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Design Procedure for a Fast and
Accurate Parallel Manipulator

This paper presents a design procedure for a two degree-of-freedom (DOF) translational
parallel manipulator, named IRSBot-2. This design procedure aims at determining the
optimal design parameters of the IRSBot-2 such that the robot can reach a velocity equal
to 6 m/s, an acceleration up to 20 G, and a multidirectional repeatability up to 20 lm
throughout its operational workspace. Besides, contrary to its counterparts, the stiffness
of the IRSBot-2 should be very high along the normal to the plane of motion of its moving
platform. A semi-industrial prototype of the IRSBot-2 has been realized based on the
obtained optimum design parameters. This prototype and its main components are
described in the paper. Its accuracy, repeatability, elasto-static performance, dynamic
performance, and elasto-dynamic performance have been measured and analyzed as
well. It turns out that the IRSBot-2 has globally reached the prescribed specifications and
is a good candidate to perform very fast and accurate pick-and-place operations.
[DOI: 10.1115/1.4038009]

1 Introduction

Parallel robots are more and more attractive for high-speed
pick-and-place operations due to their lightweight architecture
and high stiffness [1]. However, high velocities and high accelera-
tions may lead to some vibrations that may affect the robot accu-
racy and dynamic performance, thus discarding those robots to be
used as high-speed parallel robots for special tasks requiring good
accuracy and high accelerations such as the assembly of electronic
components on printed circuit boards.

Several robot architectures with four degrees-of-freedom
(DOF) and generating Sch€onflies motions [2] for high-speed oper-
ations have been proposed in the past decades [1,3–6]. However,
4DOF robots are not always necessary, especially for some simple
operations requiring only two translational DOF in order to move
a part from a working area to another. Therefore, several robot
architectures providing two translational DOF motions have been
synthesized in the literature such as the five-bar mechanism [7,8],
the paraplacer [9], and several mechanisms with additional kine-
matic chains used to constrain the platform rotations [6,10,11].

It is noteworthy that the foregoing architectures are all planar, i.e.,
all their elements are constrained to move in the plane of motion. As
a result, all their elements are subject to bending effects along the
normal to the plane of motion. Therefore, in order for the mecha-
nisms to be stiff enough along this direction, their bodies are usually
bulky, leading to high inertia and to low acceleration capacities.

A 2DOF spatial translational robot, named IRSBot-2, IRSBot-2
standing for “IRCCyN Spatial Robot with 2DOF,” was introduced
in Ref. [12]. It was shown that this robot architecture may have
better performance in terms of mass in motion, stiffness, and work-
space size with respect to its serial and parallel manipulator coun-
terparts. The IRSBot-2 has a spatial architecture, and the distal
parts of its legs are not subject to bending, but to tension, compres-
sion, and torsion only. Consequently, its stiffness is increased and
its total mass is reduced. In the same vein, the Par-2 robot com-
posed of four legs was introduced in Ref. [13] as a mean to
increase the stiffness of its mobile platform along the normal to its
plane of motion. However, contrary to the Par-2 robot, the IRSBot-
2 is composed of two legs only in order to reduce the mechanism
complexity and to increase its operational workspace size.

This paper introduces a design procedure for the IRSBot-2 such
that the multidirectional repeatability and the dynamic perform-
ance of the robot are optimum. A running prototype, which was
built based on the obtained design parameters, is described too.
Some experimental validations were performed and are analyzed
in this paper. Note that this paper is an improved version of Ref.
[14] with the following new findings:

� On the multi-objective optimization problem (MOOP) for
the design of the IRSBot-2: in Ref. [14], the three objective
functions were normalized and weighted in order to convert
the MOOP into a mono-objective optimization problem.
Here, the Pareto-optimal solutions, i.e., the nondominated
solutions, of the MOOP at hand are presented.

� On the experimental validations of the design methodology:
the IRSBot-2 semi-industrial prototype is described and its
deflection, repeatability, and dynamic performance are ana-
lyzed experimentally.

The paper is organized as follows: Section 2 presents the
IRSBot-2 architecture and recalls its kinematic modeling, which
is described in detail in Ref. [15]. The design procedure devel-
oped for the determination of the optimal design parameters of
the IRSBot-2 is introduced in Sec. 3. A semi-industrial proto-
type of the IRSBot-2 and some experimental validations are
described in Sec. 4. Finally, some conclusions are drawn in
Sec. 5.

2 Kinematics of the IRSBot-2

2.1 Robot Architecture. A computer-aided design drawing of
the IRSBot-2 architecture is shown in Fig. 1. The IRSBot-2 is a
2DOF translational parallel manipulator. Its kinematic architecture
is composed of two spatial limbs with identical joint arrangements.

The kth leg of the IRSBot-2 is shown in Fig. 2. It is made of
two modules: a proximal module and a distal module (k ¼ I; II).
Therefore, the robot is made of a proximal part and a distal part
shown in Fig. 1. The proximal part is composed of the base and
the two proximal modules. The distal part is composed of the
moving platform and the two distal modules. The base frame
ðO; x0; y0; z0Þ is attached to plane P0.

The proximal module is a planar parallelogram, also named P
joint, moving in the ðO; x0; z0Þ plane and is composed of links
‘0k; ‘1k; ‘2k, and ‘3k. The proximal module keeps the angle
between planes P0 and Pk equal to 45 deg.
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The distal module is linked to body ‘3k of the parallelogram
through two universal joints at points Ejk. The first axis of the uni-
versal joints y11k is located in planes Pk and ðx0 Ejk y0Þ. Moreover,
the distal module is also linked to the body ‘5k of the moving plat-
form through two universal joints located at points Fjk (j¼ 1, 2).
Axes z21k and z22k are symmetrical with respect to plane ðx0 O z0Þ.
Links ‘41k and ‘42k are not parallel. This configuration prevents
the distal module from becoming a spatial parallelogram and the
robot architecture to be singular. The robot is assembled in such a
way that the angle between planes P0 and Pk is equal to 45 deg.
Therefore, plane P2 is parallel to plane P0.

The connection between the distal and proximal modules is
made through the elbow, which is made up of segments
BkTk; TkHk, and E2kE1k as shown in Fig. 3.

2.2 Singular Configurations. The singular configurations of
the IRSBot-2 were studied in Ref. [15]. The robot may reach three
singularity types within its workspace, namely, type 1 singular-
ities [16] where the robot loses 1DOF, type 2 singularities [16]
where the platform gains a translational motion instantaneously as
well as constraint singularities [17]. In the latter, the platform of

the IRSBot-2 may gain an instantaneous rotational motion. The
reader is referred to as Ref. [15] for a complete description of the
IRSBot-2 singularities and to get the set of design parameters pre-
venting the robot to reach any type 2 and constraint singularities
within its operational workspace.

2.3 Design Parameters. The design parameters of the
IRSBot-2 are shown in Fig. 3. For the kth leg, qk is the actuated
joint variable, b¼OAk is the base radius, l1 ¼ AkBk is the length
of the link ‘2k; l2 ¼ EjkFjk is the length of the links ‘4jk, wPa is the
parallelogram width, and v1 and v2 are the lengths of segments
EkEjk and FkFjk, respectively. The length l2eq ¼ HkGk is a

constant equal to l2eq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
2 � ðv1 � v2Þ2

q
, v1 and v2 being defined

in Fig. 3. Finally, ck ¼ qk þ ak is the aperture angle of the paralle-
logram. ak denotes the orientation angle of the link ‘0k (Fig. 3).
Position of point Tk of the elbow is parameterized by variables ex

and ez as shown in Fig. 3.
In what remains, prox1 denotes the actuated proximal arms ‘1k,

prox2 denotes the passive proximal arms ‘2k, elb denotes the
elbows ‘3k and dist denotes the distal arms ‘4jk. The bodies compos-
ing the proximal and distal modules, as well as the elbow, have hol-
low cylindrical cross sections of outer diameter /o� and thickness
th, the subscript � in /o� taking the value prox1; prox2, elb or dist,
except for the body prox1, which is made of an I-shape beam lead-
ing to a better behavior when faced with bending effects (Fig. 4).

In order to reduce the number of design variables and to sim-
plify the design problem the beams are supposed to have the same
thickness th. Similarly, the height and width of the I-shape beams
are the same and equal to Loprox1. Moreover, the moving platform
is considered as rigid.

As a consequence, the design parameters of the IRSBot-2 are
classified as follows:

Lengths: l1, l2 (or l2eq), b, p, wPa, ex, ez, v1 and v2;
Angles: ak;
Cross section parameters: /o�; Loprox1, th.

Fig. 1 Computer-aided design modeling of the IRSBot-2

Fig. 2 Kinematic chain of the kth leg (k 5 I ; II)

Fig. 3 Parametrization of the kth leg (k 5 I ; II)

Fig. 4 Beam cross section parameters
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Additionally, one must consider the material parameters
(Young and shear moduli, material density) that are assumed to
have a known constant value.

3 Optimal Design Procedure

The design procedure developed to obtain the optimal parame-
ters of the IRSBot-2 based on high-speed and accuracy require-
ments is described thereafter.

3.1 Specifications. The design specifications for IRSBot-2
are summarized in Table 1.2 The robot footprint should be as
small as possible. Moreover, in order to reduce vibratory phenom-
ena due to high inertial effects, the robot natural frequencies
should be at maximum.

Table 2 gives the characteristics of the direct-drive motors cho-
sen for designing the robots:3 Vmax is the maximal motor speed;
Tpeak is the peak torque; TC is the rated torque; J is the rotor iner-
tia; and r is the motor encoder resolution. Moreover, the motor
footprint is represented by a cylinder of diameter U.

The global dimensions of the standard Adept pick-and-place
cycle that the robot should perform within 200 ms are given in
Table 1. Nevertheless, the trajectory is not strictly defined. A test
trajectory is optimized to minimize the cycle time and to ensure
that the moving platform acceleration remains lower than 20 G.
The procedure to optimize this trajectory is given in the Appendix.
This test trajectory is used in the optimization process to verify
that the robot fulfills the prescribed dynamic performance in terms
of input torques.

3.2 Optimal Design Problem Formulation. The design opti-
mization process aims at determining the optimal values of the fif-
teen design parameters of the IRSBot-2 given in Sec. 2.1 based on
geometric, kinematic, kinetostatic, elastic, and dynamic
performance.

It appears that the geometric, kinematic, and kinetostatic per-
formances of the robot depend on seven parameters only. Those
parameters are grouped into the vector x1¼½l1 l2eq b p ex ez aI �.
The other parameters which are grouped into the vector x2¼
½v1 v2 wPa Lprox1

Uoprox2
Uodist Uoelb th� affect the robot’s elasto-

static, dynamic, and elastodynamic performances only.
As the objective function and the constraints of the first optimi-

zation problem do not depend on vector x2, it is possible to formu-
late two design optimization problems. x1 is the decision variable
vectors of the first problem while x2 is the decision variable vec-
tors of the second problem. As a consequence, the two optimiza-
tion problems can be solved in cascade by considering the optimal
set of decision variables for the first optimization problem as con-
stant parameters in the second optimization problem.

3.2.1 First Design Problem Formulation. The first design
optimization problem aims at finding the optimal decision vari-
able vector x1 based on geometric, kinematic, and kinetostatic
performances.

3.2.1.1 Objective function. The objective function of the first
optimization problem is the area Abb of the surface area of the
bounding rectangle, shown in Fig. 5.

The area Abb is computed for the robot home configuration
shown in Fig. 6. Therefore, Abb is given by

Abb ¼ bbl bbh (1)

bbl and bbh are the length and the height of the bounding
rectangle.

3.2.1.2 Optimization problem formulation. From Table 1, the
IRSBot-2 workspace should be a rectangle, named regular work-
space RW, of length wl¼ 800 mm and height wh¼ 100 mm. Some
geometric, kinematic, and kinetostatic constraints should be also

Table 1 Specifications for the IRSBot-2

Repeatability, �lim 20 lm

End-effector resolution, rlim 2 lm

Maximum acceleration 20 G

Cycle time 200 ms

Path 25 mm� 300 mm� 25 mm

Regular workspace size 800 mm� 100 mm

Deformation dtlim

under a force fs ¼ ½0; 20; 0�
N and a moment ms ¼ ½0:1; 0:1; 0:1� N�m

½0:2; 0:2; 0:2� mm,
½0:2; 0:2; 0:2� deg

Maximum payload (including the
platform mass and the gripper)

1.5 kg

Fig. 5 Bounding box of the IRSBot-2

Fig. 6 Home configuration of the IRSBot-2

2These requirements were defined with industrial partners in the scope of the
French project ARROW (ANR 2011 BS3 006 01).

3The motors were imposed by a project partner and are TMB210150 ETEL
motors. http://www.etel.ch/torque_motors/TMB
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guaranteed within RW, thus defining the regular dexterous work-
space (RDW) with specifications given in Table 1. Let LRDW
denote the largest regular dexterous workspace of the
manipulator.

The design problem aims at finding the decision variable vector
x1 that minimizes the surface area Abb while the length lLRDW and
the height hLRDW of LRDW are higher or equal than wl and wh,
respectively. As a constraint, one should note that the base radius
b of the robot should also be greater than the motor radius U=2
given in Table 2. For design constraints,

� The base radius b should be bigger than the moving platform
radius p, which has been fixed to 50 mm.

� The parameter ez is set to zero.

Thus, the design optimization problem is formulated as
follows:

minimize Abb

over x1 ¼ ½ l1 l2eq b p ex ez aI �T

subject to lLRDW � wl; hLRDW � wh

b � p; b > U=2

p ¼ 50 mm; ez ¼ 0 mm

(2)

The methodology used to find LRDW for a given vector x1 is
explained later.

3.2.1.3 Largest regular dexterous workspace. The following
geometric and kinematic constraints should be respected within
RW for the regular workspace to become dexterous:

(1) RW must be free of singularity [15];
(2) The following constraints are fixed so that the degeneracy

of the P joints is avoided:

p=6 � cI � 5p=6 (3a)

pþ p=6 � cII � pþ 5p=6 (3b)

where ck ¼ ak � qk; k ¼ I; II.
(3) Quality of the velocity transmission: Based on the results

of the definition of the optimal trajectory (see the Appen-
dix), the IRSBot-2 should be able to reach a velocity
greater than vlim ¼ 6 m s�1 in any point of RW. Knowing
the maximal motor speed Vmax (Table 2) and the robot
Jacobian matrix J from Ref. [12], the minimal platform
velocity _pmin at any point of RW can be computed [18].
The following constraint should be satisfied throughout
RW:

_pmin > vlim (4)

(4) Error transmission: For a resolution r of the motor encoders
(Table 2), the maximal platform resolution dpmax can be
computed using the first-order geometric model approximation

[19]. Therefore, dpmax should be smaller than elim at any point
of RW, elim being given in Table 1.

(5) The reaction forces into the passive joints are proportional
to 1= sin n [20], where n is the angle between the distal
modules (Fig. 6). It is assumed that sin n should be bigger
than 0.1 to avoid excessive efforts into the joints.

The algorithm given in Ref. [18] is used to find the LRDW among
the RDWs of the manipulator for a given decision variable vector
x1.

3.2.1.4 Optimal solution of problem (2). The ga MATLAB func-
tion was used to find an approximate solution to problem (2). Con-
vergence was obtained after six generations with a population
containing 150 individuals. Then, the MATLAB fmincon function
was run to obtain a local optimum x	1, taking the best individual of
the final population as the starting point.

The optimal design variables of problem (2) and the associated
surface area Abb are given in Table 3. The corresponding dimen-
sions of the IRSBot-2 and LRDW are depicted in Fig. 7.

3.2.2 Second Design Optimization Problem. The second
design optimization problem aims at finding the design variable
vector x2 based on the prescribed dynamic and elastic perform-
ance of the IRSBot-2.

The elastostatic model and a dynamic model of the IRSBot-2
are expressed in Refs. [12] and [21]. An elastodynamic model of
the robot was formulated based on the methodology presented in
Ref. [22].

It was decided that the links of the IRSBot-2 would be made up
of Duraluminum of Young modulus E¼ 74 MPa, shear modulus
G¼ 27.8 MPa, and density q ¼ 2800 kg m�3. The shape of the
links is parameterized in Fig. 4.

3.2.2.1 Three objective functions. The optimization problem
at hand has three objective functions. The first objective function
is the width bbw of the bounding box (Fig. 5). The second objec-
tive function is the mass MIRS in motion of the manipulator, which
depends on the link cross sections and lengths. It should be noted
that the mass of the platform Mplatform is a maximum and equal to
1.5 kg, i.e., the value given in Table 1. The mass of the other links
is computed by knowing the material density, the link length, and
cross section.

Table 2 Datasheet of the TMB210–150 ETEL motor

Vmax (rpm) r (pt/rev) Tpeak (N�m) TC (N�m) U (mm) J (kg m2)

600 280,000� 4 672 140 230 4.5 e�2

Table 3 Optimal solution of problem (2)

Abb ðm2Þ l1 ðmmÞ l2eq ðmmÞ b ðmmÞ ex ðmmÞ aI ðdegÞ ez ðmmÞ p ðmmÞ

0.2226 321 437 83 80 210 0 50

Fig. 7 Optimal 2D-design of the IRSBot-2 (solution to problem
(2)) and largest regular dexterous workspace (scaled)
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Let f 1
IRS be the smallest frequency from the natural frequencies

computed at both ends of the optimal trajectory, thanks to the
aforementioned elastodynamic model. f 1

IRS is the third objective
function of the optimization problem.

3.2.2.2 Constraints. Constraints related to the elastostatic and
dynamic performances of the robot are set. First, the robot input
torques should be lower than the peak torque Tpeak (Table 2) along
the test trajectory given in the Appendix. Then, the root-mean-
square sRMS of the motor torques should be smaller than the rated
torque TC ¼ 140 N �m in order to avoid motor overheating.

Moreover, for a 20 N force applied along y0 on the robot plat-
form, the displacement of the end effector should be smaller than
0:2 mm wherever in the workspace. For a 0:1 N �m moment
applied on the robot platform about any axis, the orientation dis-
placement of the end effector should be smaller than 0:2 deg
wherever in the workspace. These constraints are expressed as
dmax

t � dtlim in the optimization problem formulation.

3.2.2.3 Optimization problem formulation. The second design
optimization problem can be formulated as follows:

minimize bbw

minimize MIRS

maximize f 1
IRS

over x2 ¼ ½ v1 v2 wPa Lprox1
Uoprox2

Uodist Uoelb th �
subject to smax � TPeak

sRMS � TC

dmax
t � dtlim (5)

3.2.2.4 Pareto-optimal solutions of problem (5). The Pareto
front represents the nondominated solutions, also named Pareto-
optimal solutions, of the multi-objective optimization problem. It
is obtained by using the evolutionary algorithm NSGA-II [23].
This algorithm is based on an evolutionary algorithm allowing the
sorting of the nondominated solutions. This algorithm is known
for its low complexity OðMN2Þ, M being the number of objective
functions and N the population size, with respect to other multi-
objective evolutionary algorithms, their complexity being usually
equal to OðMN3Þ.

The Pareto front obtained for problem (5) is shown in Fig. 8.
Each blue circle corresponds to a nondominated solution. It
should be noted that the depicted population does not only corre-
spond to the population obtained at the last generation of the algo-
rithm. In order to obtain a larger design space, the depicted
population contains the best individuals for each generated
population.

Figure 9 illustrates the boundaries of the performance function
space by the visualization of the associated design space. The
design space is represented by a scaled drawing of the IRSBot-2
robot. The associated objectives are summed up in Table 4.

Let us consider a reference solution s?, which belongs to the set
of Pareto-optimal solutions. This reference solution is the lightest
one among all Pareto-optimal solutions. Its first natural frequency
f 1
IRSðs?Þ is equal to 49 Hz. The solution s? is shown in black on the

Pareto front as shown in Fig. 8. Figure 10 and Table 5 illustrate
and sum up the design parameters associated to this solution while
Table 6 sums up the objectives and the constraints corresponding
to this design solution. dtx, dty, and dtz denote the translational
point displacements of the end effector along x0; y0, and z0,
respectively. drx, dry, and drz represent the rotational displacement
of the end effector about axes x0; y0, and z0, respectively.

Solution s? has been selected to define the dimensions of the
IRSBot-2 prototype, which is described thereafter.

Fig. 8 Pareto front of the IRSBot-2
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4 IRSBot-2 Prototype

This section describes the semi-industrial prototype of the
IRSBot-2 and presents its performance that has been assessed
experimentally.

4.1 IRSBot-2 Prototype Performance. A prototype of the
IRSBot-2 has been realized based on the foregoing results and is
shown in Fig. 11. Details on its key components can be found in
Ref. [24], especially the design of joints with low clearance and
high stiffness.

Fig. 9 Pareto-optimal solutions on the performance function space boundaries

Table 4 Values of the objective functions for the extremal
designs depicted in Fig. 9

Design bbw (m) MIRS (kg) f 1
IRS (Hz)

Yellow (�) 0.20 1.94 41.9
Pink (þ) 0.15 2.03 40.5
Orange ($) 0.15 2.19 43.9
Purple (") 0.15 2.28 46.2
Green (�) 0.2 2.19 49.4
Blue (�) 0.23 2.07 46.9

Fig. 10 Scaled representation of the optimal design solution s? for the IRSBot-2
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To make the robot move, the motor amplifiers receive a com-
mand that is proportional to the actuator torques. The prototype
is equipped with a dSPACE 1103 control board to send the con-
trol command to the controller. The controller sampling time is
equal to 0.2 ms. A classical proportional–integral–derivative
(PID) controller, designed with MATLAB/SIMULINK and dSPACE soft-
ware, has been implemented for the first motions of the
prototype.

Then, the targeted robot performance expressed in Table 1 has
been verified experimentally.

First, the repeatability of the robot was measured with a dial
indicator touching a flat device mounted under the end effector 4

cm below the tool center point. Measurements were made through
the robot workspace as shown in Fig. 12. Thirty six points have
been selected into the regular dexterous workspace to characterize
the robot repeatability. For each point, the mobile platform pro-
duced a 5 cm displacement along the arrows depicted in Fig.
12(b) at low speed for ensuring the safety of the operators near the
robots whose presence was necessary during these tests. For the
measurements along the axes x0 and z0, only the motions along
the black arrows are possible. For the measurements along the
axis y0, we added measurements also along the red arrows. Those
motions have been repeated and measured three times in order to
assess the robot repeatability.

Table 6 Objective functions and constraints for the optimal solution s? of the IRSBot-2

bbw (mm) mIRS (kg) f 1
IRS (Hz) smax (N�m) sRMS (N�m) dtx (mm) dty (mm) dtz (mm) drx (deg) dry (deg) drz (deg)

432.8 2.169 49 157.3 91.2 0.030 0.136 0.016 0.035 0.043 0.014

Fig. 11 IRSBot-2 robot prototype

Fig. 12 Benchmark for the characterization of the robot repeat-
ability performance: (a) micrometer for measuring the repeat-
ability and (b) ways for approaching the point at which the
repeatability is tested

Fig. 13 IRSBot-2 prototype repeatability: (a) along x0, (b) along
y0, and (c) along z0

Table 5 Design variables for the optimal solution s?

v1 (mm) v2 (mm) wPa (mm) Lprox1
(mm) Uoprox2

(mm) Uodist (mm) Uoelb (mm) th (mm)

216.4 50 93 91.2 10 39.7 50.9 2.3
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The experimental results for the robot repeatability along x0-,
y0-, and z0-axes are represented in Fig. 13. It is apparent that
robot repeatability is better at the bottom of the workspace. The
robot repeatability is lower than 30 lm within the workspace. The
robot repeatability along x0- and z0-axes is better than the repeat-
ability along y0-axis. It should be noted that point-displacement
errors of the mobile platform along y0-axis cannot be compen-
sated as the mobile platform motion can only be controlled in the
x0 – z0 plane.

Besides, the elastostatic performance of the IRSBot-2 was ana-
lyzed by measuring the deflection of its mobile platform for a 20
N external force applied on the latter along axis y0 in order to
characterize the robot performance in terms of stiffness along the
axis normal to the plane of motion. The deflection of the mobile
platform was measured at 90 discrete points within the robot
regular dexterous workspace. The experimental setup is shown in
Fig. 14 and the results are presented in Fig. 15. It turns out that
the deflection of the mobile platform is lower than 120 microns
through the manipulator regular workspace for a 20 N external
force along axis y0.

The robot’s natural frequency was also measured in the home
configuration x¼ 0 m, z ¼ �0:54 m (Fig. 16). The application of
experimental modal testing to the IRSBot-2 was done through
impact hammer excitation, a 3D accelerometer response, and data
postprocessing, conducted using the DATABOX software developed
at LS2N and sold by MITIS company. The points and directions
of excitation were chosen in order to get the maximal number of
resonance frequencies. Piezoelectric triaxial accelerometers with
a sensitivity of 1000 mV/g were used to get the three acceleration
responses. Each measurement resolution is equal to 1 Hz as the

acquisition time and sampling time are equal to 1 s and 40 ls,
respectively.

The resonance frequencies were obtained with a fast Fourier
transform of the signals given by the triaxial accelerometer. As a
result, the measured resonance frequencies between 0 and 50 Hz
are given in Table 7. The IRSBot-2 natural frequencies amount to
those resonance frequencies as the damping is supposed to be
negligible.

Finally, the acceleration performance was characterized. The
first PID controller led to large tracking errors even at relatively
small accelerations (4 G, see Fig. 17). Therefore, a computed tor-
que controller (CTC) was implemented [25] in order to follow the
test trajectory (Adept cycle) provided in the Appendix with a
maximal acceleration equal to 20 G. Results in terms of trajectory
tracking and input torques are shown in Fig. 18. It turns out that
the controller works well because the tracking error is smaller
than 10 mrad and actuator torques remain lower than the maximal
motor torque given in Table 2. The root-mean-square value of the
motor torques during this motion is about 140 N�m.

At the end of the motions, oscillations at around 45 Hz can be
observed. Those oscillations are due to the high dynamics effects
that cannot be compensated with the actual CTC whose bandwidth
is set at 29 Hz.

4.2 Discussion. Experimental results showed that the specifi-
cations defined at the beginning of ANR ARROW project and

Fig. 14 Experimental setup used to characterize the elasto-
static performance of the IRSBot-2

Fig. 15 Point displacement of the IRSBot-2 mobile platform
through its regular workspace for a 20 N external force along
axis y0

Fig. 16 Experimental setup for the robot natural frequency
measurements

Table 7 First natural frequencies measured at mobile platform
pose (x 5 0 m, z520:54 m)

Frequency Type of displacement

40 6 1 Hz Perpendicular to the plane of mobile-platform motion
40 6 1 Hz In the plane of mobile-platform motion
48 6 1 Hz Perpendicular to the plane of mobile-platform motion
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expressed in Table 1 have been met. Nevertheless, there is still
some work to be done in order to improve the IRSBot-2 perform-
ance as explained hereafter.

� Improvement of the robot absolute accuracy: in order to per-
form accurate pick-and-place tasks, low repeatability is not
enough. Absolute accuracy must be improved. In the future,
we are going to try two different approaches to improve
robot absolute accuracy. The first one is simple: we will
record the end effector real position by using a laser-tracker
in order to quantify the error with respect to the desired con-
figuration, and then either use this information to perform a
geometric calibration [26] or to directly correct the desired
position in the controller by knowing the real mobile-
platform position and using error compensation techniques
[27]. However, these approaches are known not to be robust
to external disturbance such as different loading on the robot.
Therefore, some sensor-based controllers [28–30] will be
used in the second approach.

� Design of an adaptive controller: in order to improve the tra-
jectory tracking performance at high speed, we intend to
develop an adaptive controller [25,31] that will adapt the
parameters of the dynamic model so that the tracking error is
minimized.

� Vibration rejection: the IRSBot-2 robot has been designed
for fast and accurate pick-and-place operations. However,
the inertial phenomena involved during the high-speed
motions lead to robot vibrations that decrease the robot accu-
racy and increase the cycle time. Future work will consider
this issue by applying strategies for fast vibration rejections
such as input shaping [32,33] and active damping [34])
techniques.

5 Conclusion

This paper dealt with a design procedure for a two degree-of-
freedom parallel manipulator, named IRSBot-2. This design pro-
cedure aimed at increasing the accuracy performance of high-
speed robots. The optimal design parameters of the IRSBot-2
were found such that the robot can reach an acceleration up to 20
G and a 20 lm multidirectional repeatability throughout its opera-
tional workspace. Besides, contrary to its counterparts, the stiff-
ness the IRSBot-2 should be very high along the normal to the
plane of motion of its moving platform. A semi-industrial proto-
type of the IRSBot-2 has been realized based on the obtained opti-
mum design parameters. This prototype and its main components
are described in the paper. The repeatability, elasto-static per-
formance, dynamic performance, and elasto-dynamic performance
of this prototype have been measured and analyzed. It turns out
the IRSBot-2 has globally reached the prescribed specifications
and is a good candidate to perform very fast and accurate pick-
and-place operations.
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Fig. 17 Tracking errors for the IRSBot-2 along a desired trajec-
tory with a maximal acceleration of 4 G and a maximal velocity
of 4 m/s between a PID controller and a CTC: the tracking error
was divided by 20 by using the CTC. For a fair comparison, the
two controllers have been set to have the same cutting fre-
quency (29 Hz). (a) Motor 1 and (b) motor 2.

Fig. 18 Tracking errors and actuator torques for the IRSBot-2
along the test trajectory with desired maximal acceleration of
20 G (see the Appendix). The test trajectory is performed five
times for a total time of 1.25 s. (a) Tracking errors and (b) actua-
tor torques.
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Appendix: Definition of the Optimal Test Trajectory

In order to simplify the problem, polynomial motion profiles
are used to find the optimal test trajectory. This trajectory must
minimize the cycle time while constraining the maximum acceler-
ation of the moving platform of the IRSBot-2 to be lower than 20
G all along the path. This trajectory is computed based on an opti-
mization procedure.

As given in Table 1, the robot should achieve the test path
within 200 ms.

The test path is depicted in Fig. 19. It is made of:

(a) a vertical portion from point A to point B of length h0;
(b) a curve BD, which is symmetrical with respect to the axis

passing through point C and of direction z0. C is the mid-
point of the path;

(c) a vertical portion from point D to point E of length h0.

Let the variables t0, t1, t2, t3, and t4 be the traveling time at
points A, B, C, D and E, respectively. As A is the trajectory start-
ing point and as the trajectory is symmetrical, t0 ¼ 0 s; t2 ¼ t4=2,
and t3 ¼ t4 � t1. zA is the coordinate of point A along z0.

The trajectory is defined in the ðx0Oz0Þ plane with time-
parametric piecewise polynomials, i.e., x(t) and z(t). Each polyno-
mial function is of degree 5 so that the acceleration profile can be
continuous with respect to time. Consequently, x(t) and z(t) are
given by

zðtÞ ¼

z1ðtÞ ¼ h0 s1ðtÞ þ zA; if t 2 ½t0; t1½
z2ðtÞ ¼ ðh� h0Þ s2ðtÞ þ h0 þ zA; if t 2 ½t1; t2½
z3ðtÞ ¼ �ðh� h0Þ s3ðtÞ þ hþ zA; if t 2 ½t2; t3½
z4ðtÞ ¼ �h0 s4ðtÞ þ h0 þ zA; if t 2 ½t3; t4�

8>>>><
>>>>:

xðtÞ ¼
x1ðtÞ ¼ w=2; if t 2 ½t0; t1½
x2ðtÞ ¼ �w s5ðtÞ þ w=2; if t 2 ½t1; t3½
x3ðtÞ ¼ �w=2; if t 2 ½t3; t4�

8><
>:

(A1)

where skðtÞ¼akt5þbkt4þckt3þdkt2þektþ fk with k¼1;…;5.
The boundary conditions are defined as follows:

s1ðt0Þ ¼ 0 _s1ðt0Þ ¼ 0 €s1ðt0Þ ¼ 0

s1ðt1Þ ¼ 1 _s1ðt1Þ ¼ vB=h0 €s1ðt1Þ ¼ aB=h0

s2ðt1Þ ¼ 0 _s2ðt1Þ ¼ vB=ðh� h0Þ €s2ðt1Þ ¼ aB=ðh� h0Þ
s2ðt2Þ ¼ 1 _s2ðt2Þ ¼ 0 €s2ðt2Þ ¼ 0

s3ðt2Þ ¼ 0 _s3ðt2Þ ¼ 0 €s3ðt2Þ ¼ 0

s3ðt3Þ ¼ 1 _s3ðt3Þ ¼ vB=ðh� h0Þ €s3ðt3Þ ¼ �aB=ðh� h0Þ
s4ðt3Þ ¼ 0 _s4ðt3Þ ¼ vB=h0 €s4ðt3Þ ¼ �aB=h0

s4ðt4Þ ¼ 1 _s4ðt4Þ ¼ 0 €s4ðt4Þ ¼ 0

s5ðt1Þ ¼ 0 _s5ðt1Þ ¼ 0 €s5ðt1Þ ¼ 0

s5ðt3Þ ¼ 1 _s5ðt3Þ ¼ 0 €s5ðt3Þ ¼ 0

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

(A2)

where vB and aB are, respectively, the velocity and acceleration of
the moving platform at point B.

For given t4, t1, h0, vB, and aB values, Eq. (A2) leads to a system
of 30 linear equations with the 30 unknowns ak, bk, ck, dk, ek, fk,
k ¼ 1; …; 5 that can be easily solved.

In order to find the test trajectory, the following optimization
problem is solved:

Table 8 Optimum decision variables of problem (A3)

t4 ðsÞ t1 ðsÞ h0 ðmmÞ vB ðm s�1Þ aB ðm s�2Þ

0.1041 0.0055 2 0.6205 4.5313

Fig. 20 Optimal trajectory and its velocity and acceleration
profilesFig. 19 Path adopted for the manipulator design
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minimize t4

over x ¼ ½ t4 t1 h0 vB aB �

subject to max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
€x2ðtÞ þ €z2ðtÞ

q
� 20 G 8t 2 ½t0; t4�

t1 < t4=2

2 mm � h0 � h

(A3)

Problem (A3) was solved with fmincon MATLAB function with mul-
tiple starting points. The optimum decision variables of problem
(A3) are given in Table 8.

Figure 20 depicts the obtained test trajectory, its velocity, and
acceleration profiles. It should be noted that the maximal velocity
along the trajectory is equal to 6 m/s.
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