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Dionis: A novel remote-center-of-motion

parallel manipulator for Minimally Invasive

Surgery
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Abstract. The large volume and reduced dexterity of current surgical robotic systems are factors that restrict their effective

performance. To improve the usefulness of surgical robots in minimally invasive surgery (MIS), a compact and accurate posi-

tioning mechanism, named Dionis, is proposed in this paper. This spatial hybrid mechanism based on a novel parallel kinematics

is able to provide three rotations and one translation for single port procedures. The corresponding axes intersect at a remote

center of rotation (RCM) that is the MIS entry port. Another important feature of the proposed positioning manipulator is that

it can be placed below the operating table plane, allowing a quick and direct access to the patient, without removing the robotic

system. This, besides saving precious space in the operating room, may improve safety over existing solutions. The conceptual

design of Dionis is presented in this paper. Solutions for the inverse and direct kinematics are developed, as well as the analytical

workspace and singularity analysis. Due to its unique design and kinematics, the proposed mechanism is highly compact, stiff

and its dexterity fullfils the workspace specifications for MIS procedures.
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1. Introduction

A major progress in abdominal surgery has occurred

during the last decades with the introduction of

laparoscopic and minimally invasive techniques. These

innovative procedures focused much attention due to

their several advantages: Smaller abdominal incisions

needed, resulting in faster recovery of the patient,

improved cosmetics, and shorter stay in the hospital.

The safety, efficiency and cost-effectiveness of laparo-

scopic surgery have subsequently been demonstrated

in clinical trials for many routine abdominal opera-
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tions [2, 27]. However, from the surgeon’s point of

view there are still many difficulties in learning and

performing such procedures with current laparoscopic

equipment, which is non-ergonomic, non-intuitive and

lacking in adequate visual and tactile feedback [4, 18].

In order to overcome the disadvantages of traditional

minimally invasive surgery (MIS), robot technology

has been introduced into the operation room. Although

a wide range of diagnostic and therapeutic robotic

devices have been developed [29] and [34], the only

commercial systems that have already been used in

human surgery are the da Vinci System, by Intuitive

Surgical [25], and ZEUS, by Computer Motion. Fol-

lowing the fusion between the two companies, the

ZEUS robot is no longer produced.
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Despite various existing interesting systems and

after more than ten years of robotic MIS research, sur-

gical robotics is still only at the very beginning of a very

promising large scale development. One of the major

open drawbacks is that the current surgical robots are

voluminous, competing for precious space within the

operating room (OR) environment and significantly

increasing OR preparation time. Access to the patient

is thus impaired and this raises safety concerns. In

addition, robotic systems offer excellent vision and

precise tissue manipulation within a defined area but

they are limited in operations involving more than one

quadrant of the abdomen. Since many gastrointestinal

operations involve operating in at least two abdominal

quadrants, the repeated disconnection and movement

of the robots increase significantly the duration of the

surgical procedure.

Another drawback of current surgical systems is

related to the mechanisms that hold and place the surgi-

cal instruments into the abdomen, remaining external

to the patient. Their access within the abdomen is

limited since the instruments are constrained by the

abdominal wall at their point of entry. They are also fur-

ther restricted by this fulcrum effect, due to the fact that

their internal motion is mirrored and magnified outside

the body by the robotic arms. Moreover, surgical instru-

ments have limited space to move, leading to eventual

collisions. Consequently, a key feature of most surgical

robot systems is the remoter center of rotation (RCM),

that allows the manipulated tool to pivot around a fixed

point, coincident with the insertion point of the tool

through the patient’s abdomen. Although some robotic

systems use a passive RCM [8, 29], or a virtually con-

strained RCM [19], a mechanically constrained RCM

is often considered safer.

There is a variety of ways to achieve a mechanically

constrained RCM [5, 22, 32, 33]. For those spheri-

cal mechanisms consisting of revolute joints, all the

rotation axes intersect at the center of the mechanism,

effectively meeting the pivot constraint of MIS. The

implementation of this approach can be done using

parallelogram linkages [28, 30], or other linkage con-

figuration [17, 23]. However, in most cases, actuators

are directly mounted at the joints. This may result in:

(1) addition of inertial loads that adversely affect sys-

tem performance [6, 7] or (2) lack of DOFs to place

and guide the MIS instruments within the abdominal

cavity [23, 24].

In order to overcome some of these problems,

our research group is working on a novel surgical

robotic platform aiming to bring precise bi-manual

manipulation and standard surgical procedures inside

the abdominal cavity. The overall platform is mainly

composed by two subsystems. One of them is an

endoscopic unit, which is a cable actuated micromanip-

ulator system, introducing a higher degree of dexterity,

payload capacity, stiffness and precision to MIS pro-

cedures. The other subsystem, which is presented in

this paper, is a novel external positioning manipula-

tor, able to provide sufficient dexterity and precision

to position the endoscopic unit or a conventional MIS

instrument. The unique design of the proposed system

permits to keep the above-mentioned characteristics at

any location within the abdominal cavity. Extensive

discussions with the medical community have pro-

vided a precious input to establish a highly innovative

engineering surgical system. The proposed manipula-

tor design will contribute to increase the precision and

stability of abdominal surgical procedures, increasing

their reliability. This is possible taking into account the

performance of its parallel structure.

The organization of the paper is summarized hence-

forward. After a short description of the related

geometry and constraints, presented on Section 2,

manipulator’s mobility is analysed in Section 3 and

both inverse and direct kinematics are solved in closed-

form for the parallel structure that forms Dionis main

body, in Section 4. In Section 5, a symbolic form for the

Jacobian matrix is calculated and the singular configu-

rations are identified in Section 6. After that, a study of

the workspace is performed in Section 7. Conclusions

and outlook are presented in Section 8.

2. System overview

2.1. Surgical procedure

Recent developments in surgery show a clear trend

toward less invasive methods of access over the past

decades. While conventional laparoscopy is the stan-

dard treatment for various disorders at present, newer

methods such as single incision laparoscopy (SIL)

and Natural Orifice Translumenal Endoscopic Surgery

(NOTES) are gaining clinical significance world-

wide [9, 15]. Besides hypothetical clinical advantages

such as faster recovery, fewer pain medication and

milder anaesthesia, surveys point out that potential

patients actually favour cosmetically superior surgi-

cal approaches [20]. While pure NOTES will deliver
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cosmetically perfect outcomes with no external scars,

this method is still under development and only per-

formed at a few hospital centers world-wide [13, 36].

SIL, on the other hand, is a feasible technique that has

gained large attention during the last few years, report-

ing many successful cases on medical publications [11,

12]. The great majority of single incision laparoscopy

currently performed, is carried out through the umbili-

cus with penetration of the abdominal wall, by the

umbilical midline. However, such an approach might

lead to a deformed umbilicus, whose integrity and

appearance is considered to be extremely important

for many patients [3, 14], and to an increased rate of

incisional hernias after the procedure [26].

Due to these presumed disadvantages, a novel

approach to enter into the abdominal cavity for SIL has

been developed and may represent a bridge between

the cosmetic advantages of NOTES with the techni-

cal feasibility of SIL. Subcutaneous surgical tunneling

(SST) disconnects the skin incision from the entrance

of the peritoneal cavity through the abdominal wall

[21]. Therefore, the skin incision can be placed in

almost any cosmetically favorable location of the body

such as the supra-pubic hair, groin, axillae or previ-

ous (Fig. 1). Then, a subcutaneous tunnel is formed to

enter the peritoneal cavity through the abdominal wall

at a mechanically favorable location, such as the rectal

muscle to decrease the risk of incisional hernias.

The flexibility of this method of access makes it pos-

sible to theoretically customize each incision to the

specifics of each patient, regarding existing scars, cos-

metic preferences and individual weak areas of the

TrocarInsertion tube

Distal instruments

Path in tissue

RCM

Fig. 1. Subcutaneous surgical tunnelling procedure.

abdominal wall. In addition, having the MIS instru-

ments inserted close to a horizontal orientation allows

the access to different quadrants of the abdomen,

avoiding the docking and disengagement of the robot

and decreasing significantly the total operating time

(Fig. 1). However, the mobility of the surgical instru-

ments may be lower in the case of SST than in a

conventional SIL procedure.

2.2. The complete platform

To the best of the authors’ knowledge, the design

concept followed in this work consists of one of the first

attempts to develop a robotic platform aiming to per-

form surgical procedures by SST. The idea is to bring

bi-manual manipulation and standard surgical proce-

dures inside the abdominal cavity, with a cable actuated

micro-robotic system, stabilized by an external system

and inserted through an incision on the supra-pubic

hair region, Fig. 2.

The surgical platform proposed in Fig. 3 is mainly

composed by two subsystems: (1) an external position-

ing unit, the Dionis manipulator, and (2) an endoscopic

unit. A newly designed micro-manipulator system

operates to increase the degree of dexterity, payload

capacity, stiffness and precision inside the patient’s

body.

The purpose of the Dionis manipulator is to posi-

tion the micro-manipulators of the endoscopic unit

inside the human body, without violating the con-

straints imposed by the fixed tissue incision point.

In this way, the proposed external manipulator pro-

4 DOF rigid tube

Micromanipulators

External actuators

RCM

Fig. 2. Conceptual representation of the surgical platform.
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(2) Endoscopic

micromanipulators
(1) External

positioning mechanism 

Fig. 3. Conceptual design of the complete surgical platform.

vides 4 DOF, with a fixed RCM, for positioning the

endoscopic micro-manipulators inside the abdominal

cavity. The related kinematics gives to the insertion

tube (IT) two rotary degrees of freedom about the inci-

sion port, placed around the supra-pubic-hair area, plus

a linear movement in the direction of the same point,

along the axis of the IT. The fourth DOF is a rotation

about the IT’s axis, given by a fourth actuator of the

external unit, Fig. 4.

Since the external manipulator cannot provide the

desired mobility needed to perform complicated sur-

gical procedures, the extra DOFs are given by two

micro-manipulators. In order to be as intuitive to con-

trol as possible, the degrees of freedom are designed

to resemble a simplified human arm. Two micro-

manipulators are used to perform actions such as

pulling and cutting the tissue or eventually suturing.

The stereoscopic camera will be located between the

two arms, providing eye-manipulator alignment simi-

lar to human eye-hand alignment, thus enhancing the

telepresence and intuitiveness of the system. This gives

the impression to the surgeon that he is operating inside

the patient’s body with his own two hands.

2.3. External manipulator geometry: The Dionis

novel parallel structure

Despite showing good operating characteristics

(large workspace, high flexibility and dexterity), serial

manipulators present disadvantages such as low preci-

sion, low stiffness and low payload. On the other hand,

parallel kinematic manipulators offer essential advan-

tages, mainly related to lower moving masses, higher

rigidity and payload-to-weight ratio, higher natural fre-

quencies, better accuracy, simpler modular mechanical

construction and possibility to locate actuators on the

fixed base. These characteristics make parallel manip-

ulators extremely suitable for surgical applications.

Taking into account that stiffness and precision are

considered to be key features on external position-

ing mechanisms for MIS, the proposed manipulator is
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4th DOF

Actuator Outside

the body
Inside

the body

RCM

Fig. 4. Degrees of freedom of the external manipulator.

based on a parallel kinematics, to reproduce the needed

degrees of freedom.

A schematic of the proposed manipulator is shown

in Fig. 5. The RCM, point O, is placed on the x-axis

of the fixed reference frame, F (x, y, z), and is distant

by an offset t from the origin, O′, which is placed in

the intersection of lines t1, t2 and t3, that belong to the

stationary platform, PS , in the XY plane. In addition,

lines t1, t2 and t3 are perpendicular to axes a11, a12 a13,

respectively. Three identical limbs connect the moving

platforms, PM and PI , to the stationary platform. Each

limb consists of an input link, directly connected to the

actuator, placed on PS and two driven links, connected

to PM and PI . The input links are labeled D11, D12, and

D13 and have length d1. The driven links are composed

by planar four-bar parallelograms, D21, D22, D23, D′
21,

D′
22 and D′

23 and have length d2 and d′
2 respectively.

All of the links and platforms are considered as rigid

bodies (Fig. 5).

The nth limb of the manipulator is shown in

Fig. 6. In each limb, the driven links, the input link,

and the three platforms are connected by four parallel

revolute joints, at axes a1n, a2n, a3n, a′
2n and a′

3n that are

perpendicular to the axes of the four-bar parallelogram

for each limb. A coordinate system, Ln(un,vn,wn), is

attached to the fixed base, PS , in the actuated joint of

each limb, such as the un axis is perpendicular to the

axis of rotation of the joint, a1n, and at an angle ϑn

from the x-axis, while being in the plane of PS . The

vn-axis is along a1n.

The actuation angle, αn, for the nth limb, defines the

angular orientation of the input link relative to the XY

plane, on platform PS . Vectors m and e are respec-

tively the position vectors of points M and E, in the

F coordinate frame. M and I are placed at the center

of circles cM and cI of radius rM and rI , that belong

to platforms PM and PI . Vector l is aligned with the

output link, LE, from point M to point E. Angles βn
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LE

I

EO

PI

PS

D13

D11 D12

D22

D21

D23

PM

M

d1

d2

z

t1
a13

a12

t

t

D22
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Fig. 5. Dionis schematics.

and β′
n are defined from the direction of input links,

axis d1n, to the direction of the plane containing the

parallelograms of driven links, d2n and d′
2n. Angles

γn and γ ′
n are defined by the angles from the direc-

tions of the driven links, d2n and d′
2n, through axis a2n

and a′
2n.

The configuration of the limbs is based on the well

known Delta robot [10]. It is in fact composed by a pair

of 3 four-bar-parallelogram-links fixed on the same

input links. Therefore, the two platforms (the inter-

mediate, PI , and the distal one, PM) move in the same

manner except that PM moves with bigger ranges than

PI . Link, LE, containing the end-effector, E, is then

connected to points M and I by an universal joint and

a sliding spherical joint respectively. The output of the

proposed design results in: Two rotations of LE around

the X and Y axis, and a translation of E on the direction

MO.

To guarantee a perfect RCM, a geometrical ratio is

needed. This ratio is based on the Intercept Theorem

[1], which states that: If two or more parallel lines are

intersected by two self intersecting lines, then the ratios

of the line segments of the first intersecting line is equal

to the ratio of the similar line segments of the second

intersecting line. In other words, and for the example

of Fig. 7:

SD

CD
=

SB

AB
(1)

On Fig. 8(a), a simplified 2D representation of the

Dionis1 is shown. The upper limb (“dashed”) is virtu-

ally rotated π rad from the one bellow, around the Z

axis. According to the Delta principle [10], the rota-

tions of the moving platforms are blocked and PM and

PI are always parallel and vertical. Consequently, in

1 It is the name of a 17th century mathematician and astronomer,

Achille Pierre Dionis, who studied, among other topics, the aligne-

ment of eclipses. The alignement of points O, I and M is precisely

the characterization of the new parallel kinematic structure.
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LE

I E

M

O
e

Fig. 6. Limb schematics.

S

A
B

C
D

Fig. 7. Illustration of the Intercept Theorem.

order to have the link ME always aiming at the RCM,

it is necessary to have points A, C′ and C aligned.

This is true if segments B′C′ and BC are parallel and

if BC/B′C′ = AB/AB′ (Intercept Theorem). If these

conditions are not fulfilled, the behavior of the robot

will be similar but without a perfect RCM. By con-

trast, if they are satisfied, point I will always be aligned

with O and M, for any position of M, and platform

PI is passively moved to guarantee this configura-

tion. According to the above mentioned constraints,

a geometrical simplification can be made, assum-

ing zero-size platforms, which significantly simplifies

the kinematic analysis of the mechanical structure,

Fig. 8(b). In addition, an equivalent architecture can

be introduced, extending the platforms at O, I and M

by a distance t, as shown in Fig. 8(c). In this way, the

RCM, is translated by a distance t, in the platform’s

extension direction, resulting in a mechanism with the

same kinematics.

It is also important to point out that this kinemat-

ics can also be applied in other configurations that are

not specific to the surgical procedure presented in the
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Fig. 8. 2D representation of Dionis manipulator.

previous section. Figure 9 shows two other possible

configurations of the proposed kinematics.

3. Manipulator mobility

The proposed parallel platform hereafter is charac-

terized by the kinematic structure shown in Fig. 10.

Considering the manipulator mobility, let F be the

degrees of freedom, n the number of parts, k the number

of articulations, fi the degrees of freedom associated

with the ith joint, and λ = 6, the motion parameter.

Then, the number of DOFs of a mechanism is deter-

mined by the Grübler-Kutzbach Criterion [31]:

F = λ (n − k) +

j
∑

i=1

fi (2)

For the Dionis manipulator, we have: n = 13

(3 inputs links, 6 driven links, 2 moving platforms,

1 slider-mount, 1 end-effector link); k = 18 (3 actuated

revolute joints, 1 spherical joint, 13 universal joint and

1 slider) and
∑

fi = 33. Applying Eq. 2 to the Dio-

nis manipulator results in: F = 3, and consequently a

mechanism with 3 DOF. The result would be the same

considering all the bars of the parallelograms with a

ball and a universal joints at each tip.

4. Manipulator kinematics

The kinematics of Delta-like Manipulators has

been extensively studied by several authors [10, 31].

Although they look similar in form, Dionis kinematics

is simpler due to the dimensional constraints imposed

by the Intercept Theorem as well as by the geomet-

rically equivalent zero-sized platforms simplification

(represented in Fig. 8). Although the RCM might not

be completely stationary in a real prototype, due to a

deficient production of the different components, in the

following analysis it is assumed so, with the Intercept

Theorem constraints perfectly fulfilled.

4.1. Inverse kinematics

The objective of the inverse kinematics solution is to

define a mapping from the position of the end-effector,

in a Cartesian space, to the set of joint angles that

achieve that position. For this analysis, the position

of point E(ex, ey, ez) is considered known, and is given
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(a) Lateral position configuration (b) Superior position configuration

Fig. 9. Example of potential working configurations for the Dionis manipulator.

E
I

M

Revolute Joint

Universal Joint

Slider+Spherical Joint

Fig. 10. Kinematic structure of Dionis manipulator.

by the position vector e, which defines the location of

E at the distal end of the output link in the F(x, y, z)

coordinate frame. The inverse kinematics analysis pro-

duces the joint angles for each inputs link (α1, α2 and

α3) that yield the given location of the output point.

According to Fig. 6, the following relations for the

nth limb can be written:

d1n + d2n = m = e − l (3)
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where:

F e =

⎡

⎢

⎣

ex

ey

ez

⎤

⎥

⎦
, F l = −

e

‖e‖
‖l‖ , F d1n +F d2n

=F RL

(

Lnd1n +Ln d2n

)

,

FRL =

⎡

⎢

⎣

cos ϑn − sin ϑn 0

sin ϑn cos ϑn 0

0 0 1

⎤

⎥

⎦
,

Ln d1n +Ln d2n =

⎡

⎣

d1 cos αn + d2 sin γn cos (αn + βn)

d2 cos γn

d1 sin αn + d2 sin γn sin (αn + βn)

⎤

⎦ .

The following system of three equations is obtained

for Eq. 3 in the Ln (un, vn, wn) coordinate frame.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

d1 cos αn + d2 sin γn cos (αn + βn) = cos ϑnmx

− sin ϑnmy

d2 cos γn = sin ϑnmx − cos ϑnmy

d1 sin αn + d2 sin γn sin (αn + βn) = mz

(4)

and from Eq. 4:

γn = cos−1

(

sin ϑnmx − cos ϑnmy

d2

)

, γn ∈ [0, π] (5)

γn, βn may be determined taking into account the

Carnot Theorem in the triangle formed by m, d1 and

d2,

m2 = d2
1 + d2

2 − 2d2
1d2

2 cos ψ (6)

which is possible to develop in function of βn:

βn = cos−1

(

m2
x + m2

y + m2
z − d2

1 − d2
2

2d2
1d2

2 sin γn

)

,

βn ∈ [0, π] (7)

Finally, with αn and βn already calculated, an ana-

lytic expression of αn can be obtained from Eq. 4.

4.2. Direct kinematics

Direct kinematics solution defines a mapping from

the known set of actuated joint angles to the unknown

position of the moving platform. For the proposed

manipulator, the joint angles that are considered known

are those formed by the links and the fixed base of the

manipulator (α1, α2 and α3). The unknown position of

the end-effector is described by the position vector e,

which defines the location of E at the distal end of the

output link in the F(x, y, z) coordinate frame.

The first step to solve the direct kinematics of this

specific manipulator consists in finding the intersection

points of three spherical surfaces. The surface of each

sphere represents the range of motion of distal end of

one of the limbs when point Bn is located at a known

position (determined from the geometry of the robot

and the angle given by the appropriate actuator). The

radius of each sphere is equivalent to length d2 and the

intersection points of the three sphere surfaces are the

only possible positions that point M may occupy.

In the general case, there are two intersection points,

but other cases can be identified such as (1) a singular

solution, where one sphere is tangent to the circle of

intersection of the two other spheres, or (2) no solution,

where no intersection point exists.

The equation of the sphere generated by the nth limb

is given by:

(mx − bnx)2 +
(

my − bnx

)2
+ (mz − bnx)2 = d2

2 (8)

that can be extended to:

m2
x +m2

y +m2
z +mxa1n +mya2n +mza3 +a4 = d2

2 ,

for n = 1, 2, 3 (9)

where:

a1n = −2d2 cos ϑn cos αn

a2n = −2d2 sin ϑn cos αn, for n = 1,2,3

a3n = −2d2 sin αn

a4n = d2
2

The intersection of the two spheres, generated by

limb 1 with limbs 2 and 3, creates two circles that are

contained in the following plane:

c1nmx + c2nmy + c3nmz = 0, for n = 2, 3 (10)

where:

c1n = a11 − a1n

c1n = a21 − a2n, for n = 2, 3

c1n = a31 − a3n



R. Beira et al. / Dionis: A novel remote-center-of-motion parallel manipulator for MIS 201

A line is then generated by intercepting the two

planes. This may be represented by solving Eq. 10 for

my and mz as a function of mx:

my = h1mx and mz = h2mx (11)

where:

h1 =
−c12c33 + c32c13

−c32c23 + c22c33

h2 =
−c22c13 − c12c23

c32c23 − c22c33

The intersections of this line with one of the spheres

presented in Eq. 9, define the position of point M.

Therefore, introducing Eq. 11 on Eq. 9, for n = 1 the

following expression can be obtained:

g1m
2
x + g2mx + g3 = 0 (12)

where:

g1 = 1 + h2
1 + h2

2

g2 = a11 + a12h1 + a31h2

g3 = −d2
2 + d2

1

and solving for mx:

mx =
−g2 +

√

g2
2 − 4g1g3

2g1
Having calculated the coordinates of point M, the

end-effector coordinates are obtained by:

e = −
m

‖m‖
(‖l‖ − ‖m‖) (13)

which solves the direct kinematics problem for this

manipulator.

5. Velocity analysis

Since the inverse kinematics equations for the Dionis

manipulator are relatively complex, it is not compu-

tationally efficient to calculate the Jacobian Matrix,

differentiating those relationships with respect to x, y

and z. Instead of this, we propose to obtain the velocity

of the end effector, vE by deriving Eq. 3 with respect

to time:

vE = vM −

(

m

‖m‖
‖l‖

)′

(14)

where:

vM = α̇n × d1n +
(

β̇n + γ̇n

)

× d2n (15)

Multiplying both sides of Eq. 15 by d2n, in the Ln

coordinate frame yields:

Lnd2n ·Ln vM = α̇n ·
(

Lnd1n ×Ln d2n

)

(16)

where:

Ln d2n = d2

⎡

⎣

sin γn cos (αn + βn)

cos γn

sin γn sin (αn + βn)

⎤

⎦ ,

Ln d1n = d1

⎡

⎣

cos αn

0

sin αn

⎤

⎦ , Ln α̇n =

⎡

⎣

0

−α̇n

0

⎤

⎦

LnvM =Ln RF
F vM =

⎡

⎢

⎣

cos ϑn sin ϑn 0

− sin ϑn cos ϑn 0

0 0 1

⎤

⎥

⎦

⎡

⎢

⎣

vMx

vMy

vMz

⎤

⎥

⎦

=

⎡

⎢

⎣

vMx cos ϑn + vMy sin ϑn

−vMx sin ϑn + vMy cos ϑn

vMz

⎤

⎥

⎦

Equation 16 results in three scalar equations which

can be arranged as follows:

JxvM = Jqq̇ (17)

where the direct and inverse kinematics Jacobian matri-

ces are respectively:

Jx =

⎡

⎢

⎢

⎣

jT1

jT2

jT3

⎤

⎥

⎥

⎦

, Jq =

⎡

⎢

⎣

b1 0 0

0 b2 0

0 0 b3

⎤

⎥

⎦

with:

jn =

⎡

⎣

cos (αn + βn) sin γn cos ϑn − cos γn sin ϑn

cos (αn + βn) sin γn sin ϑn − cos γn cos ϑn

cos (αn + βn) sin γn

⎤

⎦ ,

for n = 1, 2, 3

bn = a sin βn sin γn, for n = 1, 2, 3

and

q̇ =

⎡

⎢

⎣

α̇1

α̇2

α̇3

⎤

⎥

⎦
.
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Equation 17 can be written in a compact form by

introducing the (overall) Jacobian matrix J:

JvM = q̇ (18)

6. Singular configuration

The identification of singular configurations is an

important issue that must be addressed at the first stages

of mechanism design. This topic has been studied for a

long time [16] and comprehensive classifications have

been proposed in past years [35]. The most remarkable

cases are usually called (1) inverse kinematics singu-

larities, when an infinitesimal motion of a limb does

not yield a motion of the platform (that “loses” one or

more DOF in certain directions) and (2) direct kine-

matics singularities, when the moving platform can

move along certain directions even if all actuators are

completely locked (and the mechanism “gains” one or

more DOF). From Eq. 14 we may obtain that:

vE = f (m, vM) (19)

Introducing Eq. 17 on Eq. 19 we establish:

vE = f
(

m, J−1
x Jqq̇

)

(20)

As a consequence, the singularity analysis of the

Dionis manipulator can be performed considering Jx

and Jq calculated in the previous section. The first kind

of singularity occurs when Jq is not of full rank and

(a) (b)

(c) (d)

Fig. 11. Example of singular configurations.
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Jx is invertible, i.e., det(Jq) = 0 and det(Jx) /= 0. For

this manipulator, this is verified when:

αn = 0 or αn = π or γn = 0 or γn = π, for n = 1, 2 or 3

The second kind of singularity, named the direct

kinematics singularity, occurs when Jx is not of

full rank while Jq is invertible, i.e., det(Jq) /= 0 and

det(Jx) = 0, which can happen when:

αn + βn = 0 or π or γn = 0 or π, for n = 1, 2 or 3

A third kind of singularity occurs when both Jq

and Jx become simultaneously not invertible, i.e.,

det(Jq) = 0 and det(Jx) = 0 which happens when:

γn = 0 or π, for n = 1, 2 or 3

To summarize, singularities can occur when:

• all the pairs of the bars composing the parallel-

ograms are parallel – the moving platforms have

three degrees of freedom and move along a spher-

ical surface rotating about an axis perpendicular

to the platforms, Fig. 11(a).

• two pairs of bars composing the parallelograms,

for each moving platform, are parallel – the mov-

ing platforms have one degree of freedom, moving

in only one direction Fig. 11(b).

• two pairs of bars composing the parallelograms

are in the same plane or in parallel planes – the

moving platforms have only one degree of free-

dom, rotating about a vertical axis, Fig. 11(c).

• three parallelograms, of each moving platform,

are placed at three parallel planes or on the same

plane – the platforms keep three DOFs, namely:

Two rotations about axes contained in the plane

of the platform and one translation perpendicular

to the same plane, Fig. 11(d).

7. Workspace analysis

Workspace is one of the most important issues when

designing a parallel manipulator since it determines

the region that can be reached and, therefore, it is

a key point in robotic mechanism design [16]. The

designs based on a workspace calculation use methods

Beira R et al.

P3

P2

P1

a2

un

vn

wn

n

g

a1

P4

d2n

d1n

Fig. 12. Profiles generating the nth limb workspace.

S2

S3

S4

S1

Fig. 13. Workspace surfaces for each limb.

in which the first step is to develop an objective func-

tion that might be reached by the result. The result is

generally obtained by recursive-numerical-algorithms

[35]. These methodologies have the disadvantage of

being extremely time consuming, due to the highly

non-linear objective functions that are manipulated. In
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Fig. 14. 3D representation of the workspace of point M, for a single limb (example with d = 500 and l = 1000 is shown).

this paper, the workspace representation of the Dionis

manipulator is analysed geometrically.

7.1. Characteristics of the workspace

for a single limb

Knowing in advance all the singular configurations

presented in the previous section, it is possible to intro-

duce some constraints in the manipulator’s design in

order to avoid those postures and collisions between

mechanism components. Therefore, it was decided to

analyze the workspace of the Dionis manipulator in

the boundary of those conditions, whereαn ∈
[

0, π/2
]

,

γn ∈ [0, π] and d1 = d2 = d.

Equation 3 indicates that, for a given position of

the moving point M, the position of the end-effector,

E, can be determined by a translation through vec-

tor l. In other words, the workspace generated by the

nth limb is a translation of the reachable workspace

of point M by l. In addition, the motion of the

limb is constrained, not only by the joint limits, but

also by the other limbs. Therefore, the workspace of

Dionis Manipulator is the intersection of the three

individual reachable workspaces generated by the three

limbs.

According to Eq. 8, and the specific Dionis limb

design, the workspace of the limb point M is a solid

sphere with radius d, if there is no joint limitations for

the revolute joints. However, point Bn

(

bnx, bny, bnz

)

,

which is able to move along a circular path in the

ZX plan, is limited to avoid singular configurations

and colisions with other components of the mecha-

nism. The workspace of each limb is the solid envelope

shown in Fig. 12.

In order to calculate and visualize the workspace for

each limb, the following steps have to be achieved:
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Fig. 15. 3D representation of the workspace of point M (example with ϑ1 = 0 rad, ϑ2 = π/2 and ϑ3 = −π/2 rad).

(1) parallel translation of profile p1 (generated by

the path of point M at full range of γn, for

αn = 0) along the guide-line g, until p2;

(2) rotation of profile p2 along axis a1, until p3;

(3) parallel translation of profile p3 along the guide-

line g, until p4;

(4) rotation of profile p4 along axis a2, until p1

again.

The corresponding analytical equations of the above

mentioned profiles and guide lines are the following:

P1: un = d ∧ v2
n + w2

n = d2

P2: un = 0 ∧ v2
n + (wn − d)2 = d2

P3: wn = d ∧ u2
n + v2

n = d2

P4: wn = 0 ∧ (un − d)2 + v2
n = d2

g: vn = 0 ∧ u2
n + z2 = d2

a1: wn = d ∧ un = 0

a2: wn = 0 ∧ un = d

With the profiles presented before, it is possible to

generate the surfaces shown in Fig. 13.

The resulting surfaces, si(i = 1, 4) in Fig. 13

are generated from the following equations:
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Fig. 16. 3D representation of the workspace of points M (z > 0) and E (z < 0).

s1: u2
n +

(

wn −
√

d2 − vn

)2
= d2

s2: u2
n + v2

n + (wn − d)2 = d2

s3: u2
n +

(

vn −
√

d2 − wn

)2
< d2

s4: u2
n + (vn − d)2 + w2

n = d2

Once the former analytical expressions have been

identified, it is possible to represent them in the 3D

space, using Wolfram Mathematica 7, and visualize

the workspace of the manipulator, as in Fig. 14.

The workspace of M, considering the entire manipu-

lator, is the result of the intersection of the workspaces

of the 3 limb workspaces, Fig. 15.

Having the Workspace of point M, WM , defined,

the workspace of E, WE, is calculated using Eq. 13,

Fig. 16. On the left part of the plot, for z > 0, we

may find the workspace of M, while the workspace

of E is represented for z < 0. As can be seen by

the workspace distribution around point O (0,0,0), the

stationary of the mechanism’s RCM is verified. The

reachable workspace of the Dionis Manipulator can be

represented easily using the commercial CAD software

such as SolidWorks 2009. For instance, in the exam-

ple with d = 500, l = 1000, ϑ1 = 0 rad and ϑ2 = π/2,

ϑ3 = −π/2 rad, the workspace has the shape shown

on Fig. 17. It can be seen that it encloses the patients

abdominal cavity, meeting the specifications in terms

of task workspace, for MIS.

8. Conclusions

The major focus of this work is to present a novel

concept of external positioning manipulator for min-

imally invasive surgical procedures. The proposed

manipulator provides enough dexterity and precision

needed to position MIS instruments at any loca-

tion within the abdominal cavity. The implementation

of a unique parallel kinematics results in a 4-DOF

hybrid mechanism that provides three rotations and one

translation, with a fixed remote center of motion. A sig-

nificant advantage of this novel design is that it can be

placed below the operation table plane, allowing direct

access to the patient without removing the manipula-

tor. Consequently, safety is improved and considerable

space in the operating room is saved. The latter features
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Fig. 17. Workspace with respect to patient.

prove the interest of the proposed design in comparison

to existing solutions. In addition, compactness, sim-

plicity and robustness make the Dionis Manipulator a

highly qualified candidate for MIS procedures.

Analysis of direct and inverse kinematics carried out

in close form demonstrate the large simplicity of the

Dionis Manipulator. Moreover, analytical conditions to

identify singular configurations of the mechanism have

been studied and geometrical interpretation provided.

Results indicate that singularities may be removed

from the workspace with careful design of the mechan-

ical system. A geometry-based workspace analysis

was formulated, consisting in a simple and applica-

ble tool to design manipulators as the one presented

in this work. The specific surgical workspace was ver-

ified, confirming the proposed mechanism suitability

for MIS procedures.

Further optimization is necessary for both stiffness

and dynamic performance of the Dionis design. In

addition, clinical use needs to be considered in future

work to demonstrate the applicability of this highly

promising surgical manipulator.
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