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ABSTRACT
This paper presents a new parallel robot with an integrated gripper. The grasping capability of the

robot is obtained by a foldable platform that can be fully controlled by actuators located on the base of
the seven degrees of freedom (DoF) parallel structure. This mechanism combines three key specificities in
robotics which are: compactness, rigidity, and high blocking forces. The paper presents the new structure,
its kinematic modeling and an analysis of its workspace and grasping force capabilities. In addition, a
prototype is presented and tested in manipulation and insertion operations, which validates the proposed
concept.

Keywords: Parallel robots, Configurable Platform, Grasping, Redundantly Actuated Robot.

1 Introduction
Parallel robots are closed-loop mechanisms composed of a moving platform connected to the base by inde-

pendently actuated serial kinematic chains [1]. This class of robots has drawn the attention of the industrial and
academic communities due to their notable characteristics. Indeed, compared to serial robots, parallel mechanisms
(PMs) have the advantages of high stiffness, load-to-weight ratio, and dynamics. Indeed, industrial robots such
as the Gough-Stewart [2] or Delta [3] have been used in flight simulation and high-speed pick-and-place systems
respectively, where 20G accelerations can be exceeded [4] [5] [6].

The high stiffness property also allows to design highly compact structures with all actuators placed on the
robot base [7] [8] [9] [10]. However, PMs suffer from more kinematic singularities, limited workspaces and complex
kinematic models [1]. One solution to moderate these drawbacks is to use actuation and sensing redundancy which
can be exploited to reduce singularities [11] [12] [13] and to improve the kinematic manipulability and dexterity
as shown in [14] [15].

In order to manipulate objects, the solution generally used to provide grasping capabilities is to attach a
gripper on the robot’s platform [16] [17]. However, in addition to the tool weight added to the platform which

∗Address all correspondence to this author.
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typically slows down the robot speed, the extra gripper’s volume and its wiring (power and/or signal) might be
prohibitive in some application where high compactness and high grasping/cutting forces are required [18].

An original approach to eliminate these drawbacks is to integrate the grasping functionality in the same
structure as the robot platform. This original concept relies on a parallel structure with a configurable platform.
Parallel robots with configurable platforms are PMs whose platforms have at least one additional mobility, usually
obtained by an inner closed loop chain [19]. A relatively few articles have been published on topics related to
this class of robots. Some of these architectures use configurable platforms to provide rotation to the end-effector,
such as the Par4 robot [20], which is a commercially available robot on the market known as the Adept Quattro.
The configurable platform can also be used for grasping such as in [21], where a platform consisting of a planar
parallelogram mechanism was used as a gripper. In 2005, Mohamed and Gosselin analyzed the kinematics of
several designs of both planar and spatial parallel robots with configurable platforms by means of screw theory [22].
Lambert developed and fabricated, respectively, in 2014 and 2015, a five-DoF parallel manipulator that generates
three translations, one rotation plus a linear grasping motion [23] and a redundant parallel haptic interface whose
platform has six DoFs for full motion control and one DoF for grasping [24].

Thus, instead of appending an additional gripper to perform grasping tasks, which reduces the robot dynamics,
and compactness, a configurable robot platform that acts as a gripper can be preferred. In addition, no wiring or
tubing to transmit power and signals is required to actuate the gripper, which makes the robot even more compact
and facilitates its integration.

To fulfill the objective of designing a compact and stiff robot with grasping capabilities, this paper presents
a new seven DoFs redundant parallel mechanism with a configurable platform. This structure is actuated with
eight linear positioners located on the robot base that control the 6-DoFs robot platform position and orientation
as well as the grasping functionality. The actuation redundancy could be used to reduce singularities, enlarge the
robot workspace, enhance the robot dynamics and increase the grasping force.

The major novelty in the proposed structure compared to existing parallel robots with configurable platforms is
the usage a simple foldable platform instead of more complex closed-loop chains, as presented in the aforementioned
papers. To the best of our knowledge, this is the first 7-DoF parallel robot with a foldable platform. This additional
DoF can be used to provide grasping or cutting capabilities via two fingers or scissors located on both sides of the
foldable platform. This structure is an extension of a previous concept designed for minimally invasive surgery
with four DoFs (three rotations with gripping function) [25].

The next section of the paper presents the kinematic structure of the robot. Then, its kinematic modeling is
presented in Section 3 and analyzed regarding the workspace and the grasping forces in Section 4. The experimental
proof-of-concept of the robot is demonstrated and its grasping and manipulation capabilities validated in section
5. Finally, the two last sections present a discussion about the robot capabilities and limits and some perspectives
to improve its design and control.

2 Kinematic Structure
The concept of the proposed structure is described in the architectural scheme illustrated in Fig. 1, where

joints are represented by rectangles, and links between those joints are represented by lines.
The robot is actuated using eight moving stages, symmetrically fixed on the base. Each moving stage supports

one strut, which is attached to the platform and to the moving stage by mean of two spherical joints. The right
part of the top platform is attached to the left one through a revolute joint in order to generate a folding mobility.

This design allows six-DoF motion and the folding of the top platform. The configuration of the platform is
defined by the coordinates (x,y,z) of the point Op located in the center of the platform while three Euler angles
(α,β,γ) are used to describe the relative orientation of the platform with the base, as represented in Fig. 2. The
relative angle between the two parts of the foldable platform is represented by θ.

The device is redundantly actuated since the seven DoFs of the architecture are controlled by eight independent
actuators.

3 Kinematic Modeling
3.1 Geometry of the Manipulator

To describe the geometry of the kinematic model, we define the ensuing parameters. The global coordinate
frame Fw = (Ow,xw,yw,zw) is set at the robot base. Every strut has a total length li, where i= 1, ...,8 denotes
the leg number. Each of them is attached on one end to the top platform through a spherical joint Ai and attached
to the base plates on the other end via a spherical joint Bi. The configurable platform carries the two fingers of
the gripper. The moving plate is attached to a positioning stage qi fixed vertically on the base. Each of these
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Figure 1. Architectural scheme of the manipulator. The blocks P, R, and S represent prismatic, revolute, and spherical joints, respectively.
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Figure 2. The kinematic architecture of the robot.

stages can move Bi vertically (see Fig. 2).

The left part of the configurable platform is attached to the right one through a revolute joint along xp
located in Op, where θp denotes the relative rotation angle between the two parts. Fr = (Op,xp,yr,zr) and
Fl = (Op,xp,yl,zl) are the frames attached to the right and the left parts of the platform, respectively. Finally,
Fp = (Op,xp,yp,zp) represents the frame defined by Op, xp and the symmetrical axis zp between the left and the
right parts of the platform.

3.2 Inverse Kinematics
The inverse kinematics aims to find the position of the eight linear actuators, wBi for i= 1, ...,8, for a given

pose of the top platform. The input variables are the folding angle θp, the position of the platform wOp and the
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rotation matrix wRp between the moving frame Fp and the reference frame Fw.
We define respectively pRr and pRl as the rotation matrices of the moving frames Fr and Fl with respect to

the frame Fp, where:

{
pRr = rot(xp,θp),
pRl = rot(xp,−θp),

(1)

We denote respectively wAi, rAi and lAi the coordinates of the point Ai expressed in Fw, Fr and Fl . The
positions of the eight spherical joints attached to the top platform are given by:

{
wAi = wRr

rAi+wOp = wRp
pRr

rAi+wOp, i= 1, ...,4
wAi = wRl

lAi+wOp = wRp
pRl

lAi+wOp, i= 5, ...,8
(2)

The loop-closure constraint equations are obtained from the distance constraint between the points wAi and
wBi, representing the constant length of the struts (i.e the vector AiBi norm):

‖wBi−wAi‖= li, i= 1, ...,8 (3)

In the case of vertical stages, Equation (3) can be rewritten using the points Cartesian coordinates as follows:

(bxi−axi)2 + (byi−ayi)2 + (bzi+ qi−azi)2 = l2i , i= 1, ...,8 (4)

Equation (4) gives two solutions of the actuators positions qi.

3.3 Inverse Jacobian Matrix
The instantaneous motion of the platform is obtained by taking the derivative of the kinematic Equation (3)

with respect to time,


(wBi−wAi)t([Ω]×wRr

rAi+wRp[pxp]× ωθ pRr
rAi+wvp)

= (wBi−wAi)tḃi, i= 1, ...,4
(wBi−wAi)t([Ω]×wRl

lAi−wRp[pxp]× ωθ pRl
lAi+wvp)

= (wBi−wAi)tḃi, i= 5, ...,8

(5)

Here, ḃi = [0 0 q̇i]t is the instantaneous velocity of points wBi, where q̇i represents the vertical speed of an actuator.
In Equation (5), Ω = [ωα ωβ ωγ ]t is the instantaneous angular velocity vector of the foldable platform when θ = 0,
and ωθ is the instantaneous angular velocity between the two parts of the foldable platform. The symbol [Ω]×
represents the cross product skew matrix, and wvp = [vx vy vz]t represents the velocity of the point Op located in
the middle of the foldable platform.

We can write Equation (5) in matrix form as:

Jl t = Jr q̇, (6)

where t = [ωαωβ ωγ ωθ vx vy vz]t is the motion twist of the configurable platform and q̇ = [q̇1 q̇2 q̇3 q̇4 q̇4 q̇5 q̇6 q̇7 q̇8]t
is the actuating displacement of the linear motors. The left matrix Jl,(8×7) has the following form:
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(B1A1×Ow A1)t ((B1A1×Ow A1) ·xp)t B1A1
t

...
(B4A4×Ow A4)t ((B4A4×Ow A4) ·xp)t B4A4

t

(B5A5×Ow A5)t − ((B5A5×Ow A5) ·xp)t B5A5
t

...
(B8A8×Ow A8)t − ((B8A8×Ow A8) ·xp)t B8A8

t


(7)

where the · and × operators represent respectively the scalar and cross products.
The right matrix Jr,(8×8) has the following form:

Jr =

B1A1.zw · · · 0
...

. . .
...

0 · · · B8A8.zw

 (8)

The inverse of the Jacobian matrix relating the eight actuator velocities q̇ to the motion twist t is:

q̇ = J−1
(8×7) t = J−1

r Jl t (9)

The vector q̇ is the image of t under the transformation J−1. Thus, the mobility of the mechanism is defined
by the rank of Jr and Jl. Referring to Equation (8), the diagonal matrix Jr becomes rank-deficient only when
one of the legs is parallel to the base. Unlike Jr, the analytical analysis of Jl is more complex. Nevertheless, the
results presented in the next section on the grasping force calculation demonstrates that the rank of the Jacobian
matrix is seven (J−T J−1 being invertible) inside the geometrically analyzed workspace. Although, exhaustive
singularity analysis requires further investigations.

4 Design and Analysis of the Mechanism
4.1 Mechanical Design of the Robot

For the sake of simplicity, the kinematic design is explicitly described by a reduced number of parameters
under symmetrical assumptions of the robot architecture. Assuming identical lengths of the eight moving struts
li, the joints wAi and wBi are respectively symmetrically fixed to the foldable platform and to the mobile actuated
bases. By this way, the robot can be fully described using only six parameters (h1, h2, h3, h4, φ1, and φ2) which
are shown in Fig. 3 and Fig. 4.

The actuators are placed on the base where space constraints are less critical. Large displacements of the
end-effector can then be obtained thanks to high actuator strokes.

Inspired by the works [26] [27] on design of 6-DoF parallel robots, the kinematic parameters were selected to
obtain a large workspace and homogeneous performances in its different DoF. First, the impact of the angles φ1
and φ2 on the robot manipulability index and its workspace was studied.

As a reminder, the manipulability is a performance index that indicates the capability of the structure to
transmit the actuators motion in all degrees of freedom of the Cartesian space. Furthermore, a high manipulability
signals that the robot is far from singular configurations. The manipulability value is calculated through the
singular value decomposition (SVD) of the full kinematic Jacobian J [28].

Figures 5 and 6 show respectively the manipulability index of the robot at its home position and the volume
of its workspace as a function of φ1 and φ2. It is noteworthy that these two performance indices are apparently
inversely related, which means that a trade-off has to be found.

Moreover, the dimensions of the prototype must take into account the fabrication and assembly constraints.
For example, φ1 and φ2 cannot be equal to 0◦ or 45◦ for the fact that two consecutive joints Ai and Ai+1 or Bi
and Bi+1 will be coincident, and this is not feasible in practice.
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Figure 3. Geometrical description of the top platform and bottom stages.
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Figure 4. Kinematic design parameters h1, h2, h3 and h4.

Therefore, the values of the chosen parameters φ1 and φ2 are 18◦ and 38◦, respectively. Accordingly, the
corresponding performances are, 651 for the manipulability index and 157 cm3 for the workspace volume.

The ratio of the parameters (h4/h2) affects the reachable workspace in two manners. When this ratio is close
to one, the displacements of the manipulator in the x and y directions are increased but its rotational mobilities
are reduced. The inverse happens when this ratio is close to zero. In both cases, the global manipulability is
low. The kinematic design parameters of the prototype, shown in Table 1, have been selected to be close to the
mid-ground with respect to the manufacturing constraints.
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Figure 5. Manipulability index of the manipulator at its home position as a function of φ1 and φ2
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Figure 6. Representation of the volume of the workspace (cm3) of the manipulator as a function of φ1 and φ2

4.2 Workspace Analysis
The workspace of a manipulator can be defined as the volume that the robot can reach. This volume corre-

sponds to the reachable 3D points by the robot end-effector with any orientation of its platform. The mechanical
limits of the spherical joints have not been taken into account since they can significantly vary from one design to
another.

The theoretical workspace of the presented robot is obtained numerically by considering a travel motion of
18 mm, which corresponds to the travel range of the chosen linear actuators. Obviously, the workspace volume
depends also on the length of the robot’s fingers. The total volume was evaluated using the six kinematic design
parameters presented in Table 1 and the design parameters of the fingers presented in Fig.8. The three-dimensional
workspace of the two distal fingers of the manipulator is shown in Fig. 7. The red and the blue ranges show the
two reachable spaces of the two fingers of the gripper. With the chosen parameters, the robot’s workspace volume
is about 157 cm3.

Table 2 shows the maximum displacements, rotation angles, and opening/closing angle of the configurable
platform presented in the point Op.
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Table 1. Kinematic Design Parameters.

Parameter Value

h1 Length of the struts 50mm

h2 Base radius 41.5mm

h3 Platform radius 14.5mm

h4 Offset of the Ai joints 13mm

φ1 Angle between xw and Ow A1 18◦

φ2 Angle between xw and Ow B1 38◦

� ����

�
��
�
�

�
��

�
�

(a) Spacial presentation of the workspace.

� ����

�
��

�
�

(b) Top view of the workspace.

Figure 7. Theoretical workspace of the two fingers of the manipulator using 18 mm travel range actuators.

Figure 8. Design parameters of the fingers.

4.3 Grasping Torque Analysis
The maximal grasping torque τθ of the end-effector over its workspace can be calculated using the Jacobian

matrix. Assuming that the structure has perfect spherical joints, rigid links and that each actuator can generate
a force f of 1N, the static mapping between the actuators force vector f and the platform’s torque τ is obtained
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Table 2. Maximum displacement and rotation angles of the center of the foldable platform using 18 mm travel motion of the actuators.

max min

α (deg) 37 -37

β (deg) 37 -37

γ (deg) 42 -42

θ (deg) 37 -47

x (mm) 8 -8

y (mm) 8 -8

z (mm) 9 -9

� ����

� ����

�
��

�
�

Figure 9. Maximal grasping couple over poses range (N.m).

by [1] ,

τ = JT f (10)

The theoretical grasping torque was evaluated in the reachable workspace of the center of the platform (point
Op) while maintaining the home orientation and folding angle of the platform (i.e, zero rotation and θ = 0). The
direct Jacobian, necessary to estimate the grasping torque, was evaluated from the inverse Jacobian matrix using
the Moore-Penrose pseudo-inverse.

The obtained torque over the workspace is shown in Fig. 9. Based on the simulation results, there is no
configuration where the manipulator loses the control of the grasping. In fact, the proposed manipulator is able
to insure a minimal grasping couple (80mN.m) over its workspace which corresponds to a force of 2.8N at its
fingertips. The maximum (115mN.m) and the minimum (80mN.m) values obtained are in the same order of
magnitude which represent a variation of ±18% compared to the median value (97.5mN.m).

It is interesting to note that there is a clear preferable area within the center range of the y axis where the
couple is maximal. Contrarily to the x direction, the variation of grasping couple along the y axis is due to the
non-symmetrical transmission of the forces applied by the four legs to each part of the platform. Moreover, it can
be noted that the grasping torque is constant along the z-axis. This is due to the direction of the legs which remain
unchanged when the robot moves vertically. Since the direction of the forces applied on the configurable platform
as well as their amplitudes are constant (constant force along the actuators stroke), the resulting grasping force
does not vary.

The performances of the manipulator could be enhanced by optimizing the design parameters. Besides,
the design of the fingers could also be optimized to obtain the desired elasticity at the fingertips to ensure an
homogeneous grasping force of the object.

Haouas 9 JMR-17-1193



�����
�

������

�	
�

Figure 10. CAD model of the spherical joint made with a ruby.
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Figure 11. Schematic representation of the experimental setup.

5 Experimental Validation
An experimental prototype was constructed and tested. The prototype was designed for manipulation and

assembly applications. The eight struts were made of aluminum rods of 3 mm in diameter and 50 mm in length.
Ball-and-socket spherical joints were used in the prototype. In order to reduce frictions and backlash, the ball-in-
socket technology was used where the balls were made of ruby. Each ball is inserted in a notch and held between
two coaxial through bores. Fig. 10 shows a drawing of the used spherical joint.

In this first prototype, each of the eight mobile bases was actuated by an 18 mm travel motion and 1 µm
repeatability Smaract SLC-1730 piezoelectric actuators fixed vertically to the base.

The purpose of these experiments is to validate the proposed robotics structure through grasping, manipu-
lating, and insertion operations of a millimeter scale object. To do so, the manipulator was controlled manually
using a joystick. The inverse kinematic model of the robot was used to calculate the eight joint values from the
desired Cartesian trajectories that are required by the user through the joystick as illustrated in Fig. 11.

In these experiments, an object of 2 mm in diameter and 10 mm in length is manipulated. First, the gripper is
correctly positioned above the object and the robot’s platform is folded to grasp it. Second, the object is moved-up
from its hole and manipulated in the six DoFs. Finally, the object is inserted in the 2.4 mm in diameter target hole
and released (see Fig. 12). The manipulation process can be further appreciated in the video clip accompanying
this paper.

This experiment demonstrates the ability of the robot to grasp and to manipulate an object with Cartesian
reference trajectories generated from the joystick and transformed to joint space trajectories. Initially, the design
parameters listed in Table 1 were implemented in the kinematic model of the prototype. However, high internal
stresses in the structure appeared due to fabrication and assembly errors.

Thus, a pre-calibration phase was done thanks to the actuaction and measurement redundancies. Thanks to
this pre-calibration phase, the internal stress in the robot’s structure was reduced and the executed trajectories
were greatly improved. Nevertheless, an experimental evaluation of the repeatability and the accuracy of the
manipulator using an external measurement system is left to future works.
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Figure 12. Manipulation and insertion of an object. (a) Object initially inserted in the first hole. (b) Positioning the end-effector and grasping
of the object. (c) Manipulating the object with the different DoFs. (d) Positioning the object to the target position. (e) Inserting the object. (f)
Releasing the object.

6 Discussion
The presented manipulator is a 7 DoF redundant parallel robot with a configurable platform. The robot

platform can be positioned in the 6 DoF and used for grasping, cutting, or any other operation which can be
obtained by a folding mechanism.

One of the main advantages of this structure is its compactness thanks to all the actuators located on the
robot base. In addition, all the eight actuators contribute to the force applied by the platform thanks to the
redundant parallel structure. Relatively, high forces and torques can then be applied by the platform as shown in
Fig. 9.

The forces are transmitted to the platform through eight links which work in traction/compression. This
configuration makes the structure stiff compared to its mass, inertia, and volume. High dynamics could then be
reached with appropriate actuators, such as linear voice coils which can achieve more than 200 m/s2 accelerations
[29].

The variability of the grasping force within its workspace should be taken into account when integrating the
robot. Since one can take advantage of the eventually high forces applied by the robot’s actuators, controlling the
grasping force could be a strategy to leverage the effect of this drawback. The grasping force control could thus
be done in several ways.

For instance, in manipulation applications, one part of the platform could be equipped with an articulated
end-effector and pre-loaded thanks to a spring. Such a mechanism would allow controlling the position of the
manipulated object (thanks to the rigid end-effector) as well as the grasping force thanks to the articulated end-
effector. Indeed, in this case, the grasping force can be controlled through the robot jaw closing (more the platform
closes more the force is applied on the end-effector thanks to the spring).

In applications where fine force control is required (cells handling, for instance), the integration of force sensing
associated with appropriate actuators whose applied forces can be controlled could also be a solution. Finally,
in shearing, cutting and demolition applications, rigid end-effectors could be used since no force control in these
applications is usually required.

The structure is symmetric thanks to the eight actuators which improves the homogeneity of the robot and
simplifies its modeling and design. The actuation redundancy is not directly exploited in this paper. Nevertheless,
it will be exploited in different ways in future works.

First of all, the robot joints positions will be optimized to reduce the singular configurations and enlarge the
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robot workspace. This can be done thanks to the kinematic singularities analysis of the robot using screw theory
and Grassmann-Cayley algebra (GCA) [30]. To do so, existing methods will have to be adapted to this class of
robots because of the 7 DoF configurable platform (more than 6 DoF), whose motion cannot be represented by a
Spatial Euclidian Group element (SE3).

One of the drawbacks of redundant actuation is the possible existence of internal stress in the robot structure.
This can be avoided by implementing hybrid force position control laws [11] thanks to position and force sensors,
placed on the robot actuators for instance. The redundant measurements could also be used to simplify the
identification of the kinematic model of the robot thanks to auto-calibration techniques [31] [32].

Several applications can be considered. One of the major domains where dexterity, compactness and high
blocking forces are required is robotic surgery [33] [34]. Indeed, the configuration platform can be used for grasping
and cutting thanks to appropriate tools fixed on the foldable platform. In this case, the actuators can be placed
outside the body and actuate the structure thanks to rods, or cables associated for instance with pre-constrained
springs to keep the cables stretched [35]. Thus, all the 7 DoF can be exploited inside the body contrarily to
existing technologies where the DoF are generated outside the body and constrained by the insertion hole [36].

Another possible application is micro/nano-manipulation. At the micro/nano-scale, it is almost impossible
to attach a gripper on a micro-robotic structure because of miniaturization limits [16]. The solution usually
adopted is to use a parallel micro-robot as a 6 DoF positioning table associated with an external static or moving
gripper [37] [38]. This configuration is more complex and not feasible in some applications such as in cells
manipulation.

The proposed 7 DoF structure can be highly miniaturized using flexure hinges instead of spherical joints [7] [9].
The micro-robot can then have an integrated gripper and work as a complete 7 DoF micro-robot for dexterous
manipulation and benefit from high precision linear actuation technologies.

Other applications can be considered where high forces have to be applied. Typical applications would be
hydraulic clamps or shears with 3D position and orientation control which can be used for construction/destruction
robotics and heavy industries (shipbuilding, aeronautics, nuclear, etc.) [1].

7 Conclusion
In this paper, we proposed a new robotic structure with a configurable platform. This robot has six-DoFs

manipulation and grasping capabilities using linear stages located on the robot’s base. The robot structure
was investigated and its kinematic model developed. For the proof of concept, a prototype was fabricated and
controlled. This robot was able to successfully achieve grasping, manipulation, and insertion operations which
validates the proposed concept. Further developments of the robot will focus on the singularity analysis of the
proposed structure, design optimization and, control exploiting actuation and sensing redundancy, which will
enhance the robot capabilities and performances.
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