Design and kinematic analysis of 3PSS-1S wrist for needle insertion guidance®
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ARTICLE INFO ABSTRACT

In this work it is presented a complete kinematic analysis of the 3PSS-1S parallel mechanism for
its implementation as a spherical wrist for a needle insertion guidance robot. The spherical 3PSS-1S
mechanism is a low weight and reduced dimension parallel mechanism that allows spherical movements
providing the requirements needed for the serial-parallel robotic arm for needle insertion guidance. The
solution of its direct kinematic is computed with a numerical method based on the Newton-Raphson
formulation and a constraint function of the mechanism. The input-output velocity equation is obtained
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with the use of screw theory. Three types of singular postures are identified during simulations and
verified in the real prototype. The 3PSS-1S can perform pure rotations of £45°, +40°, £60° along the

1. Introduction

Contemporary medicine is toward less invasive and more
localized therapy [1], mainly known as Minimally Invasive Surgery
(MIS). One of this procedure is the percutaneous insertion of
needles and catheters for biopsy, drug delivery and the placement
of internal fiducials as surrogate for tumor location within the
body.

Needle insertion intervention offers several advantages over
traditional surgery, including less scarring, lighter anesthesia,
reduced postoperative pain, reduced complications, and faster
discharge from the hospital.

Currently, the conventional needle insertion procedure is a
free-hand task with no exact reference for the entry point nor
the direction of the needle. This is because the planing insertion
process is based on the recognition of markers that the surgeon
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must place over the patient during the imagining session for
further trajectory planning.

This methodology lacks accuracy and it is very common to
make several erroneous insertions until the needle reaches the
desired target, which may lead to internal hemorrhage and severe
complications.

Robotic technologies can enhance the effectiveness of clinical
procedures by coupling many information sources, such as
volumetric medical images and perform complex actions in the
operating room as reported in [2-6]. Particularly, a robotic device
can insert needles with consistent accuracy and can overcome
some of the shortcomings of the manual approach as mentioned
in[7-12].

In this work we introduce the concept of a novel hybrid
(serial-parallel) robotic arm for needle insertion guidance. The
spherical parallel wrist is an improved version of the 3PSU-
1S manipulator, whose dimensional synthesis was first reported
in [13]. A discussion on the design and main attributes of the
robot is presented. Then, the inverse and forward kinematics of
the spherical wrist is stated, and a complete analysis of its singular
configurations is detailed. Finally, the kinematic properties of the
improved design are verified in the real enhanced spherical wrist

prototype.
1.1. Needle insertion task requirements

During an insertion procedure, the surgical instrument must
maintain a pre-planned path, defined by two points: the target
point and the entry point. The first one, is where the tip of the
instrument must reach, and the last one is where the needle is
inserted into the patient (see Fig. 1(a)). The latter one is selected
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in order that the desired path of insertion does not interfere with
organs nor bones.

The insertion procedure can be summarized in the following
steps. First, the tip of the needle must be placed at the entry point.
This task requires 3 DoF (see Fig. 1(b)), then the needle must be
aligned with the desired path, requiring at least 2 more DoF (see
Fig. 1(c)). Once that the needle is correctly placed and aligned with
the desired path at the entry point, the insertion procedure begins,
generally with a twisting movement of the needle (see Fig. 1(d)).

Therefore, if the insertion is performed manually, a robotic
device implemented as a guidance tool (i.e. it keeps the position
and orientation) only requires 5 DoF.

However, if the insertion procedure is performed autonomously
by the robot, it is preferable an additional DoF for the mechanism,
since with 5 DoF only one reachable configuration is possible for
each point of the desired path, resulting in a screw-like movement
during insertion.

1.2. Overview of the mechanism

A robotic assistant must be carefully designed, in order to be
accurate as well as rigid. Parallel mechanisms offer these physical
properties, and some author have proposed them for the robotic
needle insertion guidance [14-16]. However, the main drawback
of a parallel mechanism is their reduced workspace. Although
serial mechanisms overcome this problem [17], they present a
real challenge in order to actuate the last DoFs of the mechanism
without introducing backlash (due to the transmission system) or
excessive load (direct transmission) at the end effector.

Therefore a better approach would be a design with a decoupled
kinematic composed of a serial chain designed for the positioning
and a low weight parallel wrist designed for orientation. The
concept of this hybrid mechanism is presented in Fig. 2(a) (patent
pending). As it was mentioned above, the mechanism consists of
two main parts: the 3R serial arm and the spherical parallel wrist.
The arm is mounted over a non-actuated sliding base that permits
a gross positioning of the mechanism. A holding device supports
the instrument at the end effector.

Additional DoF /.
Insertion ‘
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Fig. 1. Insertion procedure. 1{a): Trajectory definition. 1{b): Instrument's positioning. 1{c): Instrument's orientation. 1{d): Instrument's insertion.

1.3. Design of the parallel spherical wrist

The principal criterion adopted for the design of the wrist
mechanism is that, it will be coupled to the distal extremity of a
serial arm, Thus, this mechanism must be compact, reduced size
and light weight.,

The general needle insertion procedure requires at least 5 DoF:3
DoF for the global positioning of the needle and 2 DoF for its correct
orientation,

Even though an spherical wrist is redundant for the orientation
task, this characteristic is preferable since it will allow different
postures of the mechanism for a given trajectory. Furthermore, in
an autonomous insertion, the extra DoFs will help to overcame
problems related to tissue deformation during the insertion, by
correcting the altered trajectory.

The design of a spherical parallel mechanism has been
largely studied [18-20] and there exists many approaches for its
synthesis [21-23]. However, given the ease of its implementation,
a mechanism based on a passive spherical pair and three identical
controlled spatial legs is applied in this study.

The 3PSS-1S is a four legs parallel mechanism, where the
passive leg imposes the spherical movement pattern, controlled by
three PSS type legs (prismatic-spherical-spherical chain) with the
prismatic pair actuated. In a first approach [13] a PSU type leg was
implemented but the universal pair had a reduced range of work,
and tended to block the leg in several postures. Therefore, an extra
degree of freedom was added to the kinematic chain, turning the
leg into a PSS type (see Fig. 3).

2. Materials and methods

The kinematics of the 3PSS-1S is essentially the same of the
3PSU-1S (see [13]), since the extra revolute joint in each leg does
not alter its kinematics. However, the inverse and instantaneous
kinematic model of the SPM is presented again for clarity.
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Fig. 2. Hybrid mechanism approach for robotic guided needle insertion. 2(a):

Robotic arm concept. 2(b): Schematic robotic guided needle insertion.
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Fig. 3. CAD of the 3PSS-15 spherical parallel wrist.

2.1. Inverse kinematics modeling

The inverse kinematic problem of the SPM, can be easily solved
by considering:

1, The extreme of link L7 (i.e. B; = [B;, B;,, B;,]) can only move
over the surface of the sphere ¢; with centerin C; = [C;,, G, G, |
and radius L (see Fig. 4(b)), given by (1):

(B, — G)* + (B, — Cy))” + (B, — C;,))> = Ly”. (1)

2. B; corresponds with the distal extreme of the linear actuator,
thus, B; can on]yAmove over the line [; defined by (2), whose
direction vector I; = [0, 0, 1] is associated to the axis of the
prismatic actuator.

lj . Bj = A,‘ + )\.,‘fp (2)

Equating (2) and (1), it can be demonstrated that B, = A;, and
B;, = A,. Taking this result into (1), B;, can be found according
to(3)

B, = G, & \/Ly” — (&, — GO — (A, — G, 3)

Even though (3) has two possible solution B;,B;; whether

choosing — or + sign in (3), only B; is considered, since the
B; solution leads to collisions between the link L; and the
moving platform. This can be seen in Fig. 4(b) where the distal
extreme of L; (considering an ideal spherical joint with a full
range of movement), points upwards for the JB,,'Z solution, and as
a consequence L; (dashed green line) will collide with the end
effector.
Then, the state of the prismatic actuator is given by (4),

A =B, — A, (4)

1z

2.2. Direct kinematics modeling

As it is well known, finding the direct kinematic solution of
a parallel mechanism is a complex task, and it is not always
possible to find an analytic solution, In this work, the direct
kinematic problem is solved by a numeric method based on
the Newton-Raphson algorithm and a constraint function of the
mechanism.

Lets consider the schematic diagram of the 3PSS-1S presented
in Fig. 4, and lets define the constraint function for ith-leg of the
mechanism given by Eq. (5).

J—
fi@) = 10C, — (A + AB)l — L, = 0 (5)
where p = [e.;., e, e, e;g] defines the orientation of the
moving platform expressed in Euler parameters. CTC>, = “Rp E‘,f",

where “Rp is the orientation of the end effector expressed as a
rotation matrix, and ¢; is the skew antisymmetric matrix of ¢; -

—

A;B; = d; - Z depends on the state of the ith-prismatic actuator.,
The derivative of Eq. (5) with respect to the orientation of the

end effector is given by Eq. (6).

d -~ -
E[E(P)] = fip®) = 21, "Rp &G (6)

where ii; is the unit vector of Iﬁ, and G is the identity matrix of
the Euler parameters given by Eq. (7), and satisfies G p” = 0.

—eq en €3 —ey
G=|—e —e; eg €1 . (7)

—e3 € —é €p



Fig. 4. Scheme of the 3PSS-1S. 4(a): Wire representation of the mechanism, The
triangular shade defines the base and moving platforms. 4(b); Intersection of the
spherical characteristic of link [; and linear motion of point B,

Arranging the constraint functions for legs i = 1, 2, 3 into matrix
form the constraint vector of the mechanism is found.

fi(p)
L@ | =0 (8)
3(P)

Taking the derivative of the constraint vector of the mechanism
with respect to the orientation of the end effector, a Jacobian

®(p) =

matrix can be defined as,

flp —2i (:’RP GG
®,(p) = | fop | = | —2i, "R &G | . 9)
f‘ip —2&3{"&0&3(;

The Newton-Raphson algorithm makes possible to find a solution
to Eq. (8), iterating Eq. (10) from an initial estimate py, until
|&(p)|l < € is satisfied.

ptk+l) — ptk} + Q;k)_l . 'btk} (]0)

where k = 0,1,... is the iteration cycle, and ¢ is the
defined error tolerance. Since &, is not square the Moore-Penrose
pseudoinverse is implemented in order to obtain db;'.

This method is highly dependent of the initial estimation (p*),
thus the method may diverge if poor initial estimation is given.
Another consideration that must be taken is that the numerical
method depends on the evaluation of ib,(,k), and that it may not
converge if a lb,(,k) = 0 condition is met. Therefore for the
computational implementation of the algorithm, a maximum of
100 iterations is established in order to prevent infinite iterations,
Ifthe method does not find a solution in 100 iterations it is assumed
that the method diverge.

2.3. Instantaneous kinematics

The input-output velocity equation the SPM is found applying
the screw theory formulation. This methodology provides a better
geometrical insight into the problem and facilitate the analysis of
singularities [24], even more, it avoids the tedious and prone to
error problem of differentiating the kinematic model,

Therefore, defining an instantaneous reference frame Oy,
which is instantaneously coincident and parallel to the reference
frame O,,, and expressing all the twists of the mechanism with
respect to this instantaneous reference frame (see Fig. 5), the
resulting instantaneous movement (twist) of the end effector ($.),
can be found as follows [25]:

$(-_-f - Ii:’;ril

= (v ﬁl.i + {a,i iz,i + Q3,4 §3,i + qai :%4.:' + oA sy :%5.:'
+ G, 861 + 7. 87 (11)

where @.; = [@r, @y, w_,]T, is the angular velocity of the end
effector, Vo = [vox. oy, voze]]r is the linear velocity of a
point that belongs to the end effector expressed at the origin of the
instantaneous reference frame, ﬁj‘j is the unitary twist associated
to the jth-joint of the ith-leg, and q;; is its corresponding intensity.

The spherical pattern of movement of the mechanism is
governed by the spherical joint of the passive leg therefore,
translations are not possible, i.e. vy = [0. 0, O]T.

Defining a reciprocal screw $, that passes through the center of
both spherical joints for each leg, given by (12),

¢ L
$,0= [,,i " u”,] , (12)

whereut, ; = (¢;—b;)/||¢;—b;||, and applying the reciprocal product
to the linear combination of the twists of each leg, (11) is reduced
to:

M8, 1" S = G (IMS,017 $10) (13)



Fig. 5. Screws associated to the 3P55-15 parallel mechanism.

where ﬁl‘,- = [0, ul‘,-]r is the twist $, associated to the prismatic
joint, and the reciprocal product operator II is defined as follows:

o I
11:[l g] (14)

where I is the 3 x 3 identity matrix and @ is the 3 x 3 zero
matrix [21].

Replacing ﬁl‘,v and $.;in (13), and expanding for legsi = 1, 2, 3,
the velocity equation of the mechanism can be found according to
(15).

by x ;1) ul u 0 0
(b, x "r.:]i‘: Wep = 0 Uizul,z 0
(bs x u5)' 0 0 u/
d11
X g2 |- (15)
G1,3

Defining Jy and J; as Eqs. (17) and (18), respectively, the velocity
equation of the mechanism can be expressed as:

Jeo=1qq (16)

where § = [, 1. i3] and

[(b) x u, ;)"

Jo=| (b2 x u5)" (17)
| (bs x u, 5)"
(ul uy 0 0

Jg = 0 ul o |. (18)
| 0 0 ul s

If the inverse matrix of J; exists, the velocity equation of the
mechanism can be written in terms of the overall Jacobian matrix
J =J; " Jx as follows:

Jos=4q (19)

2.4. Singular configurations

The 3PSS-1S has three identified posture where the in-
put-output velocity equation cannot be solved (singular config-
uration), therefore the mechanism looses its capability of being
controlled (see Fig. 6).

The first identified singular configuration (Type I) corresponds
when the twist of the prismatic joint and the reciprocal screw of
the same leg are perpendicular (see Fig. 6(a)). In this configuration
the twist and the reciprocal screw becomes reciprocal to each
other, thus the orthogonal product $, ; o $;; becomes zero, and a
complete column of J; will be zero as well. As a consequence there
would be no transmission from the actuation to the end effector,
and the moving platform will lose one degree of freedom. This
configuration can be defined as an inverse kinematic singularity.,

The second identified singular configuration (Type II) is a
particular case of the previous one, and corresponds when the
three legs have their links perpendicular. As a consequence, the
moving platform is completely blocked. (See Fig. 6(b).)

The third identified singular configuration (Type Ill) occurs
when the lines associated to each reciprocal screws intersect at a
common point, that we shall name P, (see Fig. 6(c)). This particular
point belongs to the screw axis of the three reciprocal screw, and
Jx can be redefined as Eq. (20).

(Opn X lJr,l)]r
Jo=| Oproxu )’ (20)
(Upn X "r,z)T

where “p, is the direction vector from the global reference frame
0, to the intersection point Py.

Therefore, each row of J, will be perpendicular to “p, and they
will belong to a plane whose normal vector is “p. Since these
vector are coplanar, then, one of them is linearly dependent of the
other two. Thus, Jx loses its rank, and becomes singular. In this
posture the mechanism cannot withstand any external couple in
the w direction. It can be said that the mechanism is in a direct
kinematic singular configuration,

2.5. Simulation methodology

2.5.1. Workspace generation

The procedure performed to calculate and obtain the workspace
is based on a numerical method that generates all the orientations
of the 3D space, and verifies that the mechanism does not exceed
its physical limitations. These limitations are given by the implicit
constraints of the kinematics chains described below:

1. Prismatic Stroke Constraint: the prismatic stroke constraint
imposed on each leg can be written as d,;,j;, = d; =< d;;.x. Where
d; is the state of the prismatic joint of the ith-limb given by Eq.
(4), and d,;, and d,,,x are the minimum and maximum stroke
of the actuator.

2. Spherical Joint Constraint: it is considered that its relative
movement can never exceed the region limited by the circular
cone defined by an axis normal to the joint, an aperture angle
Smax and its apex located at the center of the spherical joint [26].

3. Leg Interference; it is based on the evaluation of the minimum
distance between two cylinders [27]. In this work, it is only
considered the interference between links L; and link Ls,
because the constraints imposed by the spherical joints do not
allow collisions between other elements.

In this study, the quaternion representation method for the
orientation is used [28]. This method provides a solid sphere



Fig. 6. Singular configurations. 6{a): Type |, single leg blocked. G(b): Type 11, all legs blocked. 6{c}: Type lll, screws axis intersection.

representation for all the orientation of the 3D space. A point of the
solid sphere defines a vector x = [e1, e, e3] = [ksin(®/2)],

where its direction is associated to the rotation axis (k = +x/||x||)
and its norm is related with the angle of rotation according to
6 = =£2arcsin(||x|[}. The £ sign depends whether e; = 0 or
e; < 0, respectively. The z-coordinate of the direction vector
k= [k,,, k. kz] is considered always k, > 0 in order to avoid
ambiguities on the orientation representation.

2.5.2. Singularity analysis

A singular configuration occurs when the instantaneous
kinematics of the mechanism Jy ws = J, § becomes indeterminate,
i.e. when Jy or J; or both matrices are singular, thus the velocity
equation cannot be solved.

Therefore, the singularity analysis procedure can be focused to
find when these matrices become singular,

A numerical approach, can be based on the evaluation of the
determinant of the Jacobian matrix (J = J, ! J¢), and to find when it
becomes zero or very close toit. In practice, sometimes it is not easy
to find configurations with this special characteristic, and another
criteria must be adopted. For this reason, in this work, the change
of sign of the determinant is considered instead, and it is evaluated
during the workspace generation.

2.5.3. Dexterity analysis

The performance of a robot in terms of force and velocity
transmission can be quantified with the condition index of the
Jacobian matrix [29], given by (21).

1
aJ)=—— 21
{ Pl (21)
where «(J) = |J| - U=l is the condition number of the

Jacobian matrix. Expression (21) can only take values between
0 < d{J) < 1. When CI approaches to zero, the Jacobian
Matrix is bad conditioned, and the mechanism is near to a singular
configuration, This index give us a local idea of the configuration
of the mechanism. In order to get a global idea of the performance
of the mechanism, the Global Conditien Index is introduced as
follows, where W represents the workspace, and it can only takes
values in the interval (0, 1].

f CHHAW

G = f W (22)
w

Table 1
3PS5-1S geometry.
Element Parameter Dimensions
Moving platform Radius 24 mm
Fixed platforms Radius 50 mm
Fixed leg (Ls) Radius 7.5 mm
Length 100 mm
Link Lg Radius 7.5 mm
Length 28 mm
Moving leg (L;) Radius 5 mm
Length 65 mm
Spherical joint Smax o0°
Linear actuator Tmin 15 mm
155 mm

T

3. Results

The geometric characteristics of the mechanism considered
for the simulations are summed up in Table 1. Some of these
dimensions differ from [13], due to the mechanical improvements
introduced in this prototype.

3.1. Workspace analysis

The workspace generation algorithm was implemented in
Matlab'¥, and more than 4.2 millions of possible orientation for the
end effector were generated and evaluated.

From the 4.2 millions of orientations evaluated, only 927 064
passed the constraints verification procedure and its graphical
representation is presented in Fig. 7.

Considering that a point of the sphere is given by ¥ =
le1. e, es] = [ksin{#/2)], where k is an unit vector associ-
ated with the rotation axis, the maximum pure rotation of the
mechanism can be found by slicing the solid representation of the
workspace with planes e; = 0 and e; = 0 as shown in Fig,. 8.

The pure rotations characteristics of the mechanism are
summed up in Table 2, where i, # and ¢ corresponds to quantity
rotated over the ¥, y and z axis of the reference frame Oyy,.

3.2, Singularity analysis

In Fig, 9, the volumetric representation of those configurations
where the sign of the determinant of the Jacobian matrix is
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Fig. 7. Volumetric representation of the workspace of the 3PS5-15.

Table 2

3P55-15 pure rotations characteristics.
Parameter Quaternion Angle
e = —0.421 [0.9071, -—0.4210, 0, 0 Wmin = —49.8"
e = 0.5331 |0.8474, 0.5310, 0, 0] Primax = 64,17
€0 = —0.481 [0.8767, 0, -—0.481, 0] i = —57.5°
€9 = 0.441 [0.8975, 0, 0.441, 0] Hnax = 52.3"
3 = -1 |D: 0, 0, -1 | ¢|||||| = —180°
€35 = 0.486 [0.8740, 0, 0, 0.4860] Pmax = 98.1°

negative (represented as a yellow volume) is superposed over the
solid representation of the workspace. The boundary of this new
volume defines a surface that separates the space into the regions
where the determinant has positive sign and negative sign, Hence,
this surface also defines the configurations where the determinant
of the Jacobian matrix is zero.

As it can be seen in Fig. 9, the singular surface intersects
the workspace, which implies that the mechanism poses singular
configurations inside its workspace.

This intersection can be analyzed in detail by slicing the
solid representation of the workspace and the determinant with
different planes e; as shown in Fig. 10, From these slices, it can be
observed that the singular surface divides the workspace into two
regions, thus reducing the effective workspace of the mechanism,

In fact, considering the slice e; = 0, presented in Fig. 10(b),
the minimum pure rotation free of singularities over the w axis
of the sphere is now ¢, = —60" defined by e;, = —0.5
approximately.

The portion of the singular surface that divides the workspace,
corresponds to the postures where the mechanism presents a Type
[Il singular configuration (6(c)).

In Fig. 10(b), it can be seen that the solid representation
of the workspace and the singular surface intersects at p =
[0, 0, 0, —1].For this orientation, the mechanism presents
a Type Il singular configuration, as shown in Fig. 6(b).

3.3. Dexterity analysis

During the 3PSS-1S volumetric workspace generation, the
condition index of the Jacobian matrix was also evaluated, and it
is presented in Fig. 10 as 2D maps over the slices of workspace of
the mechanism and the determinant of the Jacobian matrix.

As it can be seen from the dexterity map representations, the
Jacobian matrix presents a good conditioning for the top and
bottom region of the workspace, and it decreases while getting
closer to the singular surface given by the determinant of the
Jacobian matrix,

Fig. 8. Maximum pure rotation. The red closed curve defines the boundaries of the
workspace at the specified slice. 8(a): Slice for e; = 0. 8(b): Slice for e, = 0. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

It can be also seen, that the dexterity map shows an abrupt
change near the top region of the workspace, This change in the
map, reveals the possible existence of singular configurations that
could not be detected via the determinant analysis.

Taking a closer look at the dexterity map presented in Fig, 10(e),
it is observed that this change occurs at p = [0.8752, 0, 0, 0.4838].
This orientation of the moving platform corresponds when the
base and the moving platform are parallel but rotated 58° over the
w axis of the spherical joint of the passive leg, which corresponds
to a Type Il singular configuration (Fig, 6(b)). Therefore, Type Il sin-
gularities appears at extreme rotation over the Z axis.

The global condition index found is GCI = 0.1743,

3.4. Experimental testbed of the 3PSS-15

The meodification previously mentioned are implemented in
the former 3PUS-1S prototype. The dimensions of the improved
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Fig. 9. Volumetric representation of determinant (yellow) superposed over the
volumetric representation of the workspace (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

prototype does not differs much from the previous one, it weights
less than 500 g, and it fits inside a circular cylinder of 70 mm of
radius and 150 mm of longitude.

The 3PSS-1S spherical wrist uses 3 Faulhaber Linear DC-
Servomotors LM 1247 080-01 for actuation in combination with
the MCLM 3003,/06 S drive electronics. These linear motor are
composed of a magnetized rod that slides inside a controlled
magnetic field, providing a controlled linear motion that can freely
rotate over its axis of action. Given the reduced range of work
of the spherical joint commercially available, they were replaced
by an universal joint and a revolute joint orthogonally placed

Table 3

Comparison table of the 3P55-1S rotations characteristics.

Parameter Real prototype Simulation results
Yinin —45° —49.8°
max 45° 64,1°
Emin —40° —57.5°
[z 40° 52.3°
¢min —60° —60°
Pmax 60° 58.1°
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(see Fig. 11). The parts of the spherical wrist are machined on
aluminum, and white ABS (Acrylonitrile butadiene styrene).

The control architecture of the experimental testbed is
presented in Fig. 12, The kinematic model of the parallel spherical
wrist detailed in Section 2 is implemented in Labview, and via a
CAN bus the linear motors are commanded.

The results obtained during simulation are validated in the real
prototype, with a IMU placed over the end effector. The singular
configuration of the real mechanism are presented in Fig. 13. A
comparison between the results obtained from simulations and
with the real prototype are presented in Table 3. In must be
remarked that the IMU (i.e. 9 DOF razor IMU v14) used was
susceptible to the magnet fields generated by the linear actuator,
therefore the data had to be filtered and rounded to the near
integer, Even though the resolution of the sensor is low (i.e, 1°)
after this processing, it is more than enough for our evaluation
purposes.

As it can be observed there exist discrepancies between the
simulation results and the experimental data. In particular, the
maximum rotation of the real prototype over the ¥ and y axes
are clearly smaller than those obtained during simulation. This
variability is caused by the real range of work of spherical joint
of the passive leg, since the spherical joints are obtained from the
coupling of a universal joint and a revolute joint.
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Fig. 10. Singularities and dexterities of the spherical parallel wrist. Slices of the volumetric representations. The red contour defines the boundaries of the workspace, and
the yellow contour defines the boundaries of the sign of the determinant. Slices of the volumetric representations with the 2D map for the Cl. The blue scaled contour
represents the CL (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article,)
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Fig. 11. Details of the adaptation of the universal joints connected to the moving platform of the passive leg (11{a)) and of the active leg (11(b)).
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4, Conclusions and discussion

A spherical wrist prototype for a robotic needle insertion
guidance based on a spherical parallel mechanism 3PSS-1S has
been developed.

The 3PSS-1S spherical mechanism is a low weight and reduced
dimension parallel mechanism that allows spherical movements,
with similar characteristic obtained during simulation. However,
the real prototype presents a less range of rotation over the X
and y axes, than the obtained during simulation. This discrepancy
between simulation and experimental results are principally
caused by the non ideal characteristics of the spherical pair of the
passive leg, which was implemented as a universal joint plus a
revolute joint,

The mechanism poses three singular posture within its
waorkspace, where it blocks or loses one or more degrees of
freedom, reducing its effective workspace, Since these singular
postures are located on the boundaries of the effective workspace,

they can be avoided by programmatically restricting the stroke of
the actuator.

The solution proposed for the direct kinematic problem is a
numerical method based on the Newton-Raphson algorithm and
a constraint function of the mechanism. In spite the fact that the
numerical method is dependent of the initial estimate, it has shown
robustness for all the orientations that belongs to the workspace of
the mechanism,

The solid representation of the workspace based on the
representation of the elements of the unit quaternion, provides
a simple tool for the analysis of the main characteristics of an
orientation mechanism. The maximum pure rotation can be easily
obtained by analyzing the workspace at the principal planes.

The singularity and dexterity analysis of the mechanism based
on the analysis of the determinant and the condition index of the
Jacobian matrix corresponds with the singular posture identified
of the mechanism. Therefore, the numerical analysis proposed can
be used as a first approach for the determination of the singular
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Fig. 13. 3PSS-15 real prototype.

configurations of the mechanism. Even tough, a serious singularity
analysis must always consider a deep analysis of the input-output
velocity equation,

The overall mechanism proposed for the needle insertion
guidance is a 6 DOF mechanism, resulting in a redundant
mechanism for the needle insertion guidance, which requires only
5 DOF. Therefore, this extra DOF for the task allows to overcome
the limitation of the wrist due to its physical constraints and
singularities postures.
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