Kinematics, Design and Experimental Validation of a Novel
Parallel Robot for Two-Fingered Dexterous Manipulation

Wissem Haouas, Guillaume J. Laurent, Sébastien Thibaud and Redwan Dahmouche

Abstract— Two-fingered manipulation robotic sys-
tems are widely used in many applications and notably
at small scales. The commonly employed solution is
based on the attachment of a gripper on a robot.
This paper introduces a new eight degrees of freedom
(DoF) mechanism intended for two-fingered dexter-
ous manipulation. The eight DoFs are obtained via
a parallel architecture moved by eight actuators that
are attached to the base of the robot. The novelty lies
in the use of a 2-DoF configurable platform that in-
sures two relative rotations of the gripper jaws (open-
ing and twisting) in addition to the 6-DoF Cartesian
movements. The paper presents the kinematics and
the design of a proof-of-concept able to grasp, roll,
translate and rotate objects in a single compact de-
sign. A prototype is operated to manipulate and insert
a 2-mm screw.

I. INTRODUCTION

Serial manipulators have the advantage of sweep-
ing large workspaces and dexterous maneuverability
like human arms. However, their rigidity is low com-
pared to parallel manipulators due to the cantilever
structure. Thus, when high load carrying capacity and
high precision are required, parallel robots are usually
preferable [1]. They are also often used in industry for
high-speed operations [2], [3]. However, their limited
workspace and degrees of freedom (DoF) restrain their
dexterity which makes them more suitable for simple
tasks like pick-and-place operations [4], [5].

For applications where dexterity and precise position-
ing are requested, alternatives to conventional parallel
manipulators must be found. Therefore, the general
adopted solution in robotic manipulation is having an ad-
ditional gripper attached to the end of a robot. However,
having an extra gripper has some disadvantages like the
weight of the tool that reduces the dynamic performances
of the robot. Moreover some applications also require
high compactness like robotic surgery and micro/nano
manipulations where the manipulator evolves inside con-
fined environments.

During the last decades, some parallel robots have
been proposed with an additional DoF in the platform
without compromising its parallel architecture [6]. It is
achieved by replacing the rigid platform by a configurable
one [7], [8]. This approach allows to integrate the grasp-
ing functionality in the same structure and to maintain
the robot dynamics and compactness. In addition, no
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wiring or tubing to transmit power and signals is required
to actuate the end-effector [9].

Relatively few parallel manipulators with configurable
platforms have been proposed in the literature for grasp-
ing and manipulating applications. In 2015, Lambert
proposed a redundantly actuated parallel haptic device
with seven DoFs [10]. In [11] and [12] kinematic redun-
dancy of novel parallel robots was exploited to enlarge
the rotational workspace and remotely operate a gripper.
Our team introduced, respectively in 2016 and 2018,
a 4-DoF parallel spherical wrist with a foldable plat-
form for minimally invasive surgery that generates the
three rotations and the grasping/cutting function [13],
[14] and a 7-DoF parallel manipulator with a foldable
platform [15]. To perform dexterous micro-manipulation,
a miniaturized version of the kinematic structure of the
robot has been realized using a new micro-fabrication
technique [16]. The common point between all these
architectures is that the gripper has only one DoF which
might limit the manipulation capabilities of the robot.

The objective of this work is to improve the dexterity
of the manipulators proposed previously to achieve com-
plex tasks in confined environments [17]-[19]. This paper
introduces a new eight degrees of freedom (DoF') mecha-
nism intended for two-fingered dexterous manipulation.
The novelty of the proposed manipulator is the use of
a 2-DoF configurable platform to insure the grasping
and the rolling of objects between the gripper jaws. This
rolling mobility offers large rotation angles of objects
between the gripper fingers or the grasping of objects
with different geometries. In addition, this capability can
be used to provide the alignment of the fingers especially
for some applications that need precise handling and
insertion like in micro/nano-manipulation. This paper
specially focuses on the concept and its experimental
validation through a complex operation like inserting a
screw with two fingers.

The paper begins with the presentation of the kinemat-
ics of the manipulator. Then, the inverse kinematics and
the Jacobian matrix are developed. Finally, the design of
a prototype and some experimental results are presented
validating the novel kinematic structure.

II. KINEMATICS OF THE MANIPULATOR

The proposed robotic structure is designed to grasp
and roll objects between the gripper jaws while providing
the 6-DoF to the gripper (rotations and translations).
The motion of grasping and the rolling is obtained with
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Fig. 1. Architectural scheme of the manipulator. The blocks
P, U, and S represent prismatic, universal, and spherical joints,
respectively.

a configurable platform that insures both relative rota-
tional DoF of the gripper jaws via a universal joint. Each
part of the platform is linked two four linear actuators
with four parallel limbs.

The result is a 8-DoF manipulator able to grasp, roll,
position and rotate objects in a single compact design.
The architectural scheme of the robot is illustrated in
Fig. 1.

A. Geometric Description

The geometric model of the manipulator is presented
in Fig. 2. This mechanism consists of eight identical
kinematic chains. Each chain is composed, from base to
the platform, of a linear actuator (that could be replaced
by a rotational one), a spherical joint, a moving leg,
and another spherical joint attached to a part of the
configurable platform.

A fixed reference frame Fyy, = (OywyXuws Yo Zw) 18
attached to the base of the manipulator and a moving
coordinate frame F, = (Op,%;,¥,,%p) is placed at the
center of the configurable platform (where the two axes
associated to the universal joint cross) and when both
parts of the platform are aligned.

Since the platform is composed of two parts linked
via a universal joint, it has two independent relative
rotations. In order to get the opening and the twisting
of the gripper jaws, the rotational axis are chosen as a
rotation around the x, and y, axis.

Thus, we define, respectively, PR, and PR, as the ro-
tation matrices of the moving frames F, and F; attached
respectively to the right and the left part of the platform
as,

PR, = rot(x,, 9).I‘Ot(yp, p), (1)
PRy = rot(xy, —0).rot(y,, —p),

where 6 is the opening angle of the gripper around the
X, axis and p is the twisting angle between both fingers
of the gripper around the y, axis.

Fig. 2.

Kinematics of the manipulator.

B. Inverse Kinematics

The aim of this section is to determine the eight joint
positions that provide the desired end-effector pose.

The end-effector pose is defined by the coordinates of
the point “O, (center of the platform) with respect to
the fixed frame F,, by the orientation of the moving
frame F, represented by the rotation matrix “R,, by
the opening angle § and by the twist angle p.

The coordinates of the point A;, the center of the
spherical joint attached to the platform are given by,

i=1,..,4
i=5,..,8.
(2)
The actuators, in the chosen design, are linear and
move vertically along the axis z,. Thus, the positions
of the points B; with respect to the frame F,, are thus
given by:

wAi — er TAi +w0p — prpR'rrAi <|>wop7
wAZ_ _ le lA’i +wop — pr pRllAi + wOp7

YBi="Bo; +[00¢]" for i=1,..,8, (3)

with “ By; representing the position of the point “ B;
in the reference configuration of the robot.

In order to solve the inverse kinematic problem, one
must first consider the loop-closure constraint equations
obtained from the length of each leg,

||wBi_wAi|| :lia 221778 (4)



By replacing the equations 2 and 3 in 4, the system of
equations to be solved could be written as follows,

(bOxi_ami)2+(b0yi_ayi)2+(b0zi+(h_azi)2 = 12‘27 i=1,..,8

where both solutions can express in the form,

q; = (azi —bozi) £ \/lf — (bozi — azi)? — (boyi —ayi)?,i=1,...,8
(6)

C. Jacobian Matriz

The Jacobian matrix could be obtained by taking the
derivative of the kinematic Eq. 5 with respect to time.
The system of equations can then be written in the form
of a matrix multiplication,

(YBi — AN ([Qx "Ry "A; + “Rp[Pxp]x wo PR, TA;
+YRp[Py,plx wp PRy "A; + Pvp) = (VB — YA)'b;, i=1,...,4
(“B; — AN ([Qx “Ri'Ai — “Rp[Pxp]x wo PRy LA,

— Ry, wp PRiVA + V) = (VB — YA by, i=5,...,8
(7)

where, b; = [0 0 ¢]* is the instantaneous velocity
of points “B;, where ¢; represents the vertical speed
of an actuator. The vector Q@ = [w, wg w,] is the
instantaneous angular velocity of the frame “R,, and
wp and w, are respectively the relatively instantaneous
angular velocities between the two parts of the
foldable platform in opening and twisting. The symbol
[Q]« represents the cross product skew matrix, and
Yy, = [vg vy v;]" represents the velocity of the point O,
located in the center of the foldable platform.

The system of equations 7 could be expressed in a
matrix form as,

Jl t= JT qv (8)

here, t = [wowpwywow, vy vy v,])" is the mo-
tion twist of the configurable platform and q =
[q'1 42 dg q'4 44 d5 q'G q'7 dg]t is the Velocity of the linear
actuators. The left matrix J; (sxg) has the following form,

(A1 BixOy A1)t (A1 BixOw A1) %, (A1 B1xOy A1)y, A1 By
sy e — R It T
(A4 B4x Oy Ag)t (A3 Bix Oy Ag) -x,  (Ag B4x Oy Ay) -y, Ay Byt

(A5 Bsx Oy A5)t — (A5 B5x Oy, As)-x,  — (A5 B5xOy A5)-yp As Bst
(Ag Bsx Oy Ag)t = (Ag Bsx Oy Ag) - %, — (Ag Bsx Oy Ag) -y, Ag Bg'

(9)

The right matrix J,. (sxs) could be expressed as follows,

Al Bl-Zw 0
J,. = : . : (10)
0 Ag Bg.Zw

Fig. 3.

Dimensional parameters of the structure (top-view).

where the X operator represents the cross products.
The Jacobian matrix relating the eight actuator veloc-
ities q to the motion twist t is:

(11)

This matrix is interesting for several reasons by the
fact that it allows, to establish the direct and inverse
kinematic model to control the speed of the robot (such
as for visual servoing), to relate the forces exerted by
the end-effector in correspondence to the forces/torques
generated by the actuators, and to locate the singular
configurations (when the determinant of J vanishes).

tZJ(8x8)q=JflJrq

III. MECHANICAL DESIGN

The kinematics properties of the structure have been
developed as a function of its kinematic parameters in the
previous section. The mechanical design of the prototype
can now be chosen to obtain the required properties of a
dexterous manipulator.

A. Dimensional Parameters

To balance the constraints and reduce the number of
dimensional parameters, we consider a quaternary axial
symmetry configuration formed of four pairs of identical
kinematic chains arranged with a period of 90°. Each
two legs are disposed symmetrically with respect to the
plane formed by the axis z,, and rot(x,,jj + §), for
i = 0,...,3, and passing through the point O,. The
parametric lengths and the characteristic angles of this
structure are represented in Fig. 3.

The dimensional parameters of the demonstrator, de-
fined respectively in the reference configuration, are h 4,
and hp,, the height of the coordinates “ A; and “ B;, the
radius R4 and Rp which are the radius of the circles
passing through the joints ¥ A; and * B;, and finally ¢



TABLE 1
DIMENSIONAL PARAMETERS.

Parameter Value
Hp Height of the B; joints 80 mm
Ha Height of the A; joints 0 mm
Rp Base radius 45 mm
Ra Platform radius 19.5 mm
¢a | Angle between x,, and O, A1 7.5°
¢ | Angle between x, and O, B1 40°

TABLE II
MAXIMUM DISPLACEMENTS AND ROTATION ANGLES OF THE
END-EFFECTOR AROUND THE REFERENCE POSE.

max | min
o (deg) 26 -26
B (deg) 26 -26
~ (deg) 52 52

(
0 (deg) 25 -28
(

p (deg) 25 -25
z (mm) | 185 | -18.5
y (mm) | 18.5 | -18.5
z (mm) 9 -9

and ¢p which are respectively the angles between the
line (O, Xy ), and (Oy, A1) and (O, By).

B. Parameters Determination

Since the prototype is highly symmetrical, we can
expect relatively homogeneous performance inside the
workspace. Nevertheless, due to the high number of
DoF of the structure, it is not possible to consider a
single performance criteria to determine the dimensional
parameters. Since the aim of this paper is to build
a first proof-of-concept, we used our know-how based
on previous works [13]-[15] to design a well balanced
manipulator able to achieve a screwing task.

The chosen dimensional parameters for the prototype
are presented in Table I. The workspace of the manipula-
tor using the selected kinematic parameters are presented
in Table II. The different values were obtained by varying
each coordinate of the end-effector pose independently
and keeping others on zero. A MATLAB simulation
was used to estimate the workspace of the manipulator
by sampling the different parameters and taking into
account a travel motion of the actuator of 18 mm.

C. Prototype Implementation

This section describes the technical solutions adopted
to fabricate a first prototype. These choices have been
made to ensure the ease of its fabrication and assembly.

The design of the manipulator is presented in Fig. 4.
For the legs, ball-and-socket joints were used to reduce

Linear stick-slip
actuator

Fig. 4. Design of the prototype.

Universal

Fig. 5.

Design of the configurable platform.

frictions and backlash. Each spherical ruby is inserted
in a notch and held between coaxial through bores. The
universal joint connecting the two parts of the platform
is obtained through four spherical joints that are placed
along the axis (O, %)) and (O,,y,,) to insure the relative
rotational DoFs between the two parts of the platform
(see Fig. 5). Therefore, this design employs only spherical
joints.

The legs were made of carbon fiber tubes of 4 mm in



diameter and 80 mm in length. This choice was made
in order to lighten the weight of the structure and to
improve its strength in traction-compression. To control
the manipulator, eight stick-slip Smaract actuators have
been used. Each actuator is able to insure a repeatability
of £1 um within an 18 mm travel motion.

The gripper fingers attached to the configurable plat-
form have been designed to be replaceable depending on
the required operation.

IV. EXPERIMENTAL VALIDATION

The demonstrator was designed to perform dexterous
manipulation operations in confined environment. As an
application, we decided to manipulate a screw in all DoFs
and to insert it using two different modes.

A. Ezperimental setup and preliminary tests

An experimental prototype was fabricated and con-
trolled. The configurable platform was made using a 3D
printing machine. It was designed to attach two fingers
of a tweezer to handle objects. The purpose of this
prototype is to validate the proposed robotic structure
through grasping, manipulating and inserting a screw.
Hence, the manipulator was controlled using a joystick
where the inverse kinematic model was used to calculate
the displacement of the actuators for a given pose of
the platform as illustrated in Fig. 6. The dimensional
parameters presented in Table I were used for the control
of the manipulator.

Fig. 6.

Experimental setup.

B. Screwing task

To show the capabilities of this manipulator, a 2-mm
(in diameter) screw is manipulated. First, both fingers
grasp the screw and begin to unscrew it using a rolling
movement between the two parts of the platform. Then,
the screw is detached from the mechanical thread and

positioned above the second thread. Finally, the object
is oriented and screwed in the thread. The two modes of
screwing (twist and yaw rotation) are presented in Fig. 7
and 8. This demonstration can be further appreciated in
the video clip accompanying this paper.

These experiments validate the ability of the manip-
ulator to realize dexterous tasks in a compact design
thanks to the actuators located on the base. The trajecto-
ries of the end-effector were introduced via the joystick
through the Cartesian coordinates and transformed to
joint space trajectories using the inverse kinematics.

V. CONCLUSION AND OUTLOOK

In this paper, we presented a new class of parallel robot
with a 2-DoF configurable platform and their practical
implementation for two-fingered dexterous manipulation.
The inverse kinematic and the jacobian matrix of an 8-
DoF parallel manipulator was established.

A first prototype was realized and controlled via a
joystick. This manipulator was teleoperated to unscrew,
manipulate and screw a 2-mm (in diameter) screw which
demonstrates the dexterous capability of the proposed
concept.

Future works will focus on the miniaturization of the
proposed structure with a design optimization to employ
it for micro and nano manipulations inside a scanning
electron microscope (SEM).
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