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Delta-like architectures are widely used for fast pick-and-

place applications. When rotational degrees of freedom are
required to perform a task, one or more UPU kinematic
chains are usually added to transmit the torques from mo-
tors located on the base to the platform, in order to ac-
tuate a wrist. Packaging applications usually require five
degrees of freedom, and two UPU chains are then used to
actuate two rotational degrees-of-freedom (DOFs) on the
end-effector. However, the UPU chain induces significant
limitations for industrial use: it significantly constrains the
workspace along the vertical direction and implies a back-
lash in the universal joints degrading the accuracy of the
robot.

In this paper, we investigate an alternative to the UPU
kinematic chain for designing Delta-like robots with five
DOFs. Indeed, the actuation of a two-DOFs wrist is per-
formed through the use of a kinematic chain based on a suc-
cession of parallelograms associated with a Delta-like leg.

After a description of the kinematic models of the mod-
ified leg and an analysis of its singularities, a design opti-
mization procedure is presented in order to define suitable
geometric parameters for a given industrial application. Fi-
nally, a prototype is presented and its performances are eval-
uated.

*Address all correspondence related to ASME style format and figures
to this author.

1 Introduction
1.1 State of the art

Pick-and-place (PnP) tasks consist in the translation and
rotation of an object between two locations. Classically, in-
dustrial applications aim to pick an object from a conveyor
and place it on a second conveyor (or in a box) with a de-
sired orientation around a vertical axis. In the Industry, these
motions can be performed by Delta robots [1] equipped with
an additional UPU limb (U and P stand respectively for uni-
versal and prismatic joints) transmitting the rotation of an
additional motor placed on the robot base to the mobile plat-
form [2].

For packaging applications, five degrees-of-freedom
(DOFs) are often required: the four degrees of freedom men-
tioned previously, plus an additional rotation around an hori-
zontal axis. In the industry, the most common way to achieve
these tasks is to use Delta robots with two UPU limbs [3].
These limbs allow the transmission of the rotation of motors
fixed to the robot frame to some mechanism embedded in the
platform, which converts the motor rotation into the desired
end-effector orientation.

The use of UPU limbs induces important drawbacks,
such as the limitation of the workspace along a vertical axis,
an increasing backlash over time leading to the decrease
of the positioning accuracy of the end-effector and, conse-
quently, to an increase of maintenance costs. The current
solutions addressing UPU chains limitations can be divided
into four main categories. First, some manufacturers have
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proposed improved designs of the UPU chain to increase the
robot’s workspace along the vertical direction. For example,
the company Autonox connects a UPU chain to a ball screw
driven by two motors [4]. It is also possible to replace the
prismatic joint with a passive parallel structure [5], or by a
pneumatic cylinder [6]: this last approach allows to facilitate
the insertion of products in deep and narrow boxes. However,
all these kinematic chains require the use of universal joints
and are therefore subject to a rapid increase of backlash over
time.

A second category of solutions consists in replacing
the UPU chain by another transmission mechanism. For
instance, rotational mobilities can be provided to the end-
effector by adding one or more motors, located on the plat-
form [6], inside the distal parallelograms [7] or at the end
of the proximal arm [8]. This allows to obtain up to six de-
grees of freedom but induces an important increase of the
embedded mass, which degrades the dynamic performances.
Kim [9] designed a Delta robot that contains a cable loop
inside a Delta leg. This cable connects an embedded pulley
on the platform to a winch fixed on the base and allows un-
limited rotation. However, the embedded pulley occupies a
large part of the platform, which limits the addition of ex-
tra degrees of freedom. In addition, the elasticity of cables
can lead to a deterioration of the positioning accuracy of the
end-effector.

The third category of solutions consists in using addi-
tional Delta legs to enable the transmission of rotational mo-
bilities to a rigid [10, 11] or articulated [12, 13] platform.
However, the obtained range of rotation of the mobility is
limited. Thus, some designs use articulated platforms fol-
lowed by a motion amplification mechanism. The work done
on the H4 robot family [14] has led to the design of a variety
of motion amplification mechanisms, using among others: a
belt [15], a rack and pinion [16], or a cable-and-pulley sys-
tem [17]. Other articulated platforms may use gears [18],
ball screw actuation [19] or epicyclic gear [20]. Neverthe-
less, these designs only achieve rotation about a vertical axis
and can hardly be extended to applications with five or more
degrees of freedom.

Finally, additional rotational degrees of freedom can be
obtained by modifying the architecture of the robot. For in-
stance, the HEXA robot [21] and equivalent structures [22]
provide six degrees of freedom from six identical legs. The
three rotations provided to the platform are however limited,
and cannot be exploited for pick and place applications. The
Double Delta [23] robot is composed of two Delta robots: the
first one allows the translation of a platform in space, and the
second one allows the movement of a secondary platform,
dedicated to the actuation of a wrist with three degrees of
freedom. Although this solution provides the necessary mo-
bilities for pick and place applications, the complexity of the
wrist integrated into the platform induces a high production
cost.

1.2 Contribution of this work

As discussed above, most of the research works dedi-
cated to the design of Delta-like robots avoiding UPU limbs
have been limited to the proposition of architectures with
four DOFs. Very little work has been dedicated to the de-
sign of five or six-DOFs Delta-like robots with no UPU limbs
even if, as mentioned earlier, these robots are very appealing
for packaging applications.

These works aim to fill this gap, by proposing a Delta-
like architecture with five DOFs which avoids the main draw-
backs mentioned above, i.e.:

e Using UPU chains increases the internal backlash.

e Using embedded motors increases the weight of the
moving masses and limit the dynamic performances.

e Using an articulated platform is suitable for four-DOFs
applications, but can hardly be extended to five-DOFs
(or more) packaging operations.

e The addition of extra legs limits the workspace size.

In this paper, we introduce a five-DOF Delta-like robot,
composed of two modified Delta legs. To the best of our
knowledge, this architecture has never been presented be-
fore. The proposed leg allows to transmit an additional rota-
tion to the mobile platform through the use of a succession of
parallelograms. This solution is lightweight and is expected
to have high internal stiffness. As such, it can be seen as a
viable solution for transmitting one to three rotational DOFs
to the moving platform of a Delta robot. The aim of this pa-
per is thus to analyze the kinematic performance of this new
architecture, to present a method to optimize its geometric
parameters in order to satisfy requirements fixed by an in-
dustrial partner, to introduce the design of a prototype and
to analyze its performance. In particular, we would like to
study the internal backlash appearing in the modified legs to
evaluate its potential for replacing UPU limbs.

This paper is thus organized as follows: Section 2 pro-
vides a description of the modified leg. Section 3 is dedi-
cated to the study of the geometrical and kinematic models
of the five-DOF Delta-like robot, as well as an analysis of its
singularities. Then, Section 4 presents an algorithm to opti-
mize the geometrical parameters of the five-DOFs robot un-
der study, based on industrial constraints and requirements.
Finally, the last section is dedicated to the presentation of a
pre-industrial prototype, as well as to experiments allowing
to evaluate the working space of the robot, the minimal cycle
time obtained for a reference trajectory, and the evolution of
the internal clearances at the output of the modified leg.

2 Description of the architecture

The architecture studied in this paper, presented on
Fig. 1, is composed of three limbs whose anchor points are
equally spaced around the base. A mobile platform is con-
nected to the limbs through six spherical (S) joints. Similarly
to Delta-like architectures, this platform has three transla-
tional DOFs and remains horizontal. One of the limbs, noted
111, is a classical Delta-robot limb made of one link actuated
by a revolute (R) joint followed by a spatial parallelogram.
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Fig. 1: CAD model of the proposed five-DOFs parallel robot.

The two other limbs (noted I and /1) connect the base to the
mobile platform via a new kinematic chain detailed there-
after (Fig. 2).

This new limb is composed of two modules, a proxi-
mal module and a distal module (with respect to the robot’s
base). The proximal module consists of a planar parallelo-
gram A;B;E;D;, later denoted as IT,, which lies in the plane
(0,x;,29) (named P, in Fig. 2). This module is actuated by
two motors fixed to the robot’s base. The first motor, M,
actuates the link A;B; while the second motor M, actuates
the link A;D;. The rotation of motor M;; is denoted as g;
(angle of the link A;B; with respect to the plane (O,xXo,y0))
while the rotation of motor M, is denoted as g;4 (angle of
the link A;D; with respect to the plane (O,xq,¥o)).

The distal module is composed of two connected spatial
parallelograms Fj1 FipG» Gy and F;B;C;G;, later named Il
and Il respectively. These parallelograms are presented on
Fig. 3. The distal module is linked to the proximal module
through the rigid link E;F;. As for a Delta robot, the spatial
parallelogram Il permits to constrain the horizontality of
link G;1Gj; and, with the two other legs, constrain the hori-
zontality of the platform. Indeed link F;; Fj> remains horizon-
tal whatever the position of the two motors. A second spatial
parallelogram Il is introduced in order to provide a rota-
tional motion of link C;G; with respect to the platform frame
(P,x0,Y0,20), by transmitting the rotation of link B;F; to link
C;G;. The plane which which contains the spatial parallelo-
gram B;C;G;F; is named %;;. This parallelogram is composed
of one universal (U) joint at B;, one S joint at C; and one R
joint at G; (whose axis is directed along (G;;Gp)). In prac-
tice, U joints are obtained by constraining the S joints with
springs, as it is commonly used for Delta-like robots. Fur-
ther technological implementation details will be presented
in Section 5.

By using two such modified limbs, two rotational DOFs

Fig. 2: Kinematic scheme of the modified limb. The prox-
imal module lies in the plane (O,x;,2y) denoted as ?;;, and
the distal module is expressed based on the plane %, which
contains the parallelogram B;C;G;F;.

Fig. 3: Pair of parallelograms forming the distal module.

are then obtained on the platform, leading to a 5-DOFs archi-
tecture with two of them being rotations around non orthogo-
nal horizontal axes. Note that by using such modified limbs,
we may design robots from four to six DOFs, depending on
the number of Delta limbs replaced by these new kinematic
chain. Obviously, this architecture requires the use of a mo-
tion converter mechanism to convert the motion of links C;G;
into the orientation and the tilt of an end-effector. An exam-
ple of such mechanism will be presented in Section 5.

It should be emphasized that the actuation of links A;B;
and A;D; leads to a coupled motion between the translations
of the platform and the output angle ¢;. More precisely, the
actuation of A;B; leads to a pure translation of the platform,
while the actuation of A;D; generates a translation of the plat-
form and a rotation of link C;G;. It should be mentioned that
this robot’s architecture is currently being patented [24].
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Fig. 4: Design parameters of the modified limb.

3 Geometry and kinematic models of the architecture

In what follows, the configuration of the platform of
the proposed five-DOFs architecture is denoted as ¥ =
[’ o OLZ}T, where p = [xy z]T corresponds to the loca-
tion of point P (the center of the moving platform, and
o; = /C;G;P is the output angle of the corresponding modi-
fied limb.

The design parameters of the robot are displayed in
Fig. 4. The base is modeled as a circle centered at O with
a radius rp, = HO—ATH, and the platform as a circle centered
at P with a radius r, = ||PG;||. For both Delta and mod-
ified limbs, ¢; = ||A,»_B§|\ and ¢, = ||BTC§|| = ||fTG§|| (with
i = {1,2}) correspond to the lengths of links A;B; and B;C;
is the width of the spatial
parallelogram IT;. The modified limbs include extra param-
eters: wy = ||A,—D>,|| is the length of the link actuated by 9,
wy = ||B;F;|| is the length of the link B;F;, which orienta-
tion depends on the actuation of both motors M;; and Mp,.
Finally, ¢ = ZE;B;F; is the angular offset between the two
parallelograms I1, and I1j,.

) —
respectively, and £y, = HFHF,Q

3.1 Inverse Geometric Model
Using the notations from Figure 4, the Cartesian coordi-
nates a; of point A; in the base frame are expressed as:
a; = 1p€; i:{172,3} (])
. _ . T o _ 26-D= .
with e; = [cos(8;) sin(6;) 0], 6; = =" and i = {1,2,3}.
The coordinates b; of point B; are equal to:
b;=a;+/¢{m; i={1,2,3} 2)

. . T
where m; = [cos(Gi) cos(gi1) sin(6;) cos(gi1) —s1n(q,'1)}
is the orientation of the proximal link expressed in the base

frame. In the actual design, two Delta legs correspond-
ing to i = {1,2} are modified. Given an end-effector pose
x=[p" o ocz}T, p=[xy Z]T, the coordinates g;, ¢; of
points G; and C; are given by:

gi:P+rpei l:{lazas} (3)
¢, =g +wm i={1,2}
with m; = [—cos(8;)cos(a;) —sin(8;)cos(at;) sin((xl-)]T.

These expressions allow to write the following loop-closure
equations:

hi=ff,—03=0 i={1,2}
hy =t — 03 =0 @
hj=0i—qu+0;=0 i={1,2} j={4,5}

with f; = ¢; —b; for i = {1,2} and f; = g3 —b3.  From
Eq. (4), the Inverse Geometric Problem of the robot can be

solved as:
[ hENE AR
gl =2tan” K— 7, (%)
with:
Fori=1,2: I =—20(c;—a)7e
Ji =24, (Ci — ai)TZO
K = H(ci*ai)||2+€%7€%+wg (6)
Fori=3: Ii=—20(gi—a)"e

Ji =20, (gi — a,')TZ()
Ki=|l(gi—a)l*+ 3 -1

The additional actuation angle g;4 is obtained as follows:
gis =0 +0; i={1,2} @)
3.2 Kinematic Model

The kinematic model can be obtained by differentiating
Eq. (4) which, without detailing the calculations, leads to:

AY+Bq=0 ®
with:
_f{ sz{S(xl 0 X
fg 0 szgs(xz y
A=|fi 0 0 |: %=1z
0T 1 0 (041
o’ 0 1 (00)
T . )]
Elkl Sql 0 0 0 0 qi1
0 élkgsqz 0 0 0 421
B= 0 0 €1k§Sq3 0 O0f; q=|g31
0 0 0 -1 0 414
I 0 0 0 0 —1 424




where A and B are respectively the forward and inverse Ja-
cobian matrices, k; = ¢; —a; for i = {1,2} and k3 = g3 — a3,
So; = [sinoc,- 0 cos oti]T, Sqi = [sinqi 0 cos qi]T. The Jaco-
bian matrix J defined such that % = Jq is then expressed as
J = —A"'Baslong as A is not singular.

3.3 Singularity analysis

Serial or parallel singularities [25] appear when |B| =0
or |A| =0 respectively, where |A| and |B| denote the determi-
nants for matrices A and B. First, serial singularities appear
if f; and s,; are orthogonal. In practice, this corresponds to
the configurations where a) at least one leg is fully stretched
or b), at least one vector f; is orthogonal to its vertical leg
plane %;;. Then, considering the shape of matrix A, the de-
terminant of A can be simplified as :

fT
r
A =[Aa| = |f
fT
3

(10)

where A, corresponds to the forward Jacobian matrix of
the Delta robot. As a result, the parallel singularity con-
ditions of the proposed robot and the Delta robot are simi-
lar [26,27]. However, these matrices cannot be used to iden-
tify constraint singularities [28]. For this reason, the sin-
gularity analysis of the presented robot is performed here-
after using screw theory. Indeed, this geometric method aims
to analyze the mobilities (twists) and the forces (wrenches)
applied on the mechanism to extract singularity conditions.
Here, this method is applied for a modified leg, and then,
extended to the full robot.

The singular configurations of the proximal module of
the modified leg (i.e. the parallelogram II,) are trivial and
occur when the parallelogram is completely folded, leading
to the condition ¢;; = gia + k7 (k =0, 1). Hence, screw theory
is applied only on the distal module of the leg. Furthermore,
gi1 and g4 are considered to be fixed at constant values. To
ease the study and without loss of generality, this study is
carried on I and Il separately.

First, considering the Delta parallelogram Il (see also
Fig. 3) symmetrical with respect to %, the set of twist
screws $¢ = {$,,,$t,,,$t,5,$¢,, } of this kinematic chain is
given by:

$¢,, = (ujr,u x 0?1)
$t,, = (up,upp x OF)
$¢,, = (ur,u x OAC?,')
$¢,, = (up,up x 0?5)

Y

with u;; and uy, the U joints axes. The wrench system $,, =
{$w,,,$w,, }, which screws are reciprocal to the above twist
system, is obtained by:

$W11 = (vai)

12
$W12 = (fiafi X 0?1) ( )

Table 1: Design requirements for the desired application
and minimal dimensions of a cylindrical Regular Dexterous
Workspace (RDW).

Workspace diameter (m) drpw > dwo=1.2

Workspace height (m) hrpw = hwo = 0.3
Output angle range Ogrpw > Owo = 36°
u>0.3

G > sin(30°)

LTT of the platform
LTT of the parallelograms

The same procedure is applied on parallelogram I, giving
the following set of twists and wrenches:

—
$,, = (ui1,u; x OB))

—
$t,, = (up,up x OB;)
$¢,, = (w1, x O?i)

(13)

$t24 - (ui27ui2 X O?Z)
$¢,s = (Wi, x OAC?,')
$u,, = (f, £ x OG)

The wrenches of the complete limb is obtained by the
union of the two above wrench sets. The obtained wrench set
is equal to $y, and this result can be easily extended to the
complete robot. As a result, the singularity conditions of the
studied architecture are similar to a classical Delta robot [29],
plus the conditions leading to at least one completely folded
parallelogram, whether the planar parallelogram or one of
the two spatial parallelograms.

The geometry and kinematic analyses carried in this sec-
tion can be used to analyze the workspace of the proposed
architecture. In the next section, an optimization problem is
formulated to guarantee the accessibility of the end-effector
to a prescribed cylindrical operation space satisfying mini-
mal performance requirements.

4 Optimization Strategy

In this section, an optimization procedure used to ob-
tain the optimal design parameters of the new architecture is
presented.

4.1 Specifications

The requirements related to this work are presented in
Tab. 1. These specifications have been imposed by the com-
pany MG-Tech, partner of the project. A cylindrical Regu-
lar Dexterous Workspace (RDW) [30] of diameter dgrpw >
1.2 m and height hgpw > 0.3 m is desired. Furthermore, a
minimal range of motion of the output angle o; of each modi-
fied leg must be guaranteed throughout the cylinder, in order
to actuate a motion converter mechanism. With our indus-
trial partner, it has been considered that a range of motion
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Oagrpw > 36° is sufficient for the input of the motion con-
verter.

Then, a minimal motion/force transmission quality has
to be guaranteed inside the cylindrical operational space.
This performance is evaluated using the Local Transmission
Index (LTT) [31] detailed later in this section. In this study,
two LTIs have been used. A first LTI is related to the quality
of transmission of the translational motion of the platform.
This criterion can thus be used to compare the performances
of the proposed robot with other Delta-like architectures. In
this work, the minimum value of the LTI on the mobile plat-
form is set to u > 0.3 throughout the operational space. A
second LTI is related to the quality of transmission of the
rotational motions, depending on the configuration of paral-
lelograms IT, and Iy, (see Fig. 2). This index, also detailed
later in this section, allows to find how far the parallelograms
are from a singular configuration. In this work, the minimal
value of the LTI on the parallelograms is set to ¢ > sin(30°).

Finally, for practical industrial reasons (implementation
of the robot inside a larger system), it is desired to design a
robot as compact as possible. This objective, and the require-
ments mentioned previously and gathered in Tab. 1, are used
to define an optimization problem detailed hereafter.

4.2 Design variables

The following assumptions are considered to reduce the
number of design variables to optimize. First, the two modi-
fied limbs are identical. Thus, as presented in Fig. 4, the two
modified limbs are described using the following parame-
ters: {1, 2, wi, w2, €4, and 9. Moreover, it is decided that
the lengths of the links A;B;, F;;G;; and F; F» of the Delta
limb take the same values as those of the modified links, to
ease the industrialization process. As a result, the geomet-
ric parameters describing the remaining Delta limb are ¢;, ¢,
and £4,.

Additional constraints on the geometry are imposed by
the industrial partner: the radius of the platform is set to r, =
0.08 m, the width of the planar parallelogram to w; = 0.1 m
and the distance between points £ and Fj to £4, = 0.117 m.
Thus, the input vector of this optimization problem is com-
posed of the remaining design variables defining the radius
of the base and the geometry of the limbs:

X:[l’b&Engq}] (14)

4.3 Objective function

As mentioned previously, it is desired to minimize the
footprint of the robot. Since the modified legs are identical,
the compactness of the robot can be evaluated by computing
the area covered by one modified leg, under the following
configuration (see also Fig. 5):

- ﬁ is vertical,

- points O, A;, B; and F; are aligned,
- vector 07, is horizontal,

- OF; and ITC?, are perpendicular.

t

Fig. 5: Limb configuration for the computation of the objec-
tive function.

Thus, the objective function to be minimized is defined as:

%:éz(rb+€1+wz) (15)
4.4 Constraints

In order to meet the requirements listed in Tab. 1, a set of
four inequalities is introduced in the following. Two inequal-
ities are related to the minimal LTI of the parallelograms
and the platform respectively. Two other inequalities are in-
troduced to make the realization of the prototype mechani-
cally and practically feasible. These four inequalities must
be satisfied among a Regular Dexterous Workspace (RDW).
This RDW is a four-dimensional cylinder, the fourth dimen-
sion corresponding to the output angle a;, with a diameter
drpw > 1.2m, a height hgpw > 0.3m and a range of rotation
of the output angle ozpw > 36°.

4.4.1 A minimal LTI for translational motions

The robot translational motion/force transmissibility is
evaluated by computing a LTI based on the pressure angle
i j [31,32] in the spherical joints connecting the distal links
to the platform [33,34] (Fig. 6). For each connection (i, j),
the transmission index is expressed as:

ngiﬁ'
Mij = c0s(8; ;) = = (16)
[[vi sl
~ T
where f; = [Hff’—H7 0, 0, 0]7 describes the unit force (wrench)

passing through F;G;, expressed at G;j, and v; ; is the dis-
placement (twist) of the platform when only the link F;;G;;
is disconnected from the platform. This twist is expressed at
the center of the spherical joint (i, j) located at G;;. For a
given spherical joint (i, j), this twist is computed as the ker-
nel of a matrix, named F;;, which gathers the wrench screws
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Fig. 6: Force and velocity vectors for the computation of the
pressure angle J;;.

of the other spherical joints expressed at point G;;. For in-
stance, considering the spherical joint (1,1) located at Gy;
and presented in Fig. 6, the corresponding matrix Fy; is de-
fined as:

s,
s,
F = | (D8], (17)
(1'1)$3Tl
s,
where:
D= | Gptwm (s
CimCij < £y ' ’
Finally, v; ; is equal to:
Vij= ker(F,-j) (19)

This index and its minimal allowed value are then de-
fined as in [35]:

The minimal LTI value allowed within the entire workspace
is set to i, = 0.3 as desired by our industrial partner.

4.4.2 A minimal LTI for rotational motions

This index [36] is used to evaluate how far the pla-
nar parallelogram A;B;E;D; and the spatial parallelogram
B;iF;G;C; are from a singular configuration. This index and
its associated constraint are defined as:

o= sin(min(nl, el Jeil.e2]) ) = sin(30°)  @1)

where Y1 = gia — gi1, Y2 = /BFC are the direct transmis-
sion angles and €, = /ADE, €, = /FGC are the inverse

(a) Details on Il projected in (b) Details on the platform pro-
plane P jected in plane P

Fig. 7: Evaluation of the design constraints.

transmission angles of parallelograms II, and Il respec-
tively. These angles are presented on Fig. 5. The minimal
acceptable value of this index within the workspace is set to
G > sin(30°). For simplification purpose, Equation (21) is
given for a single modified limb.

4.4.3 A minimal height for the distal parallelogram I1;,

A minimal distance between m and }ﬁ is desired to
ease the assembly of a prototype. This distance, depicted in
Fig. 7a is set to:

dr1,, = wa sin(y2) > 0.03 m 22)

4.4.4 A maximal bulk of the platform

Finally, in order to ensure the modularity of the robot,
the link C;G; needs to fit in the platform radius. Considering
the design constraints related to the embedded motion con-

verter mechanism, the final constraint is expressed as (see
also Fig. 7b):

do, = max(wy cos(a)) < 0.055 m (23)

where 0.055m is a threshold value provided by our industrial
partner.

4.4.5 Minimal dimensions of the Largest Regular Dex-
terous Workspace

The aforementioned inequalities (20), (21), (22) and
(23) have to be satisfied throughout the desired workspace
of the robot. In order to simplify the formulation of the op-
timization problem, these four inequalities can be encapsu-
lated into one general constraint related to the dimensions
of the Largest Regular Dexterous Workspace (LRDW) such
that:



AZo

P=Pp
/
;/
'/ p :_(1\\'0/ 2

L=2Zy

Z=Z

~ “min

Fig. 8: Illustration of the discretization of the four dimen-
sional cylindrical search space for a given output angle o,.

drrpw 2> dwo (24)
hirpw > hwo (25)
QLRDW = Owo (26)

where 0z gpw is the range of motion of the output angle o; of
the LRDW, drgrpw, its diameter and hzgpw, its height. The
dimensions dwo, hwo and Oy correspond to the industrial
requirements specified in Tab. 1.

The method used to obtain the LRDW is detailed below.

4.5 Computation of the LRDW

This section presents an algorithm (detailed in Algo. 1)
allowing to compute the LRDW of the robot. This algo-
rithm is an adapted version of the algorithm detailed in [37].
First, a four-dimensional cylindrical search space is intro-
duced (Fig 8) and discretized along the cylindrical coordi-
nates (p, B,z) and the output angle o; such that:

pep=1[0:Ap: dwo/2]
BeP=1[0:Ag:27]

z€zZ= [Zmin DA Zmax]

o o= [(xmin : AOL : OLma)c}

with Ay = dWO/(sz), AB = 27'C/Nd, A, = (Zmax —Zm,'n)/No
and Ag, = (Ounax — Omin ) /No, the steps’ lengths, with o, = 0
and Oy, = /2, and Ny and Ny, the number of steps. z,,;, and
Zmax are user-defined parameters which define the minimal
and maximal altitudes of the cylindrical search space. In the
present application, these values are set to z;,;,, = —1.8 m and
Zmax = —0.3 m.

The LRDW is obtained from a boolean matrix Q, de-
fined such that Q ,, = 1 if all four inequalities (21), (20),

Algorithm 1: Extraction of matrix Q

Result: Q
Initialized variables:
= [Zmin ¢ (Zmax — Zmin)/NO : Zmax};
a= [amin . (amax - OLmin)/NO : amax];
p = [0: dwo/2Ny : dwo/2];
B=1[0:2m/Ny :2x];
Computation of the boolean matrix :
fork=1:Nydo
form=1:Nydo
for p=1:N;do
forg=1:N;do
Get o, u for [p, By 2 T
Get dr1,,, do. for [pp By 2k O]
end
end
if (20), (21), (22) and (23) V(p,q) € [1,N4]
are satisfied then
| Qm=1;
else
| Qi =0;
end

end

end

(22) and (23) are satisfied among the whole discretized disk
of height z; for an output angle o, and €y ,, = 0 otherwise:

1 ifVpep,VBePB,z=z,0=0,
and eq.(20), (21), (22) and (23) are satisfied
0 otherwise

Qk,m =

(27)
with zi, the k-th element of the range z and o,, the m-th
element of the range «.

The location and size of the LRDW are then obtained by
extracting the largest non-zero sub-matrix of Q using the al-
gorithm detailed in [38]. The obtained sub-matrix is defined
as a square matrix of dimension (d x d) and is identified by
the indices (ko,my) of its bottom right vertex. The height and
angle range of the LRDW is thus expressed as:

d
hirpw = ﬁAz

J (28)
OLRDW = ﬁoAa

In the optimization process, these two parameters are
evaluated in order to check that inequalities (25) and (26)
are fulfilled. In the next section, the optimization problem is
formulated and solved.



Table 2: Optimal solution chosen for a 5-DOFs robot

A () | 4 (m) £ (m) wa(m)  ¢(rad)

rp(m)

0.931 0.506 1.195 0220  0.053 1.4975

Table 3: Location of the operational space obtained for the
optimal solution (A zpw = 0.3 m and o, = 36°)

Zmin (M) Zmax (M) Oin (°) Obax (°)

-1.382 -1.082 12.4 48.4

4.6 Problem formulation and results
Based on the objective and constraint functions detailed
above, the optimal design problem can be expressed as:

Minimize 4y = lo(rp+£1 +w2)
Over x=[/l; lrrpwy 0]
Subjectto  hrrpw > 0.3 m (29)

Orrpw > 36°

This optimization problem has been solved by means of
the MATLAB fmincon function using the ‘active-set’ algo-
rithm, in order to deal with non-linear inequality constraints.
The multistart algorithm from MATLAB has also been used
in order to increase the chances to reach the global mini-
mum. The optimal design parameters and its corresponding
workspace are given in Tables 2 and 3. These values were
used to design a prototype detailed in the next section.

5 Prototype and experiments

The following section aims to present and discuss the
experimental results obtained on a proof-of-concept proto-
type. This prototype is a five-DOFs robot with two modified
limbs and a two-DOFs wrist embedded on the moving plat-
form. After a presentation of the prototype, the workspace of
the robot is explored in order to validate the position and the
size of the operational workspace predicted at the optimiza-
tion stage. Then, the evolution of internal backlash in the
modified limbs is evaluated and compared with that obtained
with the UPU chain of the Delta robot currently manufac-
tured by the industrial partner.

5.1 Description of the five-DOFs robot prototype and its
two-DOF's wrist

In order to evaluate the performances of the proposed
design, a prototype presented in Fig. 9 and Fig. 10 is as-
sembled in MG-Tech’s workshop. To facilitate the realiza-
tion of the prototype, the parallelogram B,;C;G;F; is replaced
by the parallelogram B;1C;;CipBj», as illustrated in Fig. 11.
This small change of design has no impact on the kinematics
of the mechanism and allows to use pretensionned springs

Fig. 9: Picture of a five-DOFs prototype realized and tested
in the MG-Tech workshop. The robot uses two modified legs
and the platform contains a motion converter allowing to ob-
tain two independent rotations of the tool around a vertical
axis z and a mobile horizontal axis y’ directions.

¢ 1 1.\. ol
(b) Top of the distal module

(a) Moving platform with the 2-
DOFs wrist

Fig. 10: Detailed view of the moving platform (left) and the
connection between the proximal and distal modules (right).
For the prototype, the parallelogram B;G;C;F; is replaced by
the parallelogram B;G;G!B., which allows using spherical
joints and pretensionned springs to obtain a spatial parallel-
ogram

and spherical joints to realize the distal modules (Fig. 10).
The angles g;; are actuated by three motors with a maximal
torque of 4.0 N.m connected to gear boxes with a ratio of
38.5. The two other angles g4 and g;5 are actuated with mo-
toreductors which can deliver a maximal torque of 100 N.m.
These five motors are controlled with an industrial Schneider
controller.

The platform of the robot’s prototype contains a two-
DOFs wrist (see a CAD view on Fig. 12) designed to ob-
tain a rotation around axis zg 0, € [—180°,180°] from the
rotation of angle 0; and a rotation around an horizontal axis

9



Fig. 11: Kinematic scheme of the modified limb used for
the prototype. In this design, the link B;»Cj; is added to
use pretensionned springs to hold the spatial parallelogram
B;1Ci1CipBj».

y 6, € [0°,90°] from the rotation of angle . The wrist
was designed so that rotations around zy and y’ can be ac-
tuated independently. This wrist is composed of two sub-
mechanisms described below:

e The first sub-mechanism (shown on Fig. 13) provides
a 360° rotation around axis zyg. The output angle o is
used to translate a ball screw nut (1c) along a vertical
axis. This translation of (1c) is converted into a rotation
of the screw shaft (1d), which is attached to a former
gear (1f) which causes the rotation of a second gear (1g)
along axis zg. In the presented prototype, the screw has
a pitch of 16 mm and its rotation is reduced by a gear
ratio of 1.5. As aresult, a 24 mm translation of the screw
is required to obtain a 360° rotation of the end-effector
around zg.

e The second sub-mechanism (shown on Fig. 14) is a
crank rod which transmits a rotation o, around an hor-
izontal axis to the end-effector. It has a magnification
factor of 3, which allows a 90° range of rotation of the
end-effector around the y’ axis.

e In order to obtain independent rotations around zy and
y', the spur gear (2f) and the translating rod (1d) have
coincident axes of rotation.

Since the design aims to ensure a lifespan of 80 million
cycles, the components are designed accordingly leading to
a bulkier design. As a result, the current platform (including
the wrist) of the proof of concept prototype weights 5.5 kg.
For future prototypes, a design optimization would help to
minimize the weight of the wrist.

5.2 Validation of the operational workspace
The first experiment aims to validate the workspace de-
sired by our industrial partner, consisting of a cylinder of

Fig. 12: CAD model of the two-DOFs wrist developed
for the prototype. The wrist is composed of two sub-
mechanisms. The first one, shown on the left and labeled
as ’1’, allows converting the actuation of a modified limb
into a 360° rotation around a vertical axis. The second sub-
mechanism, shown on the right and labeled as ’2’, provides
a 90° rotation around a moving horizontal axis.

Fig. 13: The mechanism allowing to obtain a rotation of the
end-effector around a vertical axis z from the output angle
o . The actuation of the rod (1a) allows the translation of the
nut (1c) through a connecting rod (1b). The rotation of the
ball screw (1d), attached to a gear (1f), activates the rotation
of gear (1g) on which the end-effector is fixed at point R. The
end-effector is mounted on link RS.

diameter d = 1200 mm and height # = 300 mm centered
around axis zg. For this prototype, the cylinder is located be-
tween altitudes z = —1082 mm and z = —1382 mm. Using
the symmetry of the architecture, the boundaries of the de-
sired workspace are evaluated by verifying the accessibility
of the platform for the extreme configurations of a modified
leg. These extreme configurations are illustrated on Fig. 15.
Then, a set of five-DOFs trajectories depicted in Fig. 16
have been used to explore the workspace. These trajectories
draw dodecagrams on seven horizontal evenly spaced planes

10



Fig. 14: A mechanism allowing to obtain a rotation of 90°
around a mobile horizontal axis y’ from the output angle o.
The actuation of the link (2a) allows the translation of a rod
(2d). The rotation of the end-effector is obtained by a tilting
movement of link (2f) around point R. The end-effector is
mounted on link RS.

(a) First leg

(b) Second leg

Fig. 15: Restricting configurations for the two modified
legs. Using the symmetry of the architecture, these positions
are used to verify the accessibility of the moving platform
throughout the desired operational space, depicted in green.

within the desired workspace. The range of angular motion
of the end-effector is verified by performing, for every seg-
ment of the dodecagram, a 360° rotation around a vertical
axis zo and a 90° rotation around a moving horizontal axis
y'. As a conclusion, the obtained results show that the robot
is able to move in the prescribed workspace (Fig. 15).

5.3 Evaluation of the maximal production rate

In order to fit with industrial needs, it is desired to eval-
uate the minimal time needed to perform a typical pick-and-
place application. This has been evaluated for a trajectory
that is representative of a trajectory performed by robots on
packaging lines installed by MG-Tech. This trajectory, pre-
sented in Fig. 17, corresponds to a classical pick-and-place
trajectory between two conveyors spaced 700 mm apart, con-

Lo

X

Fig. 16: lustration of the trajectories used for the evaluation
of the operational workspace of the prototype. The explo-
ration is performed by drawing horizontal dodecagrams for
different altitudes z spaced by A, = 0.05 m. For each seg-
ment, a rotation of the end-effector of 90° around a moving
horizontal axis and a 360° rotation around z are performed.

The orientation of the end-effector is returned to initial val-
ues By = 0, 6, = 0 each time a vertex is reached.

sidering a tracking distance! of 200 mm and a vertical dis-
placement of 300 mm. Rotational displacements of 90°
along y’ and 360° zj are also imposed. In order to ensure
a continuous acceleration profile, the trajectory is generated
using a fifth-degree polynomial law motion. The linear and
rotational velocities and accelerations of the trajectory were
defined for each segments in such a way as to minimize the
cycle time, without exceeding the 12T index for each mo-
tor [39]. This index is a manufacturer’s threshold related to
the thermal heating of a motor, which aims to improve its
lifespan.

For the current prototype, the obtained production rate
is 39 cycles per minute. It should be noted that better perfor-
mances could be obtained using more appropriate actuators
and a lighter wrist, but this is left to future works.

5.4 Evaluation of the internal backlash in a modified leg

This section details the measurement protocol and set up
used to measure the rotational backlash obtained at the end
of a modified leg. The aim is to evaluate the capacity of this
leg to transmit rotational motions to a moving platform, in an
accurate and durable manner. Due to the compact design of
the wrist, measurements are performed indirectly at the end-
effector and not directly on rods (1a) and (2a), meaning that
we also measure the backlash induced by the transmission
mechanisms of the wrist.

The rotational backlashes are measured after continu-
ously performing classical pick-and-place trajectories (see
Fig. 17), at a frequency of 39 cycles per minute. The back-
lash is measured at the end-effector for rotations around axes
y' and z, after a run-in period of 300k cycles and, repeatedly,

I'The tracking distance refers to the displacement of a product along the
conveyor’s axis (x) while the robot is moving from one conveyor to the other.
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Fig. 17: Classical pick-and-place trajectory used to evaluate
the minimal cycle time. The solid lines describe the transla-
tions of the platform, which follows a 200 x 700 x 300 mm
pick and place trajectory. The dashed lines represents the
orientation of the end-effector, which covers 90° and £180°
rotations around y’ and z respectively.

after 500k and 800k cycles (covering 1 % of the desired lifes-
pan). The experimental setup, shown in Fig. 18, is composed
of:

e a Mitutoyo dial gauge with a resolution of 0.01 mm,
mounted on a fixed table measuring the horizontal dis-
placement of a point located on the end-effector distant
of 25 mm from the wrist z axis of rotation.

e a load connected to the end-effector through a pul-
ley/cable system in order to apply a constant torque
around the wrist z axis.

The process followed to measure the backlash at the
end-effector for a rotation around the z axis is the following:

1. Apply a torque of respectively 1.2 N.m around the
wrist’s vertical axis.

2. Remove the torque and measure the remaining displace-
ment with the dial gauge. The corresponding transla-
tional displacement is converted in an angular displace-
ment noted 8g+ ),

3. Repeat the two previous steps with an opposite torque.
The corresponding translational displacement is con-
verted in an angular displacement noted 8g-,

4. The total backlash is given as the sum of previous angu-
lar displacements : 8y, = 8g+ + Og-

5. Repeat steps 1 to 4 five times.

A similar protocol was used to measure the backlash 89y,
around the moving axis y’.

Values of the rotational backlash, in degrees, for the two
axes z and y/, are gathered in Tab. 4. After 800k cycles,
results show an important backlash &g, at the end-effector
(about 3.2°), whereas a negligible backlash 89}', is obtained

(about 1° x 10~%). Since the two modified legs actuating
these two rotations were realized identically, it can be con-
cluded that the important backlash 8y, is mainly due to the

[

s

b [ S el
z Dial-gauge 2\

7

2

YA
\x

Fig. 18: Experimental setup used to measure the backlash at
the end-effector around a vertical axis. A torque 7, is applied
on the end-effector by means of a mass connected to the end-
effector via a cable/pulley system. The displacement of the
end-effector is measured with a dial-gauge, which allows to
compute the angular displacement.

0,
2,
2

Table 4: Measured backlash in degrees, obtained for the five-
DOFs prototype, using modified legs for rotations.

Number of cycles (kcycles)
Angle (°) 300 500 800
3, 9.10° 9.107° 1.107*
Je, 3.1 29 32

Table 5: Measured backlash in degrees, obtained for MG-
Tech’s commercial Delta robot using UPU chains for rota-
tions.

Number of cycles (kcycles)

Angle (°) 300 500 800
3o,/ 1.3.100%2 1.4.1072 1.4.1072

Je, 1.0 1.0 1.0

transmission mechanism included in the wrist, transmitting
the rotation of the rod (1a) to the end-effector. Indeed, if the
measured backlash came from the modified leg itself, 89y,
would have also been significantly high. A deeper investiga-
tion showed that the main source of the backlash g, comes
from the ball screw (1d) used to transform a translation of
rod (1¢) in a rotation around a vertical axis. Therefore, this
means that the backlash measured at the end-effector is due
to the two-DOFs wrist and does not come from the parallel-
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ogram chains.

Obviously, the obtained results rely on many design pa-
rameters of both robots that are not detailed herein, however,
this comparison between the prototype and the commercial-
ized Delta robot is intended to evaluate the benefit of using a
modified leg to transmit a rotational motion, with respect to
a UPU chain.

For comparison purposes, a similar protocol was used
to measure the backlashes obtained with a commercial Delta
robot designed by MG-tech, equipped with two UPU chains.
Results are presented in Tab. 5 and show that the back-
lash Og, is significantly higher for the prototype (3.2°) than
for the commercial Delta robot (1°). On the other hand,
the backlash 86, is significantly smaller for the prototype
(about 1° x 10~%) than for the commercial Delta robot (about
1.4° x 10~2). Obviously, the relevance of this comparison re-
lies on many design parameters of both robots that are not all
detailed herein, however, results show that the modified leg
allows to obtain interesting performances with respect to a
UPU chain.

As a conclusion, the realized proof-of-concept robot, us-
ing two modified legs, fits the company’s expectations re-
garding the workspace size and the accuracy of the transmis-
sion of rotational degrees of freedom. Moreover, we may
conclude that these modified Delta legs based on a succes-
sion of parallelograms are a viable alternative to UPU chains
for designing Delta-like robots with additional rotations on
the platform.

6 Conclusions

This paper introduces the design of a modified Delta leg
which allows transmitting an additional rotational degree of
freedom to the end-effector without the use of UPU chains.
These rotations are provided by using a succession of par-
allelograms integrated on a Delta leg and driven by an ad-
ditional motor attached to the base. Since the rotations pro-
vided by these legs are independent, it is possible to use up
to three modified legs to obtain robots with up to six degrees
of freedom.

After presenting the kinematics models and the singu-
larity conditions of the proposed modified Delta leg, an op-
timization problem was introduced to obtain the geometri-
cal parameters of a modified leg in order to minimize the
footprint of a five-DOFs robot while guaranteeing minimal
kinematostatic performances, based on the evaluation of the
quality of the transmission of the forces on the mobile plat-
form. These geometric parameters were then used to de-
sign a proof-of-concept five-DOFs prototype, consisting of
a Delta structure incorporating two modified legs. A two-
DOFs wrist was integrated on the platform to convert the ro-
tations provided by the modified legs into a 360° rotation
around a vertical axis and a 90° rotation around a moving
horizontal axis.

A series of experiments were carried out on this pro-
totype to validate the dimensions of the regular dexterous
workspace desired by our industrial partner, as well as the
minimum cycle time that could be obtained for a representa-

tive use-case. The rotational backlash at the modified leg out-
put was measured indirectly, based on the values measured
at the end-effector. Measurements realized after 800 000 cy-
cles show a slight and steady increase of the backlash in the
parallelograms and satisfy the requirements of our industrial
partner. This, therefore, shows that the use of modified Delta
legs with a parallelogram-based transmission mechanism is
a suitable alternative to a UPU chain for transmitting a rota-
tional degree of freedom for industrial pick-and-place oper-
ations.

Future works will focus on the industrialization of a five-
DOFs Delta robot composed of two modified legs and on the
improvement of the two-DOFs wrist embedded in the mov-
ing platform. These improvements will mainly concern the
design of the wrist, in order to reduce the backlash obtained
for a rotation around a vertical axis and minimize its weight.
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