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Abstract— This paper presents a compliant mechanism for
fine motion of a medical robot for needle intervention proce-
dure. The concept of this mechanism is created with the purpose
of correcting a needle axis by translating a main robot for needle
driving when an unexpected slip happens in needle insertion.
In order to specify the concept, a planar compliant mechanism
is designed so that the mechanism has maximized workspace
for some given design condition. A simplified mathematical
model for the designed mechanism is derived and then a pose
controller is designed to track a desired trajectory in a plane,
which is a similar situation that the compliant mechanism
translates a needle driving robot to correct the direction of a
needle. The simulation result shows good tracking performance.

I. INTRODUCTION

Intervention procedure is a relatively new treatment using
radiographic equipment and some medical devices such as
a needle, catheter, or stent, which can achieve smallest
excision and reduced tissue damage or loss, compared with
traditional surgery. This procedure is not an exception of the
outreach of the robot technology. Many robotics researchers
and surgeons have joined their hands with the need for the
accuracy and reliability in the medical tasks. The attempts
to design and implement robots for intervention, especially
needle intervention, can be found in the literature [1], [2].

The robot for needle intervention has basically at least
three degree-of-freedom(DOF) motion: two rotations whose
axes are perpendicular each other about a pivot point and
a translation for needle insertion as shown in Fig. 1. The
pivot point, entry point on the patient’s body, locates outside
workspace of a robot and it is called Remote Center of
Motion (RCM). Many researchers have presented various
types of kinematic mechanisms with RCM motion such as
parallelograms [3], [4], a gimbal or arc [5], [6], a chain
transmission [7], double layered mechanisms [8], [9], and
parallel mechanisms [10], [11].

However, actual motion of a needle by surgeons and
physicians in biopsy is more complicated than aforemen-
tioned basic motion by robots. There is an example by the
characteristics of skin and soft tissue as shown in Fig. 2.
The direction of a needle in 1⃝ is toward a lesion detected
by a radiological equipment like CT(Computed tomography).
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Fig. 1. Biopsy using a robotic mechanism

Ideal situation could be that the needle reaches the lesion
without any skew but the needle often slide on patients’ skin,
that is 2⃝ happens. In order to correct the direction of the
needle, three ways, 3⃝-1,2, and 3 in the right side of Fig.
2 can be considered under the assumption that the needle
is stiff enough: rotation about a point, backward translation,
and forward translation. The latter seems to be feasible while
the former two are impractical due to the effect that tissue
tightly holds the needle tip. Please note that 3⃝-3 is not pure
translation, but combination of translation and rotation for
the robot.

This paper presents a robotic mechanism aiding such
translation of a robot for intervention. The mechanism is
designed as hybrid one so that it can actively translate
the robot or passively compensate an unexpected needle
motion due to respiration. Following a design issue of the
mechanism to be covered, the paper proceeds by deriving
dynamic equation, designing a controller, and simulating
control performance.

Fig. 2. Concept for correction of needle insertion in lung biopsy
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TABLE I
OPTIMIZATION RESULT

Optimized values [0.9857, 0.5620, 5.4942, 0.6561,
0.6837, 1.6453, 4.3917, 0.5448]

Final fitness 55.5850
Generation 51

II. MECHANISM DESIGN

In order to design a compliant mechanism for both transla-
tion of a needle driving robot and compensation of a needle
motion, a planar tensegrity-based compliant mechanism in
[12] is adopted. The mechanism has hybrid function of both
an active manipulator and a passive compliant device using
a tensegrity-like structure.

The mechanism is designed considering the following
conditions.

1) The mechanism has a shape of a square whose two
opposite sides are the top and base platforms.

2) The lengths of the springs and pistons are bounded;
they have minimum and maximum lengths.

3) It can have a two-layer structure to avoid interference
between the legs.

4) The most left-side joints in both platforms are the
origins for both body coordinate systems, respectively.

Under these conditions, the main focus in mechanism design
is how to choose positions of the joints on the top and base
platform. Each joint should be located so that the mechanism
has enough workspace and minimizes the singular area in
workspace. This can be thought as a optimization problem.
The joints, p1, p4, p5, and p8, can be chosen from the size of
the top and base platforms. Design variables are then defined
as p2x, p2y , p3x, p3y , p6x, p6y , p7x, p7y for p2 = [p2x, p2y]

T ,
p3 = [p3x, p3y]

T on the base platform, p6 = [p6x, p6y]
T ,

and p7 = [p7x, p7y]
T on the top platform. The plane of

{x ∈ [−10, 15], y ∈ [−10, 10]} is given as the area to check
workspace and singularity. This area is divided into 1000 ×
1000 segments to calculate fitness value for a cost function.
The cost function is defined as

fv =
wa

cws
+ wbc

∗
sg (1)

where wa and wb are weights, cws is the ratio of workspace
to the total area, # of workspace segments

# of total segments , and csg is the ratio
of singular points to the total area, # of singular segments

# of total segments .
c∗sg is the value that comes from binary mask operation to
the matrix including workspace segments. Workspace can be
calculated by kinematics and singular area in the total area
can be calculated by checking the condition number of the
Jacobian matrix H = [$1, $2, $3, $4]

T . In this study, H is
considered as singular when cond(H) > 5000.

The optimization method to minimize fv is chosen as the
typical genetic algorithm [13] because this method is suitable
for the situation when the system is given as a non-explicit
function which requires pointwise calculation by iteration.
In the process, population size is 10, crossover is 0.8, elite
count is 2, and wa = 10, wb = 1e+ 6 are used.

(a) θ = −60◦ (b) θ = −30◦

(c) θ = 0◦ (d) θ = 30◦

(e) θ = 60◦

Fig. 3. Workspace for the selected orientation angles

(a) Designed mechanism (b) Combined system

Fig. 4. 3D model of the mechanism

The result for the converged fitness value is shown in Table
I. Fig. 3 shows workspace (green area including dark green)
for the mechanism. The dark green area means common
workspace which can be drawn as ellipse or circle. All the
ellipses in Fig. 3 have vertices of (1.25, 0) and (0. 2.25),
that is the distances between two vertices 2.5 cm and 4.5 cm
for X and Y axes, respectively. This result ensures that the
mechanism can move the needle driving robot in the range.
A 3D mechanism model whose size is 12cm×15cm×3cm is
created as shown in Fig. 4.
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Fig. 5. Top body free body diagram

III. DYNAMIC EQUATION

A simplified dynamic model is necessary for this parallel
mechanism whose dynamics becomes more complicated by
existence of the springs. The approach used in [14] could be
helpful to derive the equation. The mathematical model can
be divided into two parts: a top platform and leg connectors
as shown in Fig. 5 and 6. The entire procedure to derive the
equation is omitted due to lack of space.

The resultant equation for a top platform model can be
obtained as

Mtq̈ + N = HfP (2)

where Mt ∈ R3×3 depicts an inertia matrix, q ∈ R3×1 de-
picts three parameters related to the position and orientation
of the top platform, N ∈ R3×1 depicts a nonlinear terms,
H ∈ R3×3 is a Jacobian matrix, and fP ∈ R3×1 depicts a
vector including force magnitudes acting along the leg line.

The resultant equation for each leg model can be also
obtained as

Mpẍa = −Kp(xa − xs)−Bp(ẋa − ẋs)− fp − fr + fa (3)

where Mp = diag(mi) ∈ R4×4, Bp = diag(bpi) ∈ R4×4,
Kp = diag(kpi) ∈ R4×4, K = diag(ki) ∈ R4×4, and others
are the 4×1 vectors which consist of i-th components, for
example, xa = [xa1, xa2, xa3, xa4]

T .

IV. CONTROL SIMULATION

In order to verify the performance for planar motion of
the mechanism, the pose (position and orientation) control
simulation is performed. Associating with the mathematical

Fig. 6. Free body diagram for a leg

Fig. 7. Control schematic

models described the previous section, a two-stage control
is proposed as shown in Fig. 7. This control consists of two
levels: PID-computed torque control of the motion of the
top platform and adaptive control of the piston in the leg
connector. PID control tracks a desired pose using the joint
forces along the line of the leg connector, fp, which is tracked
by adaptive control with estimation of uncertain parameters
such as stiffness, damping coefficient, and friction coefficient
in the piston.

The control law for each part can be designed as

u = −K1e1 −K2ė1 −K3ϵ1 (4)
fa = −Y ϑ̂+ fp +Mpẍad − α1Mpė2 −K4r − e2 (5)

where K1, K2, K3, and K4 are gains, e1 depicts pose
error, Y ∈ R4×12 depicts a regression matrix, α1 depicts
a constant, e2 depicts piston displacement error, r depicts a
filtered tracking error, and ϵ1 =

∫
e1dt.

The desired trajectory and disturbance are given as

qd = [6 sin (πt), 12 sin (0.4πt), 5 sin (0.2πt)]
T cm,cm,deg

fd = 0.01 sin (2πt) + 0.005 sin (10πt) N.

The simulation result is shown in Fig. 8 to 13. In Fig. 8, the
top platform tracks the desired position and velocity, and the
tracking error seems very small after 1 second. Fig. 9 and 10
show piston displacement converges to the desired value and
the error, e2 becomes small. In Fig. 11, parameter estimates
converge. Fig. 12 and 13 show control inputs in each level
control.

Fig. 8. Position and orientation
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Fig. 9. Piston displacement

Fig. 10. Piston displacement error

Fig. 11. Parameter estimates

Fig. 12. Intermediate control input at the joint

V. DISCUSSION AND CONCLUSION

The simulation result shows that this type of mecha-
nism, the planar tensegrity-based compliant mechanism can
achieve precise motion tracking in a plane for the given
condition. That is to say, the mechanism could be useful in
translating a needle driving robot to correct a wrong needle
axis due to a physical property of skin in robotic biopsy.
Meanwhile, there is still room for improvement in the design
optimization. It is more reasonable that the performance
index is defined as a specific range rather than maximum

Fig. 13. Control input at the piston

workspace area used in this study. The control performance
when a heavy load is associated with the top platform of the
mechanism and performance as a passive compliance device
should be verified in follow-up research.
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