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SUMMARY
Developed minimally invasive surgical (MIS) robots are
large multi-arm, multipurpose systems requiring significant
investments that limit their availability in hospitals. A larger
distribution of MIS robots with benefit for patients might
be achieved improving their modularity and scalability so
that smaller hospitals or medical centers could decide for
a simpler and lower cost setup for a limited number of
treatments only, while centers with higher funding could have
more systems dedicated to different classes of operations. In
line with this statement the paper proposes the paradigm
of lean MIS system comprising a scalable set of modular,
agile, small size single-instrument robots with limited life
cycle cost. Miniaturization of instruments can further reduce
invasiveness of procedures and one promising research
direction is needle laparoscopic surgery, which can be applied
to classes of operations on small regions requiring small force
interaction with the patient. In the paper the development of a
lean single-instrument manipulator for needlescopic surgery
is presented and a new master concept for accurate restitution
of surgical force proposed and discussed.

KEYWORDS: Surgical robotics; Minimally invasive
surgery; Needlescopic surgery.

1. Introduction
Surgical practice evolves in parallel with the advancements
in the technical domains providing enabling technologies and
tools.

Robotics enabled the passage from manual laparoscopic
surgery to minimally invasive robotic surgery (MIRS).1−3

In laparoscopic surgery tissues are manipulated using
instruments inserted along trocars through small incisions
(keyholes). Each instrument slides along the trocar (1
translation) and rotates about the keyhole (3 rotations).
Various additional degrees of freedom (DOF) may be
available at the tip (wrist) or along the instrument to orient
the surgical tool. In MIRS instead of directly handling the
instruments the surgeon uses haptic interfaces to operate
robotic manipulators maneuvering the instruments. The
control system receives commands from the haptic interfaces,
controls the surgical manipulators, collects and processes
data, and provides to the surgeon information related
to the operation.4,5 Improved and reliable information is
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made available to the surgeon based on a multi-sensorial
system comprising visual and force feedback fused to other
information traditionally unavailable on the theater, e.g.,
from magnetic resonance imaging (MRI).

MIS has become standard for various surgical and
diagnostic procedures for the clear benefit to patients
who suffer minimum trauma to healthy tissues resulting
in less postoperative pain and shorter hospitalization.
Robotic systems overcome the main limitations of manual
laparoscopy. Instruments can have more degrees of freedom
yielding higher dexterity. Intelligent control can filter surgeon
hand tremor and increase accuracy by motion scaling. Three-
dimensional imaging and an appropriate master architecture
may improve surgeon hand–eye coordination making the
operation more intuitive.

Several robotic systems for laparoscopic surgery have
been proposed or are already commercially available. The
most popular commercial system is the da Vinci comprising
a surgeon console, a patient-side cart and EndoWrist
instruments.6 Sitting at the console the surgeon sees the
surgical environment in 3D vision and guides the robot
arms on the cart by means of two joysticks and foot-pedals.
The slave robot on the cart usually has three arms, two for
instruments and one for endoscope; an optional fourth arm
may be also used. Each arm has a standard interface for
EndoWrist instruments. EndoWrist instruments comprise a
tendon driven 2-DOF wrist to orient the tool. Instruments’
diameters range between 5–8 mm and the incision between
10–20 mm.

Another commercial system no more available was ZEUS
with the main difference that instruments did not have wrist
freedoms.

Besides these systems a lot of research effort is dedicated
to laparoscopic surgery.7

The Raven surgical robot from the University of
Washington8 uses a 3R spherical mechanism and provides
two rotations about the keyhole and trocar translation. The
system supports EndoWrist instruments with embedded
wrist. The slave robot is 6-DOF cable actuated with all
actuators in the base. Military application is foreseen and
main design requirements are size and transportability.
Phantom haptic interfaces are used as masters and tele-
surgery is supported.9

The UC Berkeley/UCSF Telesurgical Workstation10

comprises a 6-DOF robotic manipulator for laparoscopic
surgery with 2-DOF wrist. The instrument has a diameter
of 10 mm. The yaw motion is actuated by tendons whereas
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roll and grasping motion are hydraulically actuated. As
master a modified Impulse Engine 3000 (Immersion) is used
providing force feedback on 4-DOF.

Another master-slave system is proposed in ref. [11]. The
master provides 6-DOF plus grasping and a parallel link
mechanism keeps handle orientation fixed. Servo motors
transmit force feedback information to the surgeon. The slave
robotic system consists of three arms, two for the instruments,
one for the camera. For safety reasons the insert position at
the keyhole is mechanically guaranteed.

The DLR in Germany develops the Miro robot which is
the second generation of KineMedic.12 Miro is a redundant
lightweight arm with high payload-to-weight ratio and a
wide range of applications from accurate operations like
setting holes for bone screws to multi-robot MIS. The
KineMedic concept is also further developed in the ongoing
project AccuRobAs (Accurate Robot Assistant – IST-2005-
2.6.1) focusing on improvement of accuracy and surgical
performance figures. Depending on the application, the
modular architecture allows to use one arm for open surgery
or up to three arms together for MIS.

In ref. [13] the Massachusetts Institute of Technology
presents The Black Falcon, an 8-DOF slave manipulator
guided by a modified 7-DOF Phantom master with force
feedback on 3-DOFs. A double 4-bar linkage constraints the
instrument to rotate about the incision point without lateral
displacements.

MIS invasiveness can be further reduced for some classes
of operations requiring interaction forces with tissues smaller
than the ones currently provided by the smallest standard
(5 mm diameter) laparoscopic tools. Smaller tools called
needlescopes (2–3 mm diameter) are used reducing the size
of incisions on the patient’s body and the internal space
required to carry out the operations.

Due to the small diameter the applicable forces are lower
than those for laparoscopic instruments and elasticity has to
be considered for safety issues. These disadvantages caused
the opinion that needlescopic surgery is only applicable for
diagnostics, but it turned out that also therapeutic procedures
can be performed. As described in ref. [14] several
operations have been performed with 3 mm needlescopic
instruments, e.g., cholecystectomy, Nissen fundoplication,
Heller myotomy, and splenectomy. Compared to the
same operations performed with laparoscopic instruments,
postoperative pain, hospital stay and finally also the costs
are reduced with no apparent increase in operative time.
Surgeons already experienced with laparoscopic surgery
could easily adapt to the new instruments, whereas it is
suggested for new surgeons not to start with needlescopic
instruments.

Note that there is a strict interdependence between
procedure and instruments with cross influence: tools serve
the procedure and the procedure is defined on the basis of
available technology and realizable tools. Firm requirements
come from mandatory actions to be carried out for the
treatment of the disease, e.g., full ablation of a certain part
of an organ. It is generally difficult to clearly identify such
firm requirements and parallel evolution of procedures and
tools may continuously increase the number of treatments
that can be carried out with smaller tools (compared to the

smallest current laparoscopic tools) able to exert smaller
forces.

In line with this evolution of MIS robotics to needlescopic
surgery, the paper presents an intrinsically safe manipulator
with parallel architecture and a new design for a 6-
DOF force feedback haptic master. The master reflects
all the laparoscopic constraints already in the mechanism
architecture and gives the surgeon the feeling as if his hand
was inside the patient’s body.

2. Lean Needlescopic MIS Systems
In spite of extensive research, few robotic MIS systems are
fully commercially available and are expensive and bulky.

Areas of application and procedures which can be carried
out with robotic MIS increase according to the scientific
and technological advancements in the related fields. The
complexity of the in use systems is an obstacle and
new important requirements become transportability and
leanness. The concept of lean MIS system emerges: it
involves a higher level of scalability and modularity than
in the available MIS systems. Specialization is considered
as a potential advantage: instead of multipurpose units able
to carry out almost any type of operation lean systems can
be used for classes of operations with the potential benefit
to have an overall higher number of systems functioning
in hospitals and medical centers and a higher rate of
surgical interventions carried out with robotic MIS instead
of traditional techniques.

An example of emerging application field is military tele-
surgery where lean robotic MIS systems are available on the
field and surgeons can operate injured army personnel and
civilians from remote.

The increase in procedures that can be carried out
with needlescopic MIS may promote the development and
diffusion of lean systems. The robotic manipulators operating
needlescopic tools can be remarkably smaller than the ones
for laparoscopic surgery. The number of tools changes
accordingly to the type of operation. Functional requirements
generally change and system layouts different from the
ones currently adopted in robotic laparoscopic MIS become
feasible.

A lean scalable needlescopic MIS system comprises: (a) a
variable number of manipulation modules with identical
interfaces: to the needlescopic instrument, to the ground
support, and for signals and power (Fig. 1a); (b) a ground
support (generally passive reconfigurable) able to carry a
variable number of manipulation modules and to provide to
each of them signal and power interfaces (the architecture
of the support can be specifically customized); (c) a set
of modular surgical instruments; and (d) a modular haptic
surgeon-system interface (master) for each manipulation
module.

The control architecture of the lean MIS system is modular,
distributed between the manipulation modules, each with a
dedicated controller, and the master. The master can support
different command schemes for different instruments carried
by the manipulation module.

A lean system for needlescopic surgery applying these
concepts has been designed at the laboratory of Design and
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Fig. 1. Schematic of lean robotic needlescopic MIS manipulator (a); detail of modular needlescopic instrument (b); cluster of manipulators
operating in the same workspace (c).

Measurements for Automation and Robotics (PMAR), the
University of Genoa. The concept of handling the surgical
instrument as in open surgery is applied. The haptic interface
is designed to replicate the kinematics and constraints of the
surgical instrument inserted in the patient’s body in order
to allow very accurate reflection of forces and feel of the
instrument.

The following points out the new concepts about the
manipulation modules and the instrument. Design details
for the PMAR lean needlescopic system are provided in
Section 3 dedicated to the manipulating slave and in Section 4
illustrating the guiding master.

2.1. Manipulation modules
The manipulation module is an actuated mechanism carrying
one surgical instrument. The end-effector is a support
along which the instrument can be inserted and attached
(instrument-support). The motion of the end-effector is of
type SP (spherical–prismatic) with the center of spherical
motion placed in correspondence of the keyhole: the
instrument tilts about the keyhole, rotates about its axis
(torsion), and translates parallel to its axis (extrusion). The
motion pattern is exactly the one allowed to the instrument
and there is no possibility of control errors resulting in
translation of the surgical instrument transversally to the
keyhole with injure of the patient (as it could happen with a
serial 6-DOF or 7-DOF robot controlled to satisfy the keyhole
constraint).

More modules are placed near each other on the patient’s
body so that the instruments they carry can work in the same
surgical workspace (Fig. 1c).

Requirements on workspace and placement of the modules
are detailed in Section 2.4.

The SP equivalent motion pattern can be generated with
three main mechanism layouts:15 (a) a serial mechanism,
e.g., of type (RRR)P (three R-joints with axes crossing at
a point and a P-joint) with all joints actuated; (b) a purely
parallel or series–parallel16 SP-equivalent mechanism; (c) a
UP-equivalent mechanism (universal-prismatic) to provide
tilt and extrusion and a R-equivalent mechanism in series
(actuated revolute joint through the center of the U joint)
to provide torsion; and (d) a S-equivalent mechanism for tilt

and torsion and a P equivalent mechanism (actuated prismatic
joint) in series for the extrusion.

A parallel or series-parallel architecture is preferable with
respect to the serial architecture and to the architectures with
separate actuated joints for torsion or extrusion: only the
joints closest to the base are actuated, a remote center point
of rotation (CPoR) (the center of the S motion) is normally
easy to generate, the instrument is supported by more than
one kinematic chain and sufficient accuracy and stiffness
can be obtained with relatively small links, the rotational
workspace can be large enough.

The rotational workspace does not scale when scaling the
mechanism. The geometry of an SP-equivalent parallel or
series–parallel mechanism (and then its overall size) is related
to the extrusion range and scales proportionally to it.

The overall range of extrusion required comprises two
portions: one to insert the instrument inside the patient’s
body up to the surgical region and one (shorter) used during
surgery operations.

In order to keep the size of the mechanism small only
the amount of extrusion for surgery should be provided by
the parallel SP-equivalent mechanism. The extrusion range
for instrument insertion could be provided by an additional
actuated prismatic joint in series with the SP mechanism
with the drawback to have again an actuated joint on the
end-effector of the manipulator. Preferably the instrument
is inserted manually at the beginning of the operation and
locked to the end-effector of the manipulation module.
Manual insertion is preferable also because the surgeon has
direct feel of the process, the actuated joint on the end-
effector is avoided and the SP-equivalent mechanism can
have the smallest possible size.

The design of the manipulation module in Section 3 is
developed in accordance.

2.2. Modular needlescopic instruments with MEMS
components
Current modular laparoscopic surgical instruments for
robotic surgery have head, stick, wrist and tool integrated and
not separable and actuation is realized through a mechanical
interface from the handling robot. Mechanical solutions
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adopted (especially for motion transmission) and fabrication
are typical of mesoscale mechanics.

The passage to needlescopic instruments asks for radical
changes in mechanics and architecture. An effective
architecture is with wrist and tool actuation embedded
in the instrument. Each instrument, (Fig. 1b) comprises
a head and a stick connected together by an easy-plug
interface. The distribution of components between head and
stick is suggested also by their duration and sterilization
requirements.

The head contains actuators and services for the
management of the stick including position sensors required
in some cases to control wrist and tool. These components
are costly, difficult to sterilize and their life is generally
longer than the life of instrument and actuation transmission
components. One or few head types distinguished by number
of freedoms they actuate can be used for all instruments.

Sticks comprise: (a) the surgical instrument (one specific
stick per each type of instrument); (b) a wrist or kinematic
chain with with motion suitable for the specific tool carried;
(c) mechanical transmissions to transfer actuation from the
head to the joints and the tool; and (d) power transmission
for the tool, if needed.

Due to the small diameter, meso-scale fabrication
techniques cannot be suitably used and parts should be
designed for fabrication with MEMS techniques.17 Design
can be more complex and the need for head change limits
the feasible actuation solutions. Rotational and translational-
push actuation can be used while translational-pull (e.g.,
tendons) and translational-push-pull actuation can be hardly
adopted (need to plug-unplug tendons/rods with problems of
calibration and backlash).

Benefits of the modular needlescopic architecture are head
interchangeability (few heads for a large set of instruments),
easy sterilization of sticks, reduction of consumable parts,
with economic benefit.

2.3. Haptic surgeon-system interface
Intuitive and easy control of the instrument is a basic
requirement for good performance of the surgeon. In
traditional open surgery the surgeon interacts directly with
tissues and surgical instruments are naturally handled and
maneuvered. With manual laparoscopic surgery the surgeon
is asked to adapt to the viewpoint of handling sticks from
outside the patient’s body with reverse movements and
mechanical interfaces (levers, tendons) to generate actions
inside the patient like closing a grasper or tilting a wrist. In
robotic MIS it is very common to have a micro wrist near
to the tool tip, e.g., the tilting angles for the EndoWrist are
π in both directions. Guiding such an instrument is difficult
and requires a lot of practice. Introducing robotics in MIS
where the tool is controlled via a haptic interface we can
relieve the surgeon from the motion constraints by giving the
feeling of guiding the tool directly, as if his hands were inside
the patient’s body.18 This approach makes tool guidance
more intuitive and helps therefore to avoid operational errors.
Providing force feedback for all 6-DOF creates an even more
realistic feeling and increases the surgeon’s performance
especially for grasping tasks.19

The haptic interface can go beyond the abilities of a
human hand by filtering possible hand tremor and using
motion scaling for very precise tool movements. Further
the mechanical architecture of the proposed haptic master
already reflects the laparoscopic motion constraints which
simplifies the mapping from master to slave kinematics.

2.4. Surgical requirements
In a standard laparoscopic surgery generally 4 key holes are
required:20 one for scope, two for instruments manipulated
by surgeon and one for surgical instrument handled by
assisting nurse where required. In diagnostic and minor
surgical procedures (gynecological) two or even one hole(s)
could be sufficient when aided by MRI or Ultrasonography.4

For accessibility workspace is created at surgical site by
inflating with CO2 provided through trocar at a safe pressure.
Placement and number of trocar vary depending upon
patient and kind of surgical procedure. In an ideal bimanual
setup involving active and assisting instruments, instruments
should be placed at equal azimuth angles along a semi circular
line (about 160 to 180 mm long) centered at the projection
of the target organ and with π/3 elevation angle.21 This ideal
inclination angle is achieved by inclining the operating table.
The targeted site should be imaged from 75 mm to 150 mm
at π/2 angle; so the scope should be at a right angle to
the working plane of the target organ. The inter-port distance
can range between 50 mm and 140 mm.22 The angle between
instruments should be around π/3. The workspace required
to reach the full extent of the abdomen cavity, laterally and
longitudinally, is π/3 and π/2 cone angle respectively.23

Surgeons spend 95% of the time in a conical workspace with
vertex angle of π/3. The extrusion of 100 mm is adequate.

Manually operated assisting tools are also commonly
employed in addition to the tools operated by the robotic
arm.24

Needlescopy is less traumatic to abdomen due to smaller
tools and leaves smaller scars giving better cosmetic
results. For the corresponding surgical procedures, setup
in needlescopy is same as standard laparoscopy.25 Since
the surgical procedures are also evolving together with
technological advancements in tools, 2 port needlescopy
requiring two surgical tools and one scope is becoming more
prevalent.26 For this purpose an extrusion range of 60 mm
can be considered sufficient.

Since the needlescopic tools are less than 3 mm in diameter
(in some cases around 1 mm), they are delicate and bend
easily with lateral forces necessitating avoidance of forceful
maneuvers.27 Their manipulation is not easy and requires
greater care and attention when performing surgery. Also due
to the smaller dimension, it is easy to cause damage to tissues.
For this reason the forces that the environment transmits to
the surgical instrument are much lower than the ones for
laparoscopic surgery (reference values for laparoscopy can
be found28) and they are dependant on the strength of the
instrument.

Consequently forces and moments allowed by the standard
needlescopic instruments for safe manipulation of the tissues
were calculated jointly with MI surgeons from the S.
Martino Hospital in Genoa and are given in Table I. In
lateral manipulations (with displacement orthogonal to the
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Table I. Bending stress and deflection of reference needlescopic
instrument.

instrument) 2.5 N of equivalent force at instrument tip is
considered as limit and it is more than adequate for general
procedures. It should be noted that it causes quite a large
instrument flexion of 18 mm. Resultant moments are Mx and
My of 370 Nmm. Whereas, Mz is 50 Nmm for the offset of
20 mm between instrument tip and axis of the instrument.
Similarly, axial force Fz equivalent to 2 N is considered
adequate.

3. Development of the PMAR Lean Manipulation
Module
The design of the lean manipulation module has been carried
out in two steps from an original 4-DOF purely parallel
architecture proposed for robotic laparoscopic surgery and
used as reference starting point.

On the basis of the requirements for laparoscopic surgery
a 4-DOF SP-equivalent purely parallel architecture is
proposed29 where feasibility checks comprise kinematics and
singularities. A particular arrangement of the links exists such
that no link collisions occur in the surgical workspace. The
4-DOF mechanism (Fig. 2a) comprises four legs with the
same (RRR)R‖R architecture: three revolute joints (ξL

1 , ξL
2 ,

ξL
3 for the generic L leg, L = A, B, C, D, counting from the

base) with axes intersecting at the CPoR O common to all
four legs and two parallel revolute joints (ξL

4 , ξL
5 ) parallel

to a tilting plane π0 through O common to all legs; ξL
1 is

actuated. In each leg the first and second link from the base
belong to the leg spherical submechanism while third and
fourth links are for end-effector translation and belong to the
heave submechanism.

A lean needlescopic manipulation module has been
developed starting from this 4-DOF architecture. During the

design two problems were met: (a) although the surgical
workspace is free of singularities and generally well-
conditioned the actuation torque required to generate the
goal tool force asks for electric motors big compared to the
mechanism size and packaging becomes complex; (b) with
the link arrangement avoiding collisions the mechanism
becomes too large to satisfy the requirements on inter-port
distance and angle between instruments (see Section 2.4),
i.e., it is not possible to place more robots sufficiently close
each other above the patient to handle the different surgical
instruments.

The first problem can be overcome using actuators
different from electrical motors also accordingly to the fact
that the range of rotation is lower than π .

With reference to the second problem, more compact
collision-free arrangements of the links have been studied
but apart manufacturing complexity the curved link designs
obtained could not provide sufficient stiffness. Limitations
are on the lateral space occupied by the mechanism
while there are no strict limitations on mechanism height
orthogonally to the patient’s body.

The arrangement proposed28 to avoid collisions is with
the spherical submechanisms of the legs moving on spheres
with different radii with the radius of the internal sphere
close to the distance between ξL

4 and ξL
5 . Consequently the

lateral and vertical overall sizes of the mechanism are similar.
Reducing the radii of the spheres results in collisions with
the instrument which cannot be reasonably overcome by
adopting curved link designs.

In conclusion the architecture28 appears suitable for setups
where only one robot is used, e.g., for diagnosis. A different
architecture with lower number of links is necessary to
achieve a collision-free design compact enough to place more
robots sufficiently close each other on the patient’s body to
carry out multiple-instrument surgery.

The design steps are briefly reported to underline the
relevance of size, design and packaging aspects in the
development of MIS manipulators for needlescopic surgery.

3.1. Modified 2(RRR)P-2(RRR)R‖R architecture
The link collisions most difficult to overcome in the original
4-DOF mechanism are between the spherical and heave links

Fig. 2. SP-equivalent original purely parallel (a), modified (b), and final (c) slave surgical architectures.
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Table II. Distribution of actuation torques in the workspace for given torsion values (equally spaced grid and
fixed extrusion: tool at bottom most position).

of different legs when the instrument is at one extremity
of the torsion range. Hence the original 4-DOF mechanism
has been modified replacing in two legs (say A and B) the
heave submechanism with a P-joint parallel to the direction
of extrusion (Fig. 2b). This is kinematically equivalent to
have the fourth R-joint ξL

4 of the leg at infinity with respect
to O and not in the plane π0.

The two P-joints of legs A and B can be also merged
in one without changing the motion of the end-effector.
The combined structural constraint applied by the series–
parallel leg AB (equal to the sum of the constraints of legs
A and B) is the same W0 = Span (ϕx, ϕy) applied by the
four legs in the original 4-DOF mechanism; ϕx and ϕy are
two pure forces through O in π0 (orthogonal to the surgical
instrument axis). With the actuated joints ξA

1 , ξB
1 locked leg

AB fixes the direction of the instrument. Legs C and D apply
a redundant structural constraint belonging to W0 and they
fix the end-effector torsion and extrusion when locking the
actuated joints ξC

1 , ξD
1 .

Position and velocity kinematics of this mechanism are
presented in ref. [30], a singularity free geometry is obtained
and maps of the Jacobian conditioning discussed. The
mechanism satisfies all functional requirements. Feasible
link designs avoiding collisions in the whole workspace and
satisfying the constraints on lateral space occupied by the
mechanism have been worked out.

In the end problems were encountered related to actuation
torques as shown by Table II. Plotted at constant extrusion
(when tool is at lowermost position) for various values of
torsion in the workspace, it is evident that actuation torques
are very high and unavoidable distributed all-over the tilting
workspace. The maximum actuation torque required to apply
2 N force along the axis of the instrument is greater then even
15 Nm. The same force can be applied with actuation torque
of less then 2 Nm in other cases.

The mechanical reason is that external instrument extru-
sion/torsion forces/moments are balanced by components
of the actuation moments of legs C and D only and these
components are small in some workspace regions.

The requirements on maximum forces applied by the
instrument are the same in the whole workspace hence it
is not acceptable to size the actuators to provide the desired
forces in the central workspace region and lower forces in
the boundary region. Moreover it is assumed that the system
can provide maximum forces continuously, thus actuators
operating in transient conditions to provide extra torque for
a limited amount of time are not acceptable.

The conclusion is that the actuators have to be sized for
the worst transmission condition and this result in 6–15 times
oversizing in approximately 40% of the workspace (for the
best geometry found).

Because the overall size of the mechanism is a major
constraint, this makes the architecture not fully suitable
for the application. A further modification of the original
architecture has been considered to deal with this short
coming.

3.2. Final hybrid 2(RRR)R‖R architecture
End-effector torsion and extrusion can be constrained in
the whole workspace with quite uniform actuation torques
by locking the second revolute joints of the leg spherical
submechanisms instead of the first ones. Two (RRR)R‖R
legs (Fig. 2c) provide the complete combined structural and
actuated constraint required and a collision-free mechanism
is obtained with simple link designs and good force
transmission in the whole workspace.

The use of a serial (RRR)P mechanism has been proposed
and investigated.31 The actuation of the third R-joint and
of the P-joint is complex: motors directly connected to the
joints occupy space making instrument connection complex;
Transmissions introduce mechanical play and friction with
problems of accuracy and control of forces applied by the
instrument. These problems are solved using the second
leg.

The following sections discuss modeling and functional
performance of the mechanism.

3.2.1. Inverse position kinematics. The inverse position
problem is solved as in the original 4-DOF mechanism. The
extrusion and spherical subchains of the leg are considered
separately. The pose of the instrument [R, h] is known, with
R the instrument rotation matrix (tilt and torsion angles) and
h measuring the extrusion.

For the extrusion subchain consider Fig. 3(a) and the
generic leg L = A, B. We calculate kL

3 . The instrument
reference frame is used with ko through O along the
instrument and io in πA. The triangle OP L

5 P L
4 is a virtual 1-

DOF mechanism with parameter HL = h + hL. By trigono-
metric considerations we obtain for cL

4 = cos ψL
4 and

sL
4 = sin ψL

4 the equation: 2rL
4 HLcL

4 + 2rL
4 rL

5 sL
4 − HL2 −

NL = 0 where NL = rL
5

2+ rL
4

2− lL45
2
. All parameters are
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Fig. 3. Geometry parameters for heave (a) and spherical (b) submechanisms and table with the adopted values.

shown in Fig. 3. The solutions are[
cL

4

sL
4

]
= 1

2rL
4

(
HL2 + rL

5
2)

[
HL −rL

5

rL
5 HL

][
HL2+ NL

εLCL
ε

]
,

(1)

where εL = ±1 distinguishes between the two feas-
ible working modes of the triangle OP L

5 P L
4 , CL

ε =√
−(HL2 − mL

H ) (HL2 − ML
H ), ML

H = (rL
4 + lL45)2− rL

5
2

and

mL
H = (rL

4 − lL45)2− rL
5

2
; mL

H ≤ HL2 ≤ ML
H .

kA
4 = jo and kB

4 = Rz(θ) jo with Rz(θ) rotation
matrix about ko. Analogously kA

4r = [sA
4 , 0, cA

4 ]T , kB
4r =

Rz(θ) [sB
4 , 0, cB

4 ]T .
kL

3 is obtained rotating kL
4r of an angle αL

34 about kL
4 .

The distance rL
45 from O of the intersection between π0

and πL
45 is rL

45 = (pL εL CL
ε )((pL − rL

4
2 + lL45

2
) HL)−1, with

pL = HL2 + rL
5

2
.

For the spherical subchain consider Fig. 3(b). kL
1 = R kL

1 b
is calculated from kL

1 b expressed in the base frame and kL
2 is

calculated from kL
1 and kL

3 :

kL
2 = (

tL1 kL
1 + tL2 kL

3 + tL3 kL
1 × kL

3

) (
1 − cL

13
2)−1

,

with

cL
13 = kL

1 · kL
3 , tL1 = cL

12−cL
23 cL

13, tL2 = cL
23−cL

12 cL
13,

tL3 = δL CL
δ , CL

δ =
√

−(
cL

13−mL
S

) (
cL

13−ML
S

)
,

mL
S = cL

12c
L
23−

∣∣sL
12s

L
23

∣∣ , ML
S = cL

12c
L
23 + ∣∣sL

12s
L
23

∣∣ ,
cL
ij = cos αL

ij , sL
ij = sin αL

ij .

The boolean parameter δL = ±1 distinguishes between
the two working modes of the spherical subchain of leg L.

The actuation angles θL
1 and θL

2 are easily computed from
kL

1 , kL
2 , kL

3 .

3.2.2. Forward position kinematics. The forward position
problem reduces to the calculation of the instrument pose
from kA

3 and kB
3 , which are immediately available when

assigned the actuation angles.
The instrument axis has the unknown direction ko. ko can

be expressed as a linear combination of kA
3 , kB

3 , kA
3 × kB

3 as
for kL

2 in the inverse position problem:

ko = (
t1kA

3 + t2kB
3 + t3kA

3 × kB
3

)(
1 − cAB

3
2)−1

The coefficients t1, t2, t3 are calculated from three
equations stating that (Eq. I) the distance and (Eq. II) the
angle between the R-joints on the instrument are respectively
the geometry parameters HA − HB and θ5; (Eq. III) ko has
unit length.

To single out EqI consider the heave submechanism of leg
L = A, B in the plane πL through O parallel to kL

3 and ko

(Fig. 3a). HL is related to t1 and t2 by the equation:

HL2 + rL
4

2 − 2r4H
LcL

34T
L − 2r4H

LBL
1

×
√

cL
34

2
T L2 − T L2 + sL

34
2 − lL45

2 = 0 (2)

with T A = t1 + t2p
AB , T B = t1p

AB + t2, pAB = kA
3 · kB

3 ,
BL

1 = ±1 boolean parameter distinguishing between two
assembly modes of the heave submechanism. Note that t3
does not appear.

Equation (2) can be solved in HL introducing the boolean
parameter BL

2 = ±1 which distinguishes between the other
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two assembly modes of the heave submechanism. Eq. I is
obtained as (HA − HB)2 = H 2 with H geometry parameter
known.

With πL
34 = 0 or πL

34 = π/2 the expressions of HL

(and consequently Eq. I) simplify remarkably obtaining
respectively:

rL
4 T L + BL

2

√
rL

4
2
T L2 − rL

4
2 + lL45

2

and

rL
4 BL

1

√
1 − T L + BL

2
2
√

−rL
4

2
T L2 + lL45

2
,

which further simplify if lL45 = rL
4 .

Eq. III clinical experience of needle-laparoscopic calcu-
lated as ko

2 = 1 gives t3 as a function of t1 and t2: t3
2 =

(t12 + 2t1t2p
AB
3 + t2

2 − 1)/(−1 + pAB2
).

Eq. II is calculated as (kA
3 × ko) · (kB

3 ×ko) − c5 = 0, c5 =
cos θ5. Substituting t3 obtained from Eq. III and simplifying
gives: pAB − T AT B − c5 = 0.

Eq. I and Eq. III can be solved in T A and T B from which t1
and t2 are immediately calculated. An analytical parametric
solution is difficult to obtain in the general case apart for
πL

34 = 0 or π/2. t3 is calculated from t1 and t2 by substitution
and finally ko is obtained. h can be calculated from one of
Eq. (2). The torsion angle is immediately calculated from kA

3 ,
kB

3 , ko.

3.2.3. Velocity kinematics. We use the rotating reference
frame Oiojoko for ease and apply the method detailed
in ref. [16]. The input-output velocity equations are:
[ Za Zc ]T ξ = [�θ̇a 02 ]T , where, out of singularities, Za =
[ϕ̃A

1 ϕ̃A
2 ϕ̃B

1 ϕ̃B
2 ]T , Zc = [ϕ̃x ϕ̃y]T (with the symbol ∼ on a

wrench denoting switching of force and moment compon-
ents), � = diag{ϕA

1 ◦ ξA
1 , ϕA

2 ◦ ξA
2 , ϕB

1 ◦ ξB
1 , ϕB

2 ◦ ξB
2 }.

The different entries of Za and � can be calculated using
the geometry of the mechanism. In Oiojoko, the io and jo com-
ponents of the translation velocity are always zero due to W0

and we can consider the simplified end-effector twist ξ̄ with
the only three rotational and ko translational components. So,
the simplified velocity equation, Zξ = �θ̇ , considering the
screws reciprocal to all except the actuated screws for each
case of actuation, can be expressed as following:⎡⎢⎢⎢⎢⎢⎢⎢⎣

(
kA

2 × kA
3

)T(
kA

1 × kA
3

)T(
kB

2 × kB
3

)T(
kB

1 × kB
3

)T

∣∣∣∣∣
kA

2 kA
3 kA

4

−rA
45

kA
1 kA

3 kA
4

−rA
45

kB
2 kB

3 kB
4

−rB
45

kB
1 kB

3 kB
4

−rB
45

⎤⎥⎥⎥⎥⎥⎥⎥⎦
ξ̄

=

⎡⎢⎢⎢⎣
kA

1 kA
2 kA

3 0 0 0

0 kA
2 kA

1 kA
3 0 0

0 0 kB
1 kB

2 kB
3 0

0 0 0 kB
2 kB

1 kB
3

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

θ̇A
1

θ̇A
2

θ̇B
1

θ̇B
2

⎤⎥⎥⎥⎥⎦ ,

(3)

where rL
45 in leg L = A, B is the distance between πL

45 ∩ π0

and O. From the above equation, end-effector velocities can
be obtained if actuator rotational velocities are known, and
similarly vice versa.

3.2.4. Jacobian conditioning and geometry. Redundant
output (RO) and Redundant Passive Motion (RPM)
singularities were searched through the desired workspace
using a C++ code. Checks for RO were based on the
conditioning of the forward Jacobian matrix expressed as
JF = Z−1�. Frobenious Norm was used as conditioning
criterion. Color maps were generated to highlight the surfaces
of singularity in the workspace. Results for some workspace
sections (at constant h and torsion) for the torsional and
extrusion range are shown in Table III. White colors represent
singular configurations while colors from light gray to dark
gray show conditioning of the matrices. As the entries
of matrix Z are nonhomogeneous, the conditioning only
determines the presence or absence of singularities. Since the
analysis performed is at discrete locations it is not proven that
no singularity exists in the workspace between the examined
configurations but the grid of configurations examined is very
dense.

As a result of the kinematics and singularity analysis
carried out the best set of geometric parameters achieved
is shown in Fig. 3. The corresponding singularity free
workspace is a truncated cone with half angle 13π/90 and
extrusion range 86 mm which is even suitable for standard
laparoscopic procedures. Whereas the torsional range of the
mechanism from singularity point of view is more than 3π/2.
Since all the links are mobilized to provide the movements
including torsional, the mechanism topology imposes a
hinderance to achieve such a large torsional workspace due
to the issue of some of the links crossing with the surgical
instrument.

3.2.5. Sizing of actuators and packaging. Static analysis was
performed to ensure that the manipulator is able to provide
the forces and torques required at the surgical tool with
actuators of reasonable size for compact packaging of the
components.

The actuator torques τ are computed from given external
forces and moments F at the surgical instrument using
relation τ = JF

−T F. Whole workspace was scanned at
constant extrusion, incrementing tilt and torsion angles
sequentially, employing the maximum moments and force
expected at the surgical instrument (see Section 2.4). The
maximum actuators torques obtained are shown in Tab. IV.
The extrusion value of the surgical tool for the plotted
results was selected to be such that the tool is at bottom
most position; as for this architecture, this position was
found to be requiring maximum actuator torques. For the
ideal case highest torque expected from actuator is around
2 Nm. Consequently, after including the effect of friction
at joints and at the keyhole, play-free actuators matching
the desired overall size of the system can be adopted
and the system can be fully packaged as shown in the
Fig. 4.
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Table III. Conformal conditioning maps (the smaller the darker) for given
extrusion and torsion – no singularities are present.

4. The PMAR Master

4.1. The proposed architecture
For the design of the haptic master, standard requirements
for haptic interfaces have to be taken into account: minimum
backdrive friction and backdrive inertia are crucial for
accurate force feedback; high mechanical stiffness for large
system bandwidth and minimum backlash are important as
well.32

The selected architecture [3(RRR)][2P(RR)S-1P(RR)] is
shown in Fig. 5. It appears correct to realize the rotation
around the keyhole by a spherical submechanism. The

parallel structure allows to place the actuated joints in the
base in order to keep the inertia low. All the revolute joint
axes intersect at the center point of rotation (CPR). Three
prismatic joints are fixed on the movable base. One of them
intersects with the CPR and is connected by a Cardanic joint
to the handle which reflects the translational movement along
the trocar. The other two legs are connected with the small
platform of the handle by (RR)S-rods which allows tilting in
two directions.

Each leg has its own motion plane avoiding leg collisions.
The second links are all bent to avoid intersections with
the joints on the movable platform. The advantage of this

Table IV. Actuators torques for peak force and moments applied at surgical tool.

https://doi.org/10.1017/S0263574709990348 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574709990348


194 Toward lean minimally invasive robotic surgery

Fig. 4. Surgical setup with 3 PMAR manipulation modules.

Fig. 5. Proposed architecture for the PMAR haptic master.

architecture is that all environmental constraints are already
integrated in the mechanical architecture and the mapping
of master position and orientation to the slave robot is quite
direct. Further three actuators are fixed in the base which

reduces the inertia and the parallel structure guaranties high
stiffness and low backlash which is important for accurate
force feedback.

4.2. Geometry
The proposed architecture consists of two submechanisms,
the spherical and the wrist submechanism. We define a global
reference frame Oibjbkb located in the CPR. The three
actuated revolute joints are placed symmetrically around kb

with the first joint axis k1
1 lying in the plane spanned by ko

and io (Fig. 6a). The joint axes of the spherical mechanism
are called kL

i with L = A,B,C for the three legs and i the
joint number starting by the fixed joint. The tilting angle θ is
defined as the angle between the actuated joint axis kL

1 and ko.
Further the link angles are defined as αL

12 and αL
23. A second

frame Oiojoko is attached to the wrist mechanism and located
in the CPR with ko aligned with the prismatic joint located
in P D (Fig. 6b). The joint axes kL

3 , attached to the movable
platform are arranged symmetrically with a tilting angle λL

between its axis and ko. Finally the end-effector orientation
is defined by frame P ipjpkp with its y-axis aligned with
the revolute joint fixed on the small platform. In zero-tilting
position of the wrist submechanism the axis of frame Oiojoko

and P ipjpkp are parallel. The handle is in direction of kp.

4.3. Inverse kinematics
For the computation of the inverse kinematics both
submechanisms can be considered nearly separately. The
end-effector position and orientation is fully defined by its
position coordinates, the torsion angle around the trocar axis
(represented by kp) and the two tilting angles of the micro-
wrist. We use tilt and torsion angles (T&T)33 for describing
the rotation of frame Oiojoko with respect to frame P ipjpkp.
In this way it is possible to define explicitly the torsion
around the trocar. Knowing the position of the coordinates the
prismatic joint length lD is already defined. Transforming the
end-effector position into T&T angles defines the orientation
of frame Oiojoko and thus the orientation of the joint axis
kL

3 . Now we can obtain the orientation of the second joint
axis in each leg kL

2 as a linear combination of kL
1 and kL

3 .
The orientation of the end-effector with respect to frame
Oiojoko is defined by the two tilting angles ψ1 and ψ2. The
joint variables lE and lF are computed with the following

Fig. 6. Geometry of the spherical (a) and wrist (b) submechanism.
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constraint: point SL
2 has to lie on a sphere around SL

1 with
radius d.

lL = ±
√

d2 − (
SL

2io − SL
1io

)2 − (
SL

2jo − SL
1jo

)2 + S1ko
.

L = E, F (4)

4.4. Velocity kinematics
Accordingly to ref. [16] for each submechanism we
distinguish a system of structural constraints and a system
of actuated constraints of dimensions 3 and 6 respectively
representing the combined constraint applied by the legs to
the end-effector when all joints are free and the actuated
joints are locked respectively. We can single out a base of
three wrenches for the system of structural constraints and
three actuated constraint wrenches completing to 6 the base
of the system of structural constraints.

Consider the spherical submechanism. The system of
structural constraints is W s = {ζ sL

c | L = A, B, C} contain-
ing all pure forces through the CPR. For each leg the
actuated constraint wrench ζ sL

a , L = A, B, C, is a pure
moment μsL

a in direction kL
2 × kL

3 .
Consider now the wrist submechanism. The system of

structural constraints is Ww = ζ {ζwL
c | L = A, B, C} =

{ϕw1
c , ϕw2

c , μw
c } spanned by two pure forces (ϕw1

c , ϕw2
c )

orthogonal each other and to ko with ϕw1
c parallel to io and

by the pure moment μw
c in direction io × jp. The actuated

constraint wrenches ζw
a are: a pure force ϕw1

a parallel to ko,
the pure forces ϕw2

a through points SE
1 , SE

2 and ϕw3
a through

SF
1 , SF

2 .
In general for a PPM taking the reciprocal product of the

end-effector twist ξ = (ω | v)T and the reciprocal screws that
form the basis of W and V yields

ζcj ◦ ξ = 0 j = 1 . . . 6 − n (5)

ζaj ◦ ξ =
n∑

i=1

θ̇iζi j = 1 . . . n (6)

where the ζcj are a base of W and the ζaj complete W
to V . In matrix form Eq. (5) is Zcξ = 0 where Zc =
[̃ζ T

c1 . . . ζ̃ T
c,6−n]T and we denote ζ̃ T = (mT |fT ). Equation (6)

is in matrix form Zaξ = �θ̇ , where Za = [̃ζ T
a1 . . . ζ̃ T

an]T and
� = diag(�1 . . .�n). Each diagonal block has the element
�i = ζai ◦ ξai , i = 1 . . . n with ξai as the screw axis of the
actuated joint i with the respective joint velocity θ̇i . The
matrix of constraints Zc and the matrix of actuation Za can
be combined as[

Za

Zc

]
ξ =

[
� 0
0 I6−n

] [
θ̇

06−n

]
. (7)

In configurations away from singularities the combined
Z-matrix has full rank and is therefore invertible. Now
the overall output twist of the entire mechanism can be
obtained by summing up the twists of both submechanisms:
ξ = ξ s + ξw = J−1[θ̇

s
θ̇

w
]T , where the inverse Jacobian J−1

consists of the first three columns of J−1
s and J−1

w (the inverse
Jacobians of spherical and wrist submechanisms).

4.5. Dexterity analysis
As for the inverse kinematics, the dexterity analysis is
performed in two steps. First, we check if the spherical
submechanism can provide all required orientations and
secondly if the wrist submechanism can offer enough tilting
for the microwrist. As dexterity criterion we chose the
condition number c based on Frobenius norm: c(J ) =
‖J‖‖J−1‖ with ‖A‖ =

√∑
i,j a2

i,j .

A condition number of one means that the mechanism
is perfectly conditioned, whereas a condition number rising
to infinity intends a configuration close to singularity. We
use the results of the dexterity analysis for choosing the
geometrical parameters, which will then be verified by static
force analysis.

Consider the spherical submechanism. Obvious singular
configurations can be avoided by choosing appropriate
geometrical parameters. Different link angles δ12 and δ23

avoid aligned joint axis kL
1 , kL

3 and also stretched legs can
be avoided easily. In general it turned out that a big tilting
angle θ enlarged the well conditioned workspace, but in
order to assure enough free space for the surgeon’s hand
we defined the constraint that the second joint of each leg
should not cross the zero plane spanned by ib and jb. The
size of the movable platform depends on the distance between
the prismatic joints. In general enlarging this distance yields
a better conditioning, but requires also longer (RR)S-rods.
This is contrary to the objective of keeping the sphere radius
r small, because the prismatic joints must be placed inside
the sphere. The outer planes are already occupied by the
moving legs. Finally, the chosen geometrical parameters
are a compromise between a well conditioned workspace
and a small size of the mechanism. We use the parameters
r = 250 mm, λL = 7π/90, θ = 17π/60, αL

12 = 5π/18,
αL

23 = 23π/90 for the spherical submechanism and aE =
aF = 45 mm, γ E = γ F = 2π/9, gE = gF = 50 mm, ϕE =
ϕF = 7π/36, d = 65 mm for the wrist submechanism.
The results are shown in Fig. 7. For the spherical
mechanism we checked all points in the workspace with
a maximum vertex angle of π/3. It turned out that the
conditioning of the spherical submechanism depends mainly
on the torsion angle. As can be seen in Fig. 7(a) the
conditioning is very good for torsion angles around π/2
but becomes worse for torsion angles beyond π/15 and
43π/45 respectively. The sphere shown in Fig. 7(b) shows
all the points the handle is pointing on for different
tilting angles ψ1 and ψ2. We varied ψ1 from −π/5 to
7π/15 and ψ2 from −π/3 to π/3. Especially in the
two darker areas of the sphere for ψ1 around −1/5π ,
ψ2 around 1/3π the Jacobian becomes bad conditioned.
These areas can be avoided by a smaller workspace and
motion scaling in order to simulate the required tilting
angles.

4.6. Static forces
The static model describes the relationship between torques
or forces applied to the end-effector and the resulting
joint torques. Using the principle of virtual work the
external forces and the joint torques are mapped by the
inverse transposed Jacobian τ = JF

−T F as in Section 3.2.5.
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Fig. 7. Dexterity Analysis for the spherical (a) and wrist submechanism (b).

Fig. 8. Joint torques of the spherical submechanism.

According to ref. [34] 11 N should be enough in order to
simulate a rigid body in virtual environment. The objects
touched by the surgeon using the operations are mainly
compliant so that we suppose that 5 N should be enough
feedback force. The objective is not to reflect the real forces,
but to provide a force range large enough to make it easy
for the surgeon to distinguish between different objects.
We apply 5 N to the handle at a distance of 100 mm
from the center of the cardanic joint, which reflects the
way the surgeon grasps the handle. The force is applied
in ip, jp and kp direction consecutively. The extrusion is
fixed at 200 mm in order to have maximum torque around
the CPR. The results for the spherical submechanism are
shown in Fig. 8. For every configuration the highest of the
three joint torques is checked and shown as gray-scaled
areas. Areas with higher joint forces correlate with medium
well-conditioned configurations. But even in those areas the
maximum joint torques do not exceed 4 Nm. Considering
the wrist mechanism it turned out that the force direction did
not influence a lot the maximum joint forces. But areas of
high forces correspond to bad conditioned areas, where the
maximum forces do not exceed 26 N.

5. Conclusions
The paper proposes the new paradigm of lean robotic
MIS system and discusses the development of a lean
system for needlescopic surgery. Lean MIS systems are
modular and scalable and can be customized to carry out
specific sets of procedures. This may promote an increase
in the number of procedures carried out with robotic MIS
instead of standard manual practice with benefit for the
patients.

The lean needlescopic system presented, dedicated to a
wide field of abdominal operations, is developed at the
PMAR lab of University of Genoa. Its basic modules are the
guiding master and operating slave manipulators. For both,
requirements and architectures are introduced discussing
constraints and motivations. The mathematical models used
during design and virtual prototyping are presented. They
will be also used in the control system with the aim of
improving the surgeon feeling all along the procedures and
instrument performance.

The realization of the new lean surgical robotic modules is
ongoing and a wide test campaign is planned to assess their
effectiveness and robustness.
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