link-structured
robotic hand is considered as a two-link structure here, with
each link length set to 50mm, and the range of motion of
each joint set to 0 to 120◦. The results are shown in Fig. 5 and
Fig. 6. The proposed robotic hand has a wider fingertip reach
near the origin, resulting in a larger overlapping region of
fingertip reach compared to the conventional link-structured
robotic hand. Specifically, the overlapping region with the
proposed finger is 14.77 cm2, which is 1377% larger than the
overlapping region of 1.00 cm2 achieved when the two-link
hand bends by 50◦. Figure 6 illustrates how the reachable
area and overlap area for the two-link hand depend on the
joint angles. The reachable area is represented by the blue
solid line, while the overlap area is shown by the orange
solid line. The dashed lines in Fig. 6 represent the area for
the situation depicted in Fig. 5(b), which does not depend
on the angle. To achieve the same overlapping area with the
two-link hand, each joint needs to bend by 99◦. However,
as mentioned in the introduction, achieving such a degree of
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Fig. 5. Finger reach comparison using two finger. The area in red and blue
is the reach of one finger and the area in green is the overlapped range of
two fingers. (a) Proposed robotic fingers. (b) 2DOFs fingers with restriction
angle 50◦.
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Fig. 6. Comparison of reachable area with restriction angle. The blue solid
line represents the reachable area of the 2DOFs fingers shown in Fig. 5(b),
while the orange solid line represents the overlap area in the same figure.
The dashed lines correspond to the areas in Fig. 5(a), which do not depend
on the angle.

bending in both clockwise and counterclockwise directions
is highly challenging due to interference between links and
other structural constraints. Therefore, it can be said that the
proposed robotic hand has a wider grasping range than the
conventional link-structured robotic hand.

C. Comparison of Constant Curvature Model and Actual
Device

In (5), it is assumed that the robot’s curvature includes
an error. In this section, we identify this error and propose
a method to correct the robot’s curvature. The experimental
procedure is outlined. First, the lengths of the left and right
rack gears L1, L2 are set to 100mm, and the robot finger is
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Fig. 7. Experimental setup for curvature verification. (a) Measurement
of curvature before error correction, showing a deviation from the target
curvature. (b) Measurement of curvature after error correction, where the
actual curvature closely matches the target curvature, as indicated by the
alignment of the blue circles representing the estimated curvature.

straightened. At this time, the arc length S of the robot finger
is equal to L1 and L2. From this straight state, the desired
curvature kd is assigned specific values by adjusting the
lengths of the left and right racks, while maintaining the arc
length S of the robot finger. The curvature kd is varied from
0.01mm−1 to 0.05mm−1 in increments of 0.01mm−1, and
experiments are conducted within the range where the robot
does not interfere with the drive unit. For the experiments,
red markers are attached to the robot hand as shown in Fig. 7.
One marker is placed on the base of the robot, one near the
fingertip, and one on each joint of the link. These markers
are captured using a camera (RealSense D435i, Intel). The
position of the camera relative to the robot hand is adjusted
so that the entire finger fits within the camera’s field of
view. The camera’s resolution is set to 1920 × 1080, and
the camera is fixed at a position where 250 pixels on the
camera correspond to 50mm. The positions of the markers
are measured, and a circle is fitted to these positions. The
reciprocal of the radius of this circle represents the curvature.

The experimental results are shown in Fig. 8(a). It is found
that the longer the arc length S of the robot finger, the closer
the measured curvature k gets to the target value. When the
arc length of the robot finger is short, the curvature does not
reach the target value. This is due to the strong constraint
that the robot remains straight at the drive unit near the robot
finger base.

The error ε in (5) depends on the arc length S of the robot
finger, so we assume that ε is linear with respect to S and
express it as follows:

ε = aS + b. (10)

Substituting (10) into (5), it can be expressed as follows:

k

kd
− 1 = aS + b. (11)

Using (11), linear regression is performed to obtain the
correction coefficients a and b. In this experiment, a =
0.0013, b = −0.2774. When the operation is corrected
using the estimated correction factor, it can be seen that
the curvature approaches the target curvature as shown in
Fig. 8(b).

V. GRASPING EXPERIMENT

In the overlapping region of the fingertip reachability
discussed in IV-B, we conduct experiments to verify that
the robot hand can perform grasping and in-hand manipu-
lation. These experiments include the grasping of a sponge
and position-controlled in-hand manipulation based on the
inverse kinematics presented in III-B. The results are shown
in Fig. 9.

In Fig. 9(b), the robot hand successfully grasps the sponge.
To perform in-hand manipulation, the two fingers are coor-
dinated by aligning the target positions of their fingertips.
A circular trajectory (x − 50)2 + (y − 70)2 = 202 is set
as the target path in a coordinate system where the origin
is at the base of the left finger. This target trajectory is
generated using the inverse kinematics derived in III-B, and
the corresponding control commands are applied to the servo
motors to follow the desired path. As shown in Fig. 9(c) to
(f), the robot hand successfully follows the circular path,
maintaining the object on the trajectory without dropping it.
This manipulation utilizes the wide overlapped range of the
two fingers, as shown in Fig. 5(a), which would be difficult
to achieve with conventional robotic hands. Figure 9(g) to
(l) shows the results of in-hand manipulation where the
target trajectory of the fingertip is set to a straight line
at x = 50 (20 ≤ y ≤ 100). This in-hand manipulation
effectively utilizes the extending and retracting capabilities of
the robotic hand, taking full advantage of the wide grasping
range illustrated in Fig. 5(a).

It should be noted that the in-hand manipulation demon-
strated in this experiment is based on position control, which
requires precise pre-planning.

VI. CONCLUSIONS

To mitigate the limitations on fingertip reach caused by
the link structure and achieve a wide fingertip reach, we
proposed applying the robotic arm proposed by [7] as a
multi-finger robotic hand. Considering the design constraints
for miniaturization, we developed the robotic finger. The
forward kinematics simulation confirmed that the proposed
robotic hand has a wide grasping area. Additionally, we con-
ducted in-hand manipulation using the actual device based
on position control with inverse kinematics, demonstrating
that in-hand manipulation utilizing the broad fingertip reach
verified in the simulations is feasible. In the future, we plan to
equip the device with sensors and pursue research to achieve
force-controlled in-hand manipulation.
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