
  

 

Abstract—Clinical Application of linear percutaneous needle 

insertion is restricted due to issues such as limited path and 

deflection. Thus steering of flexible needle is critical demanded 

in the clinic. Previous studies tended to use autonomous 

methods to conduct path planning for needle steering. However, 

these methods had very limited adaptabilities, and they also 

decreased the human operator’s domination of the operation, as 

clinically required. In this case, teleoperation has been an 

option, while in complicated environments sole teleoperation is 

not sufficient for a human operator to generate multi-curved 

insertion path. Therefore, in this paper, we propose a 

semiautonomous human-robot collaborated path planning 

method for teleoperated bevel-tip needle steering. The key 

module of this method is a human-robot collaboration 

mechanism which consists of the operator input, environment 

constraints, and path constraints. The proposed method were 

tested semi-physically in a simulated human environment and 

the results validated that the proposed method were able to 

efficiently assist the operator to generate multi-curved paths 

under human operator’s domination. 

I. INTRODUCTION 

As an important part of interventional diagnosis and 
therapy, percutaneous needle insertion is widely used in 
minimally invasive procedures [1]. Linear insertion with rigid 
needles may make the insertion direction inclined in order to 
avoid obstacles in the path, which will increase the tissue 
injury. Especially, some deep targets in complicated tissue 
environments cannot be reached using linear paths. The 
accuracy of needle placement will also decrease because of the 
needle-tissue interaction and natural deformation. 

Flexible needles can steer in soft tissue to help to reduce 
errors and increase the flexibility of insertion path [2]. Robotic 
needle steering was studied in recent years to realize path 
planning and control of a flexible needle [3]. There are 
multiple designs to realize needle steering [4] with different 
features. Needles with bevel-tips are able to be controlled 
outside of soft tissue and form curves naturally, therefore they 
are one of the commonly used designs for needle steering 
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study. Webster et al. [5] developed the non-holonomic 
kinematic model for flexible needles with bevel-tips. Minhas 
et al. [6] studied the needle steering via duty-cycled spinning. 

Path planning is a key procedure for controllable needle 
steering. Some path planning algorithms based on objective 
function optimization [7], maximum probability [8] and 
inverse kinematics [9] were proposed and the insertion 
environments were gradually extended from planar to 
three-dimensional space. Patil et al. [10] proposed a path 
planning method based on Rapidly-Exploring Random Tree 
and significantly improved the planning efficiency. Then 
online path planning for flexible needles was studied [11-12]. 

The path planning methods mentioned above are based on 
autonomous planning and motion control. The surgeon can 
only observe the planning results or have limited interaction. 
Then it is unable for a surgeon to directly express the intention 
and preference during the path planning, which make it 
difficult for the needle steering to be clinically applied. 
Okamura et al. [13] conducted experiments of teleoperated 
robotic needle steering, and the insertion accuracy was 
improved with visual feedback comparing to manual insertion. 
But it is still difficult for human operator to realize 
multi-curved path in complicated environments using 
teleoperation. 

In this paper we propose a semiautonomous human-robot 
collaborated path planning method for bevel-tip needle 
steering. The method is dominated by teleoperation as well as 
simultaneously and automatically considering the 
environment information and the physical constraints of 
insertion path. It significantly improves the operator’s ability 
to manipulate needle steering in complicated environments. 
The paper is organized as follows. Section II introduces the 
path model and physical constraints. Section III presents the 
proposed planning methods including the human-robot 
collaboration mechanism. Section IV shows the results of 
experiments in simulated human environments. Section V 
concludes and provides possible future work. 

II. NEEDLE PATH MODELING 

In soft tissue, the motion of bevel-tip needle is controlled 
by the external needle inserting and twisting [3]. With 
different control styles, the motion path can be composed by 
straight lines, arcs and spiral lines [3]. Since it is difficult to 
observe and apply a spiral line for human surgeon, in this 
paper we only consider the path as continuous arcs with 
variable radiuses. The straight line is a special arc with infinite 
radius. 

When the twisting input is zero, the needle is only 
controlled by inserting input and the path will be an arc with 
the minimum radius 𝑟min, where the value of 𝑟min is decided 
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by the mechanical and geometric characteristics of both the 
tissue and needle [5]. When the inserting input is companied 
with a duty-cycled twisting input [6], the motion path will be 
an arc with radius 𝑟, where 𝑟min ≤ 𝑟 ≤ +∞. These motion 
properties had been used commonly in the research on needle 
steering planning and control [10-12]. 

Thus, the needle path is described as an arc sequence: 

    𝑃𝑎𝑡ℎ = ∑ 𝐴𝑟𝑐𝑖(𝑷𝑖
S, 𝒏𝑖 , 𝑟𝑖 , 𝒎𝑖 , 𝑙𝑖)𝑛

𝑖=1     (1) 

Where 𝑷𝑖
S denotes the start point of 𝐴𝑟𝑐𝑖 , 𝒏𝑖 denotes the 

unit tangent vector of 𝐴𝑟𝑐𝑖  at 𝑷𝑖
S  and is along the forward 

direction of the path, 𝑟𝑖 denotes the radius of 𝐴𝑟𝑐𝑖 , 𝒎𝑖 denotes 
the direction of 𝐴𝑟𝑐𝑖 , and 𝑙𝑖 denotes the length of 𝐴𝑟𝑐𝑖 .  

A basic path planning environment is shown in Fig. 1. 𝑷𝑖
E 

is the end point of 𝐴𝑟𝑐𝑖 . 𝒏𝑖
E is the unit tangent vector of 𝐴𝑟𝑐𝑖  

at 𝑷𝑖
E and is also along the forward direction. 𝑶𝑖 is the circle 

center of 𝐴𝑟𝑐𝑖 . 𝑷T is the target of needle insertion. For needle 
insertion in soft tissue, the motion path is shaped by the body 
of the needle, therefore the path have to be smooth, i.e., the 
arcs must be tangent at the connection point. Thus the path has 
to follow the physical constraints as: 

    {

𝑟min ≤ 𝑟𝑖 ≤ +∞

𝑷𝑖+1
S = 𝑷𝑖

E          

𝒏𝑖+1 = 𝒏𝑖
E          

,   𝑖 = 1, ⋯ , 𝑛      (2) 

 

Figure 1.  A basic path planning environment. 

III. HUMAN-ROBOT COLLABORATED PATH PLANNING 

The proposed human-robot collaborated path planning 
method aims to combine the environment information and the 
path constraints while the planning is dominated by the 
intention of the human operator, and generates all the 
parameters of the arc sequence in (1). The method can be 
described briefly as below: a) For 𝐴𝑟𝑐𝑖 , the operator provides 
an input signal through a three-dimensional motion device to 
indicate the expected movement of needle tip in Cartesian 
coordinates; b) then a human-robot collaboration mechanism 
involving operator input, target, obstacles and the path 

constraints will be applied to get 𝑷𝑖
E, the position of needle tip, 

and the parameters of 𝐴𝑟𝑐𝑖  will be calculated; c) finally 𝑷𝑖+1
S  

and 𝒏𝑖+1 will be determined for the next arc. For the first arc, 

𝑷1
S and 𝒏1 can be determined manually. When 𝑷𝑖

E is close to 
the target 𝑷T , the next and last arc will be calculated 
automatically to make sure the path ends at 𝑷T. 

A.  Human-robot Collaboration Mechanism 

The human intention during the path planning is obtained 
from a tele-operated 3D motion device, and represented by a 
3x1 vector 𝑭u  which indicates the expected direction and 
extent of the needle tip movement.  

The human-robot collaboration mechanism we proposed is 
based on an admittance control law which combines the 
teleoperated input and automatic adjustment using the concept 
of virtual fixtures. Virtual fixture, also called active constraint, 
is a widely investigated approach which adds virtual 
constraints into the control loop to improve the human’s 
capacity of operating robots and accomplishing tasks [14].  

In our path planning method, we generate virtual repulsive 
potential fields for obstacles and virtual attractive potential 
field for target as the virtual constraints. Fig. 2 shows the 
typical distributions of the virtual potential fields. 

 

Figure 2.  Distributions of the virtual potential fields. Left: For a repulsive 

potential field, the potential near the obstacle is high, but decreases rapidly 
while the distance from the obstacle surface increases. Right: For an 

attractive potential field, the potential distributes evenly in the environment 

and points to the target. 

Supposing the virtual potentials acting on 𝑷  are 
𝑭1(𝑷), 𝑭2(𝑷), ⋯ , 𝑭𝑝(𝑷), and 𝑝 is the number of virtual fields 

in the environment, the admittance control law of the 
human-robot collaboration mechanism is 

 𝒗𝑖 = 𝑘‖𝑭u‖(𝑭u ‖𝑭u‖⁄ + ∑ (𝜔𝑗𝑭𝑗(𝑷𝑖𝑗
S ))

𝑝
𝑗=1 ),  (3) 

       𝑷𝑖
E = 𝑷𝑖

S + 𝒗𝑖,          (4) 

where which  𝑘 is the gain factor of the control law, and  𝜔𝑗 is 

the stiffness factor of the 𝑗th virtual field, 𝑷𝑖𝑗
S  is the point on 

the line from 𝑷𝑖
S to (𝑷𝑖

S + 𝑘𝑭u) which has minimum distance 

to the 𝑗th obstacle. 𝜔𝑗 can be associated with the danger level 

of obstacles, e. g., a bigger value of 𝜔𝑗 may be chose for the 

corresponding virtual repulsive field of a high risk obstacle. 
Since the motion is generated by the combination of real-time 
human input and virtual potentials, the varing human input can 
help the needle to escape from possible local potential wells. 

From (4) we get a preliminary 𝑷𝑖
E  based on human 

intention and environment constraints. But the path constraints 

(2) should also be considered. Since 𝑷𝑖
S and 𝒏𝑖 is determined 

by 𝐴𝑟𝑐𝑖−1, other parameters of 𝐴𝑟𝑐𝑖  in (1) including 𝑟𝑖 , 𝒎𝑖 , 

and 𝑙𝑖 can be calculated from 𝑷𝑖
S, 𝒏𝑖 and 𝑷𝑖

E. 

    𝒎𝑖 = (𝑷𝑖
E − 𝑷𝑖

S) ‖𝑷𝑖
E − 𝑷𝑖

S‖⁄        (5) 

We make use of 𝜃𝑖, the angle between 𝒎𝑖 and 𝒏𝑖 as shown 
in Fig. 1, to get 𝑟𝑖 and 𝑙𝑖. 

      cos 𝜃𝑖 = 𝒏𝑖 ∙ 𝒎𝑖          (6) 

𝑟𝑖 = {
‖𝑷𝑖

E − 𝑷𝑖
S‖ (2 𝑠𝑖𝑛 𝜃𝑖)⁄ ,

+∞,                                 

when 0 ≤ cos 𝜃𝑖 < 1
when cos 𝜃𝑖 = 1       

  (7) 

  𝑙𝑖 = {
2𝜃𝑟𝑖 ,               

‖𝑷𝑖
E − 𝑷𝑖

S‖,   

when 𝑟min ≤ 𝑟𝑖 < +∞
when 𝑟𝑖 = +∞              

   (8) 
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The radian of 𝐴𝑟𝑐𝑖  equals to 2𝜃𝑖. If cos 𝜃𝑖 < 0, 𝜃𝑖 > 90° 
and 𝐴𝑟𝑐𝑖  will be bigger than a half circle. This will make the 
needle tip turn back and is not practical in clinical environment, 
therefore it is not suggested in our path planning method and 
the input will be ignored. In this case a new input will be 
obtained from the operator and (3) ~ (6) will be calculated 
again until cos 𝜃𝑖 ≥ 0. 

When 𝑟min ≤ 𝑟𝑖 ≤ +∞, the constraint for  𝑟𝑖 is satisfied. 
Especially when 𝑟𝑖 = +∞, 𝐴𝑟𝑐𝑖  becomes a straight line.  

When 𝑟𝑖 < 𝑟min, since the path with a radius less than 𝑟min 

cannot be executed physically, 𝑷𝑖
E  should be adjusted to make 

𝑟𝑖 = 𝑟min. The adjustment is implemented as below:  

Step 1: move 𝑶𝑖 along 𝑷𝑖
S𝑶𝑖 to 𝑶𝑖

a until ‖𝑶𝑖
a − 𝑷𝑖

S‖ = 𝑟min, 

    𝑶𝑖 = 𝑷𝑖
S + 𝑟𝑖 (𝒎𝑖 − cos 𝜃𝑖 𝒏𝑖) sin 𝜃𝑖⁄      (9) 

   𝑶𝑖
a = 𝑷𝑖

S + (𝑶𝑖 − 𝑷𝑖
S)𝑟min 𝑟𝑖⁄ ;         (10) 

Step 2: move 𝑷𝑖
E along 𝑶𝑖

a𝑷𝑖
E to 𝑷𝑖

Ea until ‖𝑷𝑖
Ea − 𝑶𝑖‖ = 𝑟min, 

  𝑷𝑖
Ea = 𝑶𝑖

a + 𝑟min (𝑷𝑖
E − 𝑶𝑖

a) ‖𝑷𝑖
E − 𝑶𝑖

a‖⁄ ;      (11) 

Step 3: Let 𝑶𝑖 = 𝑶𝑖
a, 𝑷𝑖

E = 𝑷𝑖
Ea, and calculate the parameters 

of 𝐴𝑟𝑐𝑖  again using (5) to (8). 

The human-robot collaboration mechanism we proposed 
above includes two main parts: an admittance control law 
which involves human intention and environment constraints, 
and an adjustment method which involves path constraints. In 
this mechanism, given the operator input 𝑭u , the virtual 

constraints, 𝑷𝑖
S  and 𝒏𝑖 , we get the parameters of 𝐴𝑟𝑐𝑖 . The 

process is summarized in Fig. 3. 

 

Figure 3.  The human-robot collaboration mechanism. 

For the planning of the next arc, 𝑷𝑖+1
S = 𝑷𝑖

E as shown in 
(2), and 𝒏𝑖+1 is also provided : 

     𝒏𝑖+1 =
𝑷𝑖

S−𝑶𝑖

𝑟𝑖
× 𝒏𝑖 ×

𝑷𝑖
E−𝑶𝑖

𝑟𝑖
         (12) 

IV. EXPERIMENTS 

In order to validate the proposed human-robot collaborated 
path planning method, semi-physical experiments in 
simulated three-dimensional human environment were carried 
out. The operator inputs were obtained through a SpacePilot® 
Pro from 3Dconnexion. The device can transmit three 
translational and three rotational inputs for real-time 
manipulation. 

A. Environment Setup 

The simulated human environment is located in a 
Cartesian coordinate system, and includes the tissue surface, 
the target area with the center point 𝑷T, two ribs and a vessel 
branch. Ribs and vessel branch are the obstacles which 

simulates the environment for percutaneous puncture into 
human liver. 

In (3), for a point 𝑷 in the simulated environment, the 
virtual potential field of the target was generated through 

    𝑭a(𝑷) = (𝑷T − 𝑷) ‖𝑷T − 𝑷‖⁄         (13) 

The virtual potential field of each obstacle was generated 
through the potential function  𝑓r  separately. 𝑑r(𝑷)  is the 
generalized distance between 𝑷 and the obstacle, and 

       𝑓r(𝑷) =
1

1+𝑒𝑑r(𝑷) .               (14) 

Then the gradient direction is  

    𝑮r(𝑷) = −
𝜕𝑓r(𝑷)

𝜕𝑷
= −

𝜕𝑓r

𝜕𝑑r

𝜕𝑑r(𝑷)

𝜕𝑷
 ,       (15) 

and the virtual potential is 

      𝑭r(𝑷) = 𝑓r(𝑷)
𝑮r(𝑷)

‖𝑮r(𝑷)‖
          (16) 

B. Experiment Results 

The proposed human-robot collaboration method aims to 
help the operator easily plan a feasible path while avoiding 
obstacles and reaching the target in complicated environment. 
In order to validate the method, the path planning procedures 
with/without human-robot collaboration were implemented 
and compared. The path model (1) and physical constraints (2) 
were constantly considered during the experiments since they 
are the preconditions of the path planning. 

An interactive GUI was designed for the experiments. The 
operator can plan an arc repeatedly by real-time input which is 
read every 50ms. The calculated arc is displayed and refreshed 
in real time to help the operator adjust the input. “Select” 
button is provided for the operator to finish the current arc 
planning and go to the next. Fig.4 shows the experiment scene. 

 

Figure 4.  The experiment scene empolying a 6-dof input device and GUI 

First, in order to show the effect of the proposed method 
directly, we compared the results with and without the virtual 
potential fields using the same human inputs. A surgeon was 
asked to generate an original result without virtual potential 
fields, and his/her inputs were recorded for each cycle. Then 
the path was calculated again with virtual potential fields 
using the recorded inputs. The results were shown in Fig. 5. In 
the new path, the collisions existing in the original result were 
fully eliminated by the virtual potential fields. 

Then the path planning with and without human-robot 
collaboration were both implemented 20 times using 
independent real-time human inputs for common comparison. 
The surgeon was asked to intentionally control needle tip to 
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approach target from different passages, in order to verify that 
in our method the operator can dominate the passage selection 
during planning. The results were shown in Fig. 6. 

 

Figure 5.  Path planning results without (the red curve) and with (the blue 

curve) virtual potential fields using the same human inputs. The black dots 
are the the connection points between arcs.  

 

Figure 6.  Repeated path planning results. Left: Paths generated by 

teleoperation without collaboration. Red lines indicate the paths involving 

collisions, and green lines indicate the paths without collision. Average path 
length AL=130.41. Average arc number AN=5.3. Right: Paths generated by 

semiautonomous teleoperation with human-robot collaboration, and no 

collision exists as shown by the blue lines. AL=127.11. AN=3.75. 

Because of obstacles and visual blocking in the 
environment, 16 of the 20 results (including most paths 
passing along posterior passages) generated by teleoperation 
without human-robot collaboration have collisions. In contrast, 
there is no collision in other results generated by 
semiautonomous operation with human-robot collaboration, 
and the planning is available for various passages. Although it 
may need extra length to avoid collision, by the guidance of 
virtual attractive potential field the collaborated path planning 
did not show notable difference on the path lengths, and even 
the arc numbers were relatively reduced. Therefore our 
proposed method is able to efficiently assist the operator to 
generate feasible paths under human’s domination. 

V. CONCLUSION 

In this paper we proposed a human-robot collaborated path 

planning method for needle steering. The method is able to 

keep the domination of human operator and automatically 

involves the environment constraints and physical constraints, 

which will help surgeons to conduct steerable path planning 

in soft tissue followed by their own intention, and reduce the 

difficulty of teleoperation in complicated environments. The 

method has been validated in simulated human environment.  

The method has the potential to be used in both 

preoperative and intraoperative planning. Preoperatively it 

will let surgeon generate expected path more directly and 

efficiently comparing with selecting a path from numerous 

planned paths. Intraoperatively it may provide the 

opportunity to adjust path online based on surgeon’s 

experience and uncertain situations, which is beyond the 

reach of autonomous methods. The future work will focus on 

in-vitro human-robot collaborated path planning and motion 

control, and online re-planning and control in dynamic 

environment. 
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