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Abstract—Recently, quite a few practical parallel
mechanisms having spatial 3-DOF and 6-DOF have been
introduced and implemented. However, not many useful
practical applications using low-mobility parallel mechanisms
having 4-DOF and 5-DOF have been developed. In this paper,
we propose a 4-DOF parallel mechanism for needle insertion
application in which proper orientation and needle insertion
process are required. The mechanism has four outer chains and
one passive middle chain through which a needle insertion
motion occurs. The kinematic modeling and kinematic analysis
are performed to understand the characteristics of this
mechanism. Through the singularity analysis, a singularity-free
design for the desired workspace is proposed. Finally, the
effectiveness of this device as a needle insertion device is shown
through experimental work.

I. INTRODUCTION

ECENTLY, low-mobility parallel mechanisms have
drawn attention due to their potential usefulness for
many applications that require less degrees of freedom such
as 4 or 5 degrees of freedom (DOF). In fact, there have been
many elegant low-mobility parallel mechanisms suggested so
far [1-4] but only small portion of them such as many 4-DOF
robots based on Delta-robot concept have been proven for
their excellent performance in practical applications [2, 3].
Along with these application oriented researches, lots of
efforts have been made on type synthesis for such
low-mobility mechanisms. As a result, numerous promising
mechanism structures have been suggested [5-11]. However,
most of these works have been focused on suggesting feasible
structures of low-mobility parallel mechanisms.
There has been drastic progress reported in medical robotic
systems in past decades. Particularly, there have been many
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previous works related to needle insertion tasks. One- or
two-DOF needle insertion devices have been tested for the
needle insertion or steering tests [12-14]. However, they are
not adequate to perform the needle insertion task requiring
more motion degrees of freedom. On the other hand,
Fichtinger et al. [15] and Masamune et al. [16] proposed
serial type needle placement devices that have more than six
degrees of freedom. They belong to typical serial type of
needle insertion devices and are classified as floating needle
insertion devices in that they are attached to the end of a
medical robot generating a gross motion. Note that a
well-known da Vinci surgical system [17] employs a similar
design concept. However, stiffness for this type of serial
structured needle insertion devices is relatively low and thus
its accuracy is relatively low due to its cantilever structure.
Thus they are not suitable for tasks requiring very high
precision or for tasks under external disturbances.

In fact, the needle insertion task is required in various
surgical procedures. As an exemplary application, a needle
insertion task for a specified insertion position is sketched
roughly in Fig. 1. It can be easily seen from the figure that the
required motions are 4-DOF; 1-DOF translational motion for
the needle insertion, 2-DOF tilting motion for the needle pose,
and 1-DOF rotational motion for the needle steering. A new
design to effectively conduct such needle insertion task could
enhance the accuracy of the needle insertion operation.
Desired features for those needle insertion devices could be
summarized as follows: i) it could be accurate and stiff, i) it
should be compact to be used together with a variety of other
medical equipments, and iii) and it should have the 4-DOFs.
In addition, a path guider for the needle may be required to
tightly hold the insertion pose during the medical treatment.
In short, a candidate adequate to meet all these requirements
would be a compact 4-DOF parallel mechanism with a path
guider.

/

Needle with bevel tip

Fig. 1. The required motions for a needle insertion task.

Thus, in this work, a 4-DOF parallel mechanism is
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proposed which is compact and attachable to skin, and has a
path guider for the needle. Fig. 2 shows the 3D-model of the
proposed needle insertion device which has 4-DOF motion
and a path guider. Fig. 3 shows the concept of a medical
application using the proposed parallel mechanism as the
needle insertion device. This procedure consists of three
stages. First, the needle insertion device is fixed to the surface
of skin. Next, the user determines the pose of the needle.
Finally, the needle is inserted into the skin. Additional needle
insertion can be done by the user or an automatic insertion
device.

The contents of this work are summarized as follows. In
section II, the kinematic model is described and the kinematic
analysis is performed in section III. Singularity analysis for
the proposed mechanism is conducted in section IV.
Implementation and experimentation of the mechanism is
performed in section V. Finally, section VI draws the
conclusion.

Fig. 2. The 3D-model for the needle insertion device.

Fix to the surface Change orientation Needle insertion

-
/
é@ ;./

Fig. 3. The concept of the needle insertion procedure

II. KINEMATICS

A. Description of the Mechanism

: Spherical Joint

: Universal Joint

: Prismatic Joint

Fig. 4 The description of the mechanism.

Figure 4 shows the kinematic description of this
mechanism. It consists of a top plate, a base plate, four
external legs with UPS (universal, prismatic, and spherical)
structure and one internal leg with PS (prismatic and spherical)

structure connecting those two plates. The mobility of this
mechanism can be easily confirmed to be 4 from the
well-known Griibler's mobility formula.

The origin of the base frame {%,,7,,Z,} and one of the

output frame {X,,,,Z} is located at the center of the base
plate and the top plate, respectively, as shown in Fig. 4.

Denote P=[x, y, z] as the position vector from the origin

t
of the base frame to the origin of the output frame. Since the
mechanism is constrained by an internal leg not to move in
the x- and y- directions, the output position vector can be

expressed as (xo Yo Z)T , where the positions x, and y, are

fixed values and only the position z is a variable. And denote

the points B, and P, as the locations where a universal joint

and a spherical joint of the /" external leg is placed,

respectively. The position vector from the point B, to the

point P,

i

is denoted as [,. And the offset angles which

represent the locations of the corresponding joints on the base
plate and the top plate is denoted as x, and , , respectively,

as shown in Fig. 5.
R, represents the position vector from the origin of the

base plate to the universal joint of the i external leg with
respect to the base frame and zf’) represents the position

vector from the origin of the top plate to the spherical joint of
the i external leg with respect to the top frame.

(b)

Fig. 5. Base and top plate. (a) Base plate. (b) Top plate.

B. Inverse Kinematics

Inverse kinematics is to find the input vector when the
output position/orientation vector of the mechanism is given.

Using the x — y — z Euler angle set, the rotation matrix [R ]of
the output frame is denoted as

[R,]=[Rot(x,)][Rot(y, B)|[Rot(z,7)] (1)
where Rot(x,«) denotes the rotation about the x-axis by «

degree.
Now, the position vector /; in terms of the i" external leg

can be expressed as
l,=P+r,—R,, fori=1,2,3,4 2)
where
=R (3)
The displacement of the input joint variable /, can be obtained
by taking inner product of itself as follows
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Lel,=1"=(P+r, R )(P+r,-R,). 4)

=i

C. First-order Kinematics

To obtain the velocity relation between the input joint
vector and the independent output vector, the first-order
kinematics for each of five legs (namely four external legs
and an internal leg) are used. Firstly, the first order kinematics
of the external legs can be obtained in the following way.
Assume that input joints are located at the prismatic joints of
all external legs. Then, the first-order kinematics of the
external legs can be obtained by directly differentiating (4)
respect to time as follows.

lzjf :_P'(£+Zi _Bi)+’_;i.(£+5i _Ei) Q)

and
L= 1P+ (1, %1, )@ (6)
where P and @ denote the linear velocity vector and the
angular velocity vector of the output frame (the top plate),

respectively.
Now, (6) can be expressed in a matrix form as
h
P i
Al = |=[B]| 2 7
14
where
L (rxt) L 00 0
L' (r,xL) 0. 0 0
[A]= 2T ’ ’ T |’ [B]: 0 5 )i 0 ’
L (%) NG
Z4T K4><l4)T 0.0 04
Q:[ET QTTs éa :|:il iz j3 j4:|T-

Here, ¢5a and u denote the joint velocity vector and the

output velocity vector, respectively. The relationship between
the joint velocity vector and the output velocity vector can be

found by pre-multiplying [B]f1 to both sides of (7) as

g =[] |-[ex)s o
where -
(G ]=1B1"[4]. (10)

Secondly, the first-order kinematics of the internal chain
can be obtained as

00 0 0
00 0
{1 0 0 . LT
i=ly 1 o, Bl A
0 0 ¢, =S¢5
100 5, ey |

where él denotes the joint velocity vector of the internal
chain, and [G;‘I] denotes Jacobian between the output

velocity vector # and él. The output velocity u of (11) can

be divided into the independent and dependent output vectors
as below

N s N PR

where u, =[x )'/]T and u, =[z' o, o, a)ZJT denote the

dependent and independent set of the output velocity vector,
respectively. Finally, by inserting (11) into the external
Jacobian matrix of (9) the first-order internal kinematics of
the mechanism representing the relation between independent
joint vector and the dependent joint vector can be obtained.
From (12), the relation between the dependent output
velocity vector (u,) and the independent output velocity

vector (4, ) can be extracted as follows

. up u; -b _ up |-
i, =[Gy Gy ] i =[G ]i,. (13)
Thus, the relation between the output velocity (u ) and the

independent output velocity vector can be expressed as

i Lﬂ i {[Ic ﬂﬂ'z =[],

where 7, , denotes an 4 by 4 identity matrix. Substituting (14)

(14)

I=.

into (9), we have

4, =[G i, (15)
where [G["I ] € R** can be expressed as
i =[] ]- (16)

Finally, the first-order kinematic relation between the
independent output vector and the input joint vector can be
obtained as follows

i, =[G4, (17)

where [G:’ ] = [G:[ ]71 e R™.

III. KINEMATIC ANALYSIS

Two design indices are considered to measure the
kinematic characteristics of the proposed 4-DOF parallel
mechanism.

TABLEI
KINEMATIC PARAMETERS
Parameter R R Ly
Length 0.045[m] 0.036[m] 0.041[m]

Table I shows link parameters used in simulation. R, 7, and
L, denote the radius of the base plate, the radius of the top
plate, and a constant link length (i.e., the minimum stroke of
the prismatic joint) of the prismatic joint, respectively. The
maximum stroke of the prismatic joint is 0.058m.
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A. Workspace

One of the basic aspects in robot design is to determine the
workspace. In this analysis, the volume of reachable
workspace is defined as

V:deV. (18)

Figure 6 shows the reachable workspace for the case of
y =0" (y:aroll angle with respect to the local z-axis of the
top plate). From this plot, it can be seen that the workspace

size around the center of the workspace is fairly large.
Through simulation for other values of y, it can be confirmed

that the mechanism ensures large workspace with respect to
the roll angle .

Workspace

a [deg] j [deg]

(a)
Workspace Workspace
B L =t i ol e ﬂl;gasrr T bl el el I et R T Ty T
o b b L T s Lot w—\?cﬁq J*@\G&'ﬁ;up HpLig L
| L Bl | odeis | | 9P I o ot | 15 15 1
= \7@\7“"?95@777\;“55?7\77\7 2”’\&\”’7" AT
e ik 092609, *r&r *ﬂ*rﬁ“’fﬁﬂ&%\b =D Et -+ -+
- S 4 @3’ g’ ]
ool 137L71_§’L SLe oLl ST 1oL
‘megﬁ—”°7LL;»fMl$u,@4¢ ‘M,L,féyyff—*?*j“ﬁi§L
o gg Y o F”s:y/ﬁn—\aﬁ;a‘?\ TTETE T
ESiai i Tade @@*r@ﬁ‘r*gé?r 20— M:“‘I****ommg*# + -t
e e Ll ol L P ot | Jogssaly— L L L
N ey 4 N e e N |
i e el el e R 407\77\77\&7\77\7777777\7
S0 s 20 0 o 0 2 % @ e 2w 0 0 0 2 % %0
a [deg] [deg]
(b) (©

Fig. 6. Workspace. (a) 3-D plot. (b) Contour plot of & and f with respect to

z max. (c) Contour plot of o and S with respect to z min.

B. Isotropic Index
The kinematic isotropic index is defined as

k)
o ([G2])

and o, denotes the minimum and the maximum

(19)

o, =

where o

singular value of [GZ’], respectively. When o, becomes
unity, the end-effecter can generate uniform velocity in all
directions.

Figure 7 shows the 3-D plot and the contour plot of the
isotropic index, with respect to two orientation angles « and
B, for the fixed values of z=0.07m and y =0° when the
offset angles of both base and top platforms are
symmetrically placed 90° apart one another. However, it is
noted that when the offset angles (4, and ) in both base
and top plates are zero such as Fig. 5(a), values of the

isotropic index are close to zero along the cross lines passing
through the center of the workspace. Obviously, locations of

these singular configurations in the middle of workspace are
not desirable. However, it can be observed that when an offset
angle (4, ) of the top plate is adjusted while fixing the offset
angles on the base plate, the singular region tends to move

from the center region of the workspace to its boundary
region as shown in Fig. 8.

Index.

et (sg] . e
(a) (b)
Fig. 7. Isotropic index when z=0.07m,

alpha [deg]

#,=0" and g, =0". (a) Oblique

view. (b) Top view.

sotrapic Index

beta [deg]

100 50 [ ) 100
slpha [deg)

(@) (b)
Fig. 8. Isotropic index when z=0.07m, z, =0" and g, =30°

alpha [deg]

. (a) Oblique
view. (b) Top view.

IV. SINGULARITY ANALYSIS

In this section, forward kinematic singularity and inverse
kinematic singularity of the proposed mechanism are
investigated. Generally, these singularities can be found from
the following equation [18].

A1 =B,¢ (20)

which is equivalent to (7). Here, when the determinant of the
A, matrix is zero, the forward kinematic singularity occurs.

When the determinant of the matrix B, is zero, the inverse

kinematic singularity occurs. However, the inverse kinematic
singularity does not exist because in (16) the components of
the matrix B, are all constant values. On the other hand, the

forward kinematic singularity of the mechanism could be
identified by imposing the condition that the determinant of
the matrix [A4] of (7) becomes zero. However, it is not

straightforward to clearly identify this kind of singularity in
an algebraic way. Thus, we employ Grassmann geometric
method [19, 20] to identify the forward singularity as follows.

Note that there are two constraints imposed on the moving
plate by locating a PS type sub-chain in the middle of the
mechanism. They are given as

v, =0,v, =0. (21)
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When these two constraints are embedded into (7), the full
first-order kinematic velocity equation of the mechanism can
be formed as

v .
afJun e
where
I LT (KlXZI)T—
/7 x1)"
;; (7, ;2)T [B] [0],, [0],,
[Af]: _3T (ryx1y) ,[Bf]: [01,.. 0 0 .(23)
L (xl) [0, ©0 0
100 0,
010 0,

Note that the first through fourth rows of [4,] represent

lines (pliicker coordinates) with respect to the reference frame
defined at the center of the moving plate, and also that the
fifth and sixth rows of [4,] represent lines passing through

the origin of the reference frame.
Now, we consider the cases when the variety formed with
six rows of [4,] (or six lines) degenerates.

Case 1) When the moving plate coincides with the base
plate, two lines representing the fifth and the sixth rows of
[4,] also lie on the same plane. In this configuration, all lines

are coplanar and thus the dimension of variety for all six lines
degenerates to three: more specifically, all six lines span
2-DOF translational motion space and 1-DOF rotational
motion space. Noting, however, that these 2-DOF
translational motion space coincides with the constraint space
imposed by the fifth and sixth rows of [4,], only 1-DOF

rotational motion is feasible and controllable by input joints.
Fig. 9(a) shows this case.

Case 2) When all lines are coplanar and intersect at the
center of the base frame, the dimension of variety degenerates
to 2: all lines span 2-DOF translational motion space. Again
noting that these 2-DOF translational motions represent
constraints, any 4-DOF motion of the mechanism is not
controllable by input joints. Fig. 9(b) corresponds to this case.

Case 3) When any two lines out of the first four rows of
[4,] pass through the center of the moving plate, the

dimension of variety for those four lines degenerates to3. It
can be easily seen that about the center of the moving plate
only two line vectors are available to generate rotational
motions and the other two lines could generate a translational
motion along the z axis. Thus, the feasible motion of the
mechanism could be 3-DOF motion at most, a 1-DOF
translational motion along the z direction and 2-DOF
rotational motions, and Fig. 9(c) shows a feasible
configuration. Thus, the one rotational degree of freedom of
the mechanism cannot be controlled in this configuration.
Case 4) When upper four lines of [4,] intersect at a

common point as shown in Fig. 9(d), the dimension of variety
for those four lines degenerates to 3. In this situation, the

translational motion along the z axis is controllable, but the
rotational motion of the mechanism is not controllable. Thus
the moving plate yields a rotational self-motion. The attached
video clip demonstrates such self-motion.

Case 5) When there are two pairs of two intersecting lines
of [4,] as shown in Fig. 9(¢), the dimension of variety for

those four lines degenerates to three: the rotational motion of
the mechanism cannot be controlled about the axis (line)
connecting those two intersection points. The attached video
clip demonstrates a resulting self-motion.

Case 6) When the upper four lines are parallel as shown in
Fig. 9(f), singularity occurs. In this configuration, no
rotational motion about the axis parallel to those lines can be
controlled.

Case 7) When the upper four lines of [4,]lie on quadric
surface (i.e., they all belong to a regulus), the dimension of

variety degenerates to 3. An exemplary configuration
belonging to this case is shown in Fig. 9(g).

Fig. 9. Singular and non-singular configurations. (a) Case 1. (b) Case 2. (c)
Case 3. (d) Case 4. (e) Case 5. (f) Case 6. (g) Case 7. (h) Non-singular case.

Now, result of the above singularity analysis will be taken
into account for singularity-free design of the proposed
mechanism. It can be seen that singularities from both case 1
and case 2 occur outside of workspace since the lowest
positions of four input prismatic joints are set as shown in
Table I. Thus, those two cases are not taken into account.
However, singularities of case 4, case 5, and case 7 are related
to the design parameters and they tend to appear around the
center of workspace for the mechanism with symmetrical
design parameters in general. To minimize the chance of
these singularities, asymmetrical arrangement of contact
points on the top plate is helpful as discussed in section II1.

Fig. 9(h) shows the selected design in which an offset angle

on the top plate ( 1, =30") is adopted to remove singularities
within the workspace. Fig. 10 shows the singularity locus of
this case on the @ — f plane for fixed values of z=0.07m
and y =0°. It can be seen clearly from the figure that within
the desired workspace (-30°<a, #<30°), this mechanism

does not have any singularity even for different roll angles up
to £30°.
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Fig. 10. Singularity locus and workspace with respect to « and £ .

V. IMPLEMENTATION

In this section, we implement the 4-DOF parallel
mechanism as a needle insertion device. Fig. 11 shows the
proto type of the 4-DOF needle insertion device. As
addressed, the mechanism has 3-DOF rotational motion and
1-DOF needle insertion motion. Particularly, Fig. 11(b)
shows a fixed insertion point about which the remote center
of motion (RCM) of the device is achieved in the steering
motion stage. The mechanism consists of four active
prismatic joints in the outer chains and a needle path guider in
the middle chain. The active prismatic joint is designed to
exhibit a linear motion by using a ball spline with stroke of
58mm and it is driven by a DC motor with a gear ratio of 14:1.
The pitch of the ball spline is 0.4mm.

(a)
Fig. 11. Needle insertion mechanism. (a) Mechanism. (b) Insertion point with
RCM.

@ (b)
Fig. 12. A 1-DOF automatic insertion device. (a) Top view. (b) Side view.

In addition, it is noted that the proposed mechanism of Fig.
11 has a limited stroke for the needle insertion operation due

to its parallel structure. Thus, an optional (additional) 1-DOF
translational motion device is designed and mounted on the
top plate as shown in Fig. 12. This 1-DOF automatic needle
insertion device could extend the range of the needle inserting
motion enough to create a long stroke required for the needle
insertion task. Table II and III show the specifications for the
implemented device.

A needle can be inserted from the center of the upper plate
as shown in Fig. 12(a) and goes through the path guider (the
hole) which denotes the middle chain, and exits through the
ball joint located at the center of the base plate. Note that
through this path guider, the needle can be passively inserted
by the user or be inserted by an 1-DOF automatic insertion
device.

TABLEII
SPECIFICATION OF THE NEEDLE INSERTION DEVICE
Size ©72x40x¢90 mm
Weight 868¢g
Motor model DC-Micromotors 1717SR
Stroke 58mm
Tilting angle +30°
Torsional angle +30°
Resolution of prismatic joint Lum
TABLE III
SPECIFICATION OF THE MOTOR: 1717SR
Size ®17x38.1 mm
Weight 41g
Gear ratio 14:1
Voltage 12V
Speed up to 10000 rpm
Torque up to 2 mNm
Resolution of encoder 512 pulse
Drive MCDC 3006S

Now, the needle insertion process using the implemented
mechanism is explained. Initially, fix the top platform of this
device to the target position of skin or body. Secondly, steer
the mechanism so that the needle is oriented to the target
direction. Thirdly, compress the whole mechanism so that the
needle can be inserted into the skin. Fig. 13 shows such
procedures. Note that the operating range of both steering (or
tilting) and roll angles of this device is +30° by taking into
account the mechanical limit of spherical joints and
mechanical interference. However, the roll angle of the
needle can be controlled manually by the user’s hand.

Figure 14 shows the control block diagram for our
experimental system. Actuators are driven by a PID controller.
A D/A (Digital-to-Analog) conversion are embedded in a
motion board. Thus, a DC servo motor is controlled by this
output voltage from the D/A converter, which corresponds to
the magnitude of the joint error between the desired joint
displacement and the current joint displacement.

The attached video clip demonstrates the whole needle
insertion process. Through these demonstrations, it can be
strongly contended that the implemented 4-DOF needle
insertion parallel mechanism would be adequate in
conducting various kinds of needle insertion tasks required in
many different surgical procedures.
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Skin

(©)

Fig. 13. Needle insertion procedure. (a) Fixation of the upper platform of the
device to the target position of skin or body. (b) Steering the mechanism so
that the needle is oriented to the target. (c) Compression of the whole
mechanism so that the needle can be inserted into the skin.

Desired | %, Inverse ¢, ¢ PID Z | Motion Board |D/A|  Motor Drive
Pose Kinematics Controller (PCI-8136) (MCDC 3006S)
4.
DC Servo Motor
(1717 SR)

Fig. 14. Control block diagram.

VI. CONCLUSION

A new 4-DOF parallel mechanism having 3 rotations and
one needle insertion motion was proposed and analyzed.
Fundamental kinematic modeling and singularity analysis of
kinematic
characteristics were analyzed in terms of two kinematic
indices. Based on this result, a singularity-free design was
proposed and an actual proto type needle insertion device was
developed and tested to corroborate the working principle of
this device for practical applications.

this mechanism were

conducted.
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