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CoPaRo: A Compact, Backdrivable 6-DOF Hybrid Parallel Robot with
Serial-Like Form Factor and Large Workspace*

Samuel Verret and Clément Gosselin®

Abstract— A novel, compact, backdrivable 6-degree-of-
freedom (DOF) hybrid parallel robot with a large axisymmetric
workspace is proposed, referred to as CoPaRo, short for
Compact Parallel Robot. The architecture achieves a high
workspace-to-footprint ratio comparable to that of serial robots.
The proposed robot is well suited for physical human-robot
interaction (pHRI) due to its low inertia, backdrivability, and
large workspace. A complete kinematic analysis is provided,
including forward and inverse kinematics and velocity equa-
tions. All singularity conditions of the proposed architecture
are identified, and the complete usable workspace is presented,
accounting for singularities, mechanical interferences, and nu-
merical stability. A CAD model and computer animations of the
robot are provided to illustrate its motion, highlighting both the
compact footprint and the large workspace. The actuators are
positioned close to the base and transmit motion to distal joints
via pulleys to reduce the robot’s inertia. Direct-drive or quasi-
direct-drive actuators can be used to enable backdrivability.

I. INTRODUCTION

Physical human-robot interaction (pHRI) occurs when
humans and robots come into direct contact, exchanging
forces or motion. This interaction allows the complementary
strengths of humans and robots to be combined: robots pro-
vide strength and repeatability, while humans offer adaptabil-
ity. Effective pHRI requires the robot to respond smoothly
and intuitively to forces applied by the human. Robot
guidance can be achieved either through force/torque (F/T)
sensors [1][2], which directly measure the forces and torques
applied by the human, or by inferring these forces from ac-
tuator currents or joint displacements [3][4]. The use of F/T
sensors is more common, particularly in industrial cobots [5],
as it does not require the robot to be backdrivable. In non-
backdrivable robots, relying solely on actuator measurements
is ineffective because high gearing reduces the reflected
force at the actuator, rendering it difficult to detect against
noisy current signals. While F/T sensors enable interaction
without backdrivability, they can reduce the intuitiveness of
the interaction because the interaction bandwidth is limited,
making the response less fluid. In contrast, backdrivable
robots provide low reflected inertia and allow the joints to
yield mechanically. This mechanical compliance increases
the interaction bandwidth and results in more intuitive, fluid
interactions [6], as the human perceives minimal resistance
before the controller intervenes. Backdrivable joints are
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challenging to implement in serial robots due to the high
actuator torques required to support the mass of the robot,
its actuators, and its payload. An ideal robot for pHRI should
combine low inertia and backdrivability to ensure safety
and enable fluid interaction, while also providing a large
translational and orientational workspace.

Parallel robots offer several advantages for pHRI, includ-
ing high speed, acceleration, rigidity, accuracy, and payload
capacity, as well as low inertia. However, they often suffer
from a limited workspace and a large footprint compared to
serial robots, which reduces their practical usefulness. The
large footprint is largely due to the need to accommodate
all actuators on the base. The limited workspace arises from
type II singularities, leg interferences, and the overlapping
constraints of each leg’s reachable workspace, which become
more restrictive as the number of legs increases. Kinematic
redundancy can be employed to improve workspace by using
the extra degrees of freedom to avoid singular configurations,
as demonstrated in [7]-[9]. However, this approach requires
additional actuators, increasing cost and, if the mechanism
is not fully parallel, adding to the moving inertia. Another
approach to enlarging the workspace is designing an ax-
isymmetric workspace [10]-[12], achievable when the axes
of each leg are coaxial, allowing rotation about a common
axis and yielding a workspace similar to that of serial robots.

The Colibri [13] is a 6-DOF hybrid parallel robot featuring
a two-leg architecture with the first joint of each leg posi-
tioned coaxially, enabling a large axisymmetric workspace.
However, the platform employs a screw joint, which intro-
duces mechanical complexity, friction, and backlash. Friction
in the screw resists backdriving, reducing joint compliance
and making pHRI less fluid and intuitive. Moreover, achiev-
ing large rotations with the limited linear displacement of
the screw requires a small lead, which increases friction and
can even make the system self-locking, further compromising
backdrivability. Therefore, a trade-off exists between orien-
tational workspace and backdrivability.

The goal of the research presented here is to develop a
parallel or hybrid parallel robot with a large translational and
orientational workspace, a small footprint, and backdrivable
joints. To achieve this, a leg architecture similar to that of
the Colibri robot can be retained to exploit its axisymmetric
properties, while a novel platform architecture is designed
to close the kinematic loop, improve backdrivability, and
enlarge the orientational workspace, which in the Colibri
is reported as 45° in tilt and 360° in torsion, although no
singularity analysis was presented.

The paper is organized as follows. Section II presents
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a detailed description of the novel robot architecture. Sec-
tions III and IV address the inverse and forward kinematics,
respectively. The velocity equations are developed in Sec-
tion V, enabling a complete singularity analysis presented in
Section VI. The translational and orientational workspace of
the robot is presented in Section VII. Section VIII presents a
virtual prototype, accompanied by computer animations to il-
lustrate the robot’s motion and highlight its large workspace.

II. ROBOT ARCHITECTURE

The architecture of the proposed 6-DOF hybrid parallel
robot consists of a moving platform connected to the base
through two kinematically distinct legs, as illustrated in
Fig. 1. Leg 1 is composed of an RRRS chain, shown in light
gray in Fig. 1. Here, R denotes an actuated revolute joint
and S represents a passive spherical joint. The first actuated
revolute joint is attached to the base, as indicated by the
dashed lines in Fig. 1. Subsequently, two actuated revolute
joints with parallel axes are mounted in series. Together,
these three actuated revolute joints allow spatial positioning
of the spherical joint of leg 1.

Leg 2 consists of an RRRRRR chain, shown in neutral
gray in Fig. 1. Here, R denotes a passive revolute joint.
The first three actuated revolute joints are arranged in the
same configuration as in leg 1. A passive revolute joint is
then mounted immediately after the last actuated joint, with
its axis parallel to it. This is followed by two additional
passive revolute joints mounted in series, each with its axis
perpendicular to that of the preceding passive joint.

Leg 1 connects to the moving platform through its passive
spherical joint, while leg 2 attaches via its last passive
revolute joint. This arrangement closes the kinematic loop,
linking the base to the moving platform through both legs.
Shown in dark gray in Fig. 1, the moving platform forms a
single continuous link, extending from the passive spherical
joint of leg 1, passing through the passive revolute joint of
leg 2, and terminating at the gripper. The gripper, depicted
in Fig. 1 for illustrative purposes, is not functional; it merely
indicates where an actuated gripper would be mounted.

Most of the variables describing the geometric architecture
of the robot are illustrated in Fig. 2. The origin of the fixed
base frame O, is located on the axis of the first actuated
revolute joint of leg 2. Two reference frames are attached to
the moving platform: O;’,,y,,z,, has its origin located at the
centre of the passive spherical joint and O, 4 has its origin
located at the centre of the gripper. Both frames share the
same orientation and differ only in position. Frame O, is
used to facilitate the solution of the inverse kinematics, while
O;’,,y,,z,, simplifies the velocity equations and singularity
analysis. In Fig. 2, [;; ¢ = 1,2; j = 1,...,7) denotes
the length of the j™ link of the i™ leg. Vector u; j, defined
along link j of leg 4, has length ; ;. The k™ joint angle of
leg ¢ is denoted by 6; ;. All vectors are expressed in the
base frame of reference unless otherwise specified, except
for t, (b = 1,2,3) which is expressed in the end-effector’s
reference frame. For conciseness, the following shorthand

Leg2

I2~]

Moving platform

Fig. 1. Architecture of the proposed 6-DOF hybrid parallel robot.

notation is used throughout this paper:

Si,j = sin(ﬂm), Ci,j = COS(G,’J), Si,jk = sin(@m + HM),

Cijk = COS(ei)j + Gi,k); Sijkl = sin(@m + ei,k — 91‘)1).

III. INVERSE KINEMATICS

The inverse kinematic problem is separated into two
subproblems, one for each serial leg.

A. Leg 1

Since leg 1 is a spatial 3-DOF positioning mechanism, its
inverse kinematics can be readily solved once ry is known.
Assuming the position and orientation of the end-effector, p
and Q, are given, r; can be computed as

ri=p-—u o+ Qt;. (D

With r; determined, the inverse kinematic problem can be
formulated with respect to this vector. We start by expressing
the forward kinematics as

ri=a;;+ Qa2+ Q1,1Q1 221 3. )

where Q;; and a;; represent, respectively, the rotation
matrix that brings frame (4,5) to frame (4,5 + 1) and the
position vector connecting the origin of frame (¢, j) to that
of frame (7, j+ 1), with both quantities expressed in frame i.
A linear combination of the first two rows of (2), weighted
by sq,1 and cq 1, yields an equation of the form

Asip+Beii+C =0, 3)
where

A= T1,z, B = —T1,y,

C:ll,la

and ry , and ry , denote the first and second components of
ry, respectively. Equation (3) is a well known standard form
that yields two solutions for ¢, ;, obtained using the tangent
of the half-angle substitution.

Next, rearranging all three rows of r; and then taking
the sum of the squares of these rows yields an equation of
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Fig. 2.  Geometric description of the proposed 6-DOF hybrid parallel robot: a) leg 1, b) leg 2, and c¢) complete robot.

the same form as (3), now expressed in terms of 6; 5. The
corresponding coefficients are

A==2l13(lia+712),

B = =2l 3(r12c1,1 +71,451,1)

C =2l117m1,251,1 — 201,171,4C1,1 + 2012712

2 2 2 2 2 2 2
+h 0+ g -G+, +r1,+71,

where rq , is the third component of r;. This equation can
then be solved for 6;  using the same approach as for (3).

Then, to solve for 6 3, the first step is to isolate c; 23

from either the first or second row of r; and s; 23 from the
third row of r;. Angle 6; 3 can then be calculated as

01,3 = atan2(sq 23, C1,23) — 61,2 4)

The above analysis demonstrates that the inverse kinematics
of leg 1 has at most four solutions.

B. Leg 2

To solve the inverse kinematics of leg 2, the position vector
of joint I?y ¢ is first calculated with

ry = p+ Qt,. (5)

The forward kinematics for the position of joint 5 ¢ then
yields

ro=as + Q2,1<a2,2 + Q22 (32,3 + Q23 (32,4 + Q2,4a2,5)>>- (6)

A linear combination of the first two rows of (6), weighted
by s2.1 and cg 1, yields

T2,.082,1 — T2,4C2,1 —l21 +1l25 =0, (7N

which is of the same form as (3). Consequently, 6 ; can be
solved in the same way using the half-angle substitution.

Then, to solve for 625 and 6, the rotation matrix
describing the orientation of the end-effector relative to the
base frame is considered,

Q=0Q2:Q22Q23Q24Q25Q2 - 8

By exploiting the orthogonality of rotation matrices and
using the known value of Q3 1, it follows that

Q'Q21 =Q36Q55Q5.,Q55Q5 5. €))

Here, QTQ2 ; can be directly calculated while the right-most
part of (9) expands explicitly to

® o —535C26
T AT AT AT AT
Q26Q25Q24Q23Q20=|® ® 25506 |, (10)
o o C25

where the entries denoted by e are not required for the
inverse kinematics. To solve for 5 5, the inverse cosine of the
last component is computed, yielding two solutions for 65 5.
Once 05 is determined, 02 ¢ can be readily obtained from
the remaining components of (10), namely by computing
Co,6 and sy ¢. This approach is valid provided s 5 # 0, which
corresponds to a singular configuration that is discussed later
and will be avoided during operation.

With 035 and 66 known, the position of joint Ry 5
relative to the base frame can be computed with

rs=p+Q(t2 - Q6Q35u25) .

where ug g = [0 0 ZQ’G]T is expressed in frame (2,5).
The forward kinematics for the position of joint R 5 yields

12)

(1)

rs=asg1+ Qa1 (a22+ Qo2 (azs + Qa3a24)).

Rearranging all three rows of (12) and taking the sum of
squares of these rows leads to an equation of the same form
as (3) expressed in terms of 632, in which all coefficients
are known expressions. The value of 65 is then obtained
using the same half-angle substitution method as for (3).

Next, to solve for 05 3, the first step is to isolate ¢y 23 from
either the first or second row of (12) and s3 o3 from the third
row of (12). Angle 65 3 is then computed as

02,3 = atan2(s 23, C2,23) — b2,2. (13)

Finally, 0, 4 is determined from the rotation matrix Q2 4,
given by
ca4 0 sa4
Q24= |24 0 —cCoy4
0 1 0

(14)

Using the known values of the other joint angles, Q2 4 can
be computed with

Q24 = Q;3Q;,2Q;1QQ;6Q;5' 15)
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Angle 65 4 is obtained from the first two rows of the first
column of (14) as

(16)

Thus, the inverse kinematics of leg 2 has at most eight
solutions. Consequently, considering both legs, the CoPaRo
architecture has at most 32 inverse kinematics solutions.

024 = atan2(sg 4, C24).

IV. FORWARD KINEMATICS

The forward kinematics consists in determining the po-
sition and orientation of the end-effector from the actuated
joint angles. The forward kinematics of each leg developed
in Section III is reused here. In particular, the position of
joint Ry 5, noted r3, is obtained from (12), and the position
r; is obtained from (2). The position of the spherical joint
relative to the base frame is then expressed as

a7)

The position of ry is determined geometrically. Specifically,
ry corresponds to the intersection between a sphere of radius

m=rq + ui -

B+ (s + 17— lo7)?, centered at the spherical joint,
and a circle of radius [ ¢ centered at rs with normal vector
ey . This intersection yields two possible solutions for rs.
The vector from rz to ro in the base reference frame is
defined as

V =1y — I3, (18)
and axis 2’ is constrained to be orthogonal to v, which yields
vie, =0, (19)

where e,/ is the unit vector along axis z’ expressed in the
base frame. The vector from the centre of revolute joint R ¢
to the centre of the spherical joint is defined as

b=m—r,. (20)
Its projection onto axis 2z’ must satisfy
ble, = —lis—li7+127, 21

which imposes a conical constraint. The unit-length require-
ment
(22)

defines a spherical constraint. The intersection of the spher-
ical constraint (22), the plane defined by the orthogonality
condition (19), and the conical constraint (21) yields two
possible solutions for e,,. Given e,s, the unit vector along
axis ' in the base frame is defined by

le=r[| =1

bxez/

oo (23)
b x e ||

ey/ =
and the unit vector along axis z’ directly follows, thereby
completing a right-handed orthonormal basis. The orientation
of the platform relative to the base frame is expressed by

Q = [er’ €y ez/} 5 (24)
and the position of the end-effector is given by
p=r2+ly7e,. (25)

Globally, the forward kinematics of the CoPaRo architecture
admits up to four solutions.

V. VELOCITY EQUATIONS

The Jacobians derived from the velocity equations enable
the identification of all singularity conditions of the archi-
tecture. To simplify the singularity analysis, the velocity
equations are expressed with respect to frame O’z’,,y,/z/,,
which is attached to the end-effector and has its origin at the
centre of the spherical joint. As mentioned previously, frame
O3y, is always aligned with frame Oy, differing only
in position.

The first three constraints are obtained from the position of
the spherical joint with respect to the base frame, as given
in (17). Differentiating (17) yields the first three velocity

equations, given by

"

m=r1; = M0, (26)

where 01 = [01, ), 9'173}T and M; denotes the Jaco-
bian matrix of leg 1.

The fourth constraint is imposed on the length of the sixth
link of leg 2, expressed as

viv = l§76,

(27)
where v is defined in (18). Differentiating (27) results in

viv =0. (28)

Considering

ro =m+ Qt,, 29)

the time derivative of v is obtained by differentiating (12)
and (29),

V=ry—T3=m+wx (Qt;) — Mz,  (30)
where 6, = [9'2’1 92,2 9'2’3]T, w denotes the angular
velocity of the end-effector, and M is the positioning
Jacobian associated with the first four degrees of freedom
of leg 2, defined from the base to rs. Substitution of (30)
into (28) results in

vim + v (w x Qty) — vIM40, = 0. (31)
Applying the scalar triple product identity
a(bxc)=(cxa)'b
transforms this expression into
vim + (Qty x v) w = vIM,0,, (32)

representing the fourth velocity equation.
The fifth constraint enforces orthogonality between the
unit vector normal to the end-effector n, and vector v,

expressed as
T

nv=_0. 33)
Differentiation of this constraint results in
vin+nTv=0. (34)

Substituting (30) for v and expressing the time derivative of
nasn=w x n leads to

(n x v)Tw+n"m+ ((Qt;) x n)'w —n"TM,80, = 0. (35)
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Using the linearity of the cross product, this expression
simplifies to

n'm+ (n x (v—Qt;))"'w=n"TMs0,,  (36)

representing the fifth velocity equation.

The sixth constraint enforces orthogonality between the
axis of joint Ry and the axis of joint Ry 5. A unit vector
e = [Sin (021) —cos(b2,1) O}T is defined along the
axis of joint Ry o, while v lies in the direction of the axis
of joint Ry 5. This constraint is written as

e;,v =0. (37)
Differentiation of the constraint results in
viegs +ej,v=0. (38)

Substituting (30) for v and expressing the derivative of e o
as é272 = M30,, with

cosfhy 0 O
M3 = |sin 92’1 0 0 s
0 0 0

leads to
. T .
e;Qm + ((Qtd) X 82’2) W= (e£72M2 — VTM3)02. (39)

This expression represents the sixth velocity equation.
Collecting the velocity equations (26), (32), (36), and (39)
finally yields the global velocity equations of the robot,

written as )
0,
K J 40
o =31 )
with
[ M, 0T3x3
013 v M,
K = 7 41
013 n"M, “1
_01><3 eEQMg — VTM3
33 0353 .
vl ((Qt3) x v)
T=1nT ax(v- Qt)' (42)
Les,  ((Qt3) x eas)

VI. SINGULARITY ANALYSIS

The singularity analysis will determine the limitations of
the CoPaRo architecture in terms of reachable workspace
because the robot loses controllability in singular configura-
tions due to the Jacobian losing rank.

Due to the block-diagonal structure of K, its determinant
factorizes as

det(K)=det Ki O3y =det(K1;)det(Kgs), (43)
O3x3 Koo
where
VTM2
K =My, Ky = IITMQ

eE’QMg — VTM3

Therefore, K is singular whenever det(K;;) = 0 or
det(K22) = 0. This result is consistent with the structure
of the mechanism, which consists of two serial chains
connected by the platform that closes the kinematic loop.
Thus, type I singularities can be identified independently for
each serial chain. The determinant of K;; can be written as

det (K11) = —l1,3l1 4513 (l1,3C1,2 + 11,401,23)- (44)

From (44), four singularity conditions arise for the first
serial chain (leg 1), namely, 1.1) {13 = 0, 1.2) [14 = 0,
1.3) S1,3 = 0, 1.4) l1’301’2 + l174C1)23 = 0. Conditions 1.1
and 1.2 effectively eliminate one degree of freedom in leg 1
by overlapping joints. Condition 1.3 corresponds to segments
u; 3 and u; 4 being parallel, which prevents motion of the
spherical joint in the direction parallel to these segments,
thereby removing one degree of freedom. Condition 1.4
occurs when the spherical joint lies in the plane spanned
by segments u; ; and uq o, which prevents motion of the
spherical joint in the direction parallel to u;; and again
removes one degree of freedom.

For the second serial chain (leg 2), the determinant of Koo
can be written as

det(Ka2) :l2.3121412,6521352.5<12,30212 +lp,4C2 23 — l2,682,234>~ (45)

This leads to six singularity conditions for leg 2, namely,
21) la3 = 0,22) lp4 = 0,23) los =0, 24) s33 = 0,
2.5) sa5 = 0, 2.6) l23C22 + l24C223 — lo682,234 = 0.
Conditions 2.1, 2.2, and 2.4 are equivalent to conditions 1.1,
1.2, and 1.3 of leg 1, respectively. Condition 2.3 corresponds
to a type III singularity and will be discussed in more detail
later. Condition 2.5 arises when up 5 and n are parallel,
which removes one rotational degree of freedom at the
platform. Condition 2.6 occurs when joint Ry ¢ lies in the
plane spanned by segments up; and up o, which prevents
motion of joint Ry ¢ in the direction parallel to uy; and
thereby removes one degree of freedom at the platform.
Next, the following analysis addresses the moving plat-
form singularities (type II), which represent the most re-
strictive cases in parallel architectures. These singularities
occur within the workspace and often impose limitations
on the achievable orientations. Mathematically, they are
characterized by the condition det(J) = 0, where J denotes
the Jacobian matrix from (42). Since J has a block lower
triangular structure, its determinant can be expressed as

((Qts) x v)"
(n x (V - th)%T
((Qt3) x e22)

det(J) = l1,613 6ca.6 ((11,5 +lr—la7)sas + 11,602,5C2,6>- 47)

det(J) = det(I3x3) det (46)

Accordingly, the four parallel singularity conditions are
31) ll,ﬁ = O, 32) l276 = 0, 33) C2.6 = 0,
3.4) (l1’5 + 1177 — 12’7) So5 + l1$6C27502’6 = 0. To better
understand these singularity conditions, a geometric inter-
pretation is provided. Each of the six rows in J can be
represented as a line using Pliicker coordinates, as illustrated
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Fig. 3. (a) Pliicker line representation of the six rows of the Jacobian J. The
geometric configurations of platform singularity conditions (b) 3.1, (c) 3.3,
and (d) 3.4 are shown for the 6-DOF hybrid parallel robot.

in Fig. 3(a). Using Grassmann line geometry (GLG), it is
possible to determine geometrically the conditions under
which these lines (the Jacobian rows) become linearly depen-
dent, corresponding to the singularities of J identified above.
Further details on the application of GLG to parallel manip-
ulators can be found in [14]. Singularity condition 3.1 occurs
when Pliicker lines 1 through 5 become linearly dependent,
causing the associated linear system to degenerate to rank 4,
corresponding to case 4d of GLG. In this configuration, lines
1, 2, and 3 intersect at a point lying on the plane spanned
by lines 4 and 5, as shown in Fig. 3(b). Condition 3.2 (also
condition 2.3) represents a type III singularity, in which both
K and J are singular due to the fourth row of each matrix
becoming 04 x¢. This singularity arises because the platform
effectively reduces to two spherical joints connected by a
rigid link, allowing an uncontrollable rotation about the line
passing through both joints. Condition 3.3 corresponds to
case 3d of GLG, in which lines 1, 3, 4, and 5 lie in a common
plane, as illustrated in Fig. 3(c), causing the corresponding
linear system to degenerate to rank 3. Condition 3.4 arises
when the spherical joint lies in the plane defined by lines
4 and 6. Equivalently, lines 1, 2, and 3 intersect at a point
on this plane, causing the corresponding linear system to
degenerate to rank 4, according to case 4d of GLG, as shown
in Fig. 3(d).

This concludes the singularity analysis for the proposed
hybrid parallel architecture. To summarize, the conditions
labeled 1.x and 2.x correspond to type I singularities, while
the conditions 3.x represent type II singularities, except for
condition 2.3/3.2, which is a type III singularity. The rank-
based interpretations provided above clarify how each condi-
tion reflects a degeneracy of the linear system associated with
the Jacobian, linking the algebraic singularity to its geometric
manifestation.

The orientation of the end-effector is described using tilt
and torsion angles (¢, 0y, 0) [15], where ¢ denotes the az-
imuth, 6, the tilt angle, and o the torsion angle. Considering

the singularity conditions described above, in the zero-torsion
case, the rotation of the end-effector is constrained to a maxi-
mum tilt of 6;; = 90° for ¢ = 0° and ¢ = 180°, as imposed
by type I singularity condition 2.5 and type II singularity
condition 3.4. This limit increases as ¢ approaches +90°,
where no singularity constraints are present and the tilt angle
can reach unbounded values, allowing infinite rotation of the
platform. The torsion angle of the end-effector is constrained
to o = +90° by singularity condition 3.3, thereby defining
the torsional limits of the workspace. Therefore, considering
only the singularity conditions, the orientational workspace
of the CoPaRo architecture is characterized by a torsion angle
ranging from o = —90° to ¢ = 90°, and a zero-torsion tilt
angle ranging from a maximum of 6; = 90° in its most
constrained direction to #;; = 180° (infinite rotation) in its
least constrained direction.

VII. WORKSPACE ANALYSIS

To determine both the translational and orientational
workspace, a numerical approach is employed. For each
position and orientation under consideration, the inverse
kinematics is computed to verify the existence of a feasible
solution within the same solution branch among the 32
possible branches. Additionally, the condition number of the
Jacobian matrices K and J is evaluated, and configurations
are considered ill-conditioned if the condition number of
either matrix exceeds 80*. This threshold ensures avoid-
ance of configurations with high kinematic sensitivity or
poor numerical stability, while a finite condition number
guarantees that the corresponding Jacobian is full rank,
indicating that the robot is not in a singular configuration. In
addition, potential interferences between links are evaluated
for each configuration. To assess collisions between non-
adjacent links, the links are modeled as line segments, and
the minimum distance between each pair is computed. If this
distance is less than 20 mm, the configuration is considered
to have an interference and is excluded from the workspace.
Consequently, the workspace obtained in this section cor-
responds to configurations that are well-conditioned, free
of singularities, and free of interferences, thereby providing
a realistic representation of the robot’s usable workspace.
The lengths of the links can be proportionally increased or
decreased to expand or reduce the translational workspace
accordingly. Such scaling does not affect the orientational
workspace, provided that no new interferences between links
are introduced. The geometric parameters for the workspace
analysis were selected as follows (all values in millimeters):

l10 =280, I, =la1 = 82.16, Iy 5 = 104.43, 1, 3 = 645.42,
ly,4 =567.55, l1,5 = 55.31, l1,6 = 39.76, l1 7 = 117.30, I3 = 126.89,
lo3 = 510, lp.q4 = 588.08, la.5 = 147.58, 56 = 98.86, l37 = 37.98.

These values were determined through a Pareto optimization
aimed at maximizing both the translational and orientational
workspace of the robot.

*As the workspace showed only minor variation for maximum condition
numbers between 60 and 100, the mid-range value of 80 was selected to
balance ill-conditioning and workspace size.
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Fig. 4. Translational workspace of the CoPaRo architecture, with axes
corresponding to the base frame Ogy .

A. Translational Workspace

To construct the translational workspace of the robot, the
platform is oriented at Q = I3, representing the reference
orientation in which frame O;,y,z, remains aligned with the
base frame O, .. In this configuration, the platform’s y’-axis
is orthogonal and points away from the first two coaxial
revolute joints for values of x = 0. Since the first revolute
joint of each leg is coaxial, the translational workspace
is symmetric around their common axis. Therefore, the
workspace can first be determined in the y-z plane, and the
resulting 2D workspace can then be revolved around this axis
to generate the complete 3D translational workspace. The 2D
workspace is discretized using a grid with 0.5 mm intervals,
providing a smooth resolution for visualization. The resulting
3D translational workspace is shown in Fig. 4, with axes
corresponding to the base frame O, ., which is located at
the centre of the first revolute joint of leg 2. A section of the
revolution is left open to allow visualization of the complete
translational workspace. The CoPaRo architecture possesses
a translational workspace resembling that of a serial robot,
forming an approximately spherical volume centered at the
robot’s base, which represents an ideal workspace shape.

B. Orientational Workspace

The orientational workspace was evaluated at an end-
effector position p corresponding to the centroid of
the negative-z, positive-y portion of the 2D translational
workspace slice at * = 0, which was used previously to
construct the full 3D translational workspace via revolution.
This position is representative of the region around which
the robot is expected to operate most frequently. Due to
the rotational symmetry around the common axis of the
first revolute joint of each leg, the orientational workspace
obtained at point p can be applied to all positions generated
by revolving p around this axis. Tilt and torsion angles,
as previously introduced, are used to describe the platform
orientation. For the numerical construction of the orienta-
tional workspace, the tilt and torsion angles are discretized
with intervals of 1° for o, and 0.1° for both 6;; and ¢.
This fine discretization ensures an accurate representation

Fig. 5. Orientational workspace of the CoPaRo architecture at the reference
position, defined as the centroid of the negative-z, positive-y portion of the
2D translational workspace slice at x = 0. Coloring is arbitrary and used
solely for visual clarity.

Fig. 6. Largest tilt angles in the zero-torsion cross-section of the proposed
architecture’s orientational workspace.

of the workspace boundaries and smooth visualization. The
resulting workspace of the CoPaRo architecture is illustrated
in Fig. 5 using cylindrical coordinates, where the z-axis,
radius, and azimuthal angle correspond to o, 6, and ¢,
respectively. The CoPaRo architecture allows for a range
of torsion angles, extending from ¢ = —57° to ¢ = 65°.
It can be observed that the tilt angle becomes limited at
larger torsion angles, but remains generally very large. The
zero-torsion cross-section of the orientational workspace is
shown in Fig. 6. In the zero-torsion case, the platform can
reach tilt angles close to 90° in all directions and can
achieve infinite rotation in certain directions. This behavior
is consistent with the predictions presented in Section VI,
confirming that the zero-torsion workspace is limited by the
singularities of the architecture. It should be noted, however,
that not all boundaries correspond to singular configurations;
some are caused by interferences between links or by ill-
conditioned Jacobian matrices. For instance, the range of
torsion is restricted by ill-conditioned Jacobians rather than
singularities, which explains why the full theoretical range of
o = £90° discussed in Section VI is not attained in practice.
Despite these limitations, the platform exhibits excellent rota-
tional capabilities, considering that the computed workspace
represents the usable orientational workspace, accounting
for singularities, interferences, and numerical stability. In
fact, the orientational capabilities observed at the centroid
position are maintained throughout most of the translational
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Fig. 7.

CAD model of the CoPaRo robot.

workspace. Therefore, the dextrous workspace is defined here
as the region in which the manipulator preserves the same
orientational capabilities as those evaluated at the workspace
centroid. The volume of this dextrous workspace closely
approximates the translational workspace depicted in Fig. 4;
however, the orientational capability typically decreases sig-
nificantly within 0.1 m of the translational boundaries.

VIII. VIRTUAL PROTOTYPE

A CAD model of a generic embodiment of the novel
CoPaRo architecture is shown in Fig. 7. A 4-DoF spherical
joint [16] is employed to provide a large motion range. As
shown in Fig. 7, the motors are positioned close to the
base and transmit motion to distal joints via pulleys. This
arrangement significantly reduces the robot’s inertia, as the
motors are the heaviest components. The low inertia allows
the use of direct-drive or quasi-direct-drive motors, which
render the robot backdrivable. The required transmission
ratio lies in the range 3:1-5:1, compared to values typically
exceeding 50:1 in serial manipulators. As reflected inertia
scales with the square of the reduction ratio, this significantly
reduces the apparent joint inertia. The use of timing belt
reduction lowers friction relative to high-ratio planetary,
harmonic, or cycloidal gear drives, thereby further enhancing
backdrivability. Backdrivability is advantageous for human-
robot interaction, as it allows the robot to react smoothly
to forces applied by a human, enabling more intuitive and
fluid interaction while sensing the forces directly through
the actuators instead of relying on additional force/torque
sensors, also referred to as proprioceptive actuation [17].
Despite placing the motors near the base, the robot maintains
a compact footprint comparable to that of serial manipula-
tors. An animation of the robot is provided as supplemental
material, demonstrating both the translational and rotational
motion of the platform and highlighting its large workspace.

IX. CONCLUSION

This paper introduced CoPaRo, a novel 6-DOF hybrid
parallel robot. Its complete kinematic analysis was pre-

sented, and all singular configurations were analyzed. The
proposed architecture achieves a large usable translational
and orientational workspace, accounting for singularities,
mechanical interferences, and numerical stability. The ax-
isymmetric translational workspace closely resembles that of
a serial robot, which is ideal. The orientational workspace
provides infinite rotation in certain directions and close to
90° in all directions under zero torsion, with platform torsion
ranging from —57° to 65°. A virtual prototype shows that
the actuators can be positioned close to the base, transmitting
motion to distal links via pulleys to reduce the robot’s
inertia. The low inertia also allows the use of direct-drive or
quasi-direct-drive actuators, enabling backdrivability. These
characteristics make CoPaRo highly suitable for pHRI tasks.
Future work will focus on the development of a functional
prototype and its validation in pHRI tasks.
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