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Abstract. One of the most challenging phases in interstitial brachytherapy is
the placement of the needles. In these medical procedures, the needles are
inserted inside the tissue to guide the positioning of the radioactive sources. The
low dose-rate (LDR) radioactive sources are placed inside the tissue perma-
nently, whereas a radioactive source in the high dose-rate (HDR) brachytherapy
is temporarily placed in the desired positions so that the delivery of the pre-
scription dose to the clinical targets can be achieved. Therefore, it is important to
develop a robust and sophisticated tool that can perform the automatic needle
placement with a high level of accuracy for different medical procedures and
conditions. In this study, we propose a novel concept for the automatic needle
insertion using a new miniature automated robotic system. The mathematical
model of this system was derived, allowing the implementation of the model
predictive control (MPC) that can be used to govern the mechanism. The pur-
pose of this approach was to minimize the lateral components of the generalized
reactive force which is responsible for the tissue displacement and, conse-
quently, for the needle deflection.
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1 Introduction

In contemporary brachytherapy, the accurate positioning of the needles into the pre-
defined locations is a challenging and complex task due to a variety of reasons [1]. The
precision and reproducibility of the needle placement in manual brachytherapy pro-
cedures are highly dependent on the experience and dexterity of the physicians [2].
Some of the major problems that appear during the needle insertion in brachytherapy
are caused by the displacement and deformation of the soft tissue. Prostate deformation
as well as possible calcifications within the gland or denser tumour tissue can cause
needle deflection and needle clustering, which is hard to track and estimate. The lack of
spatial resolution in ultrasound imaging or lack of the real-time needle position esti-
mation in interstitial brachytherapy makes the implementation of the automatic cor-
rections especially difficult. Needle deflection and displacement can result in significant
dosimetric discrepancies in the clinical practice if the position error was not assessed
and encountered. For instance, if the needle placement accuracy was ± 1 mm, there
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exists a dose variation between 58% and 274% for a 40.7 cGy cm2/h source of a high
dose-rate (HDR) after loader at the point located 2 mm distal to the tip of the needle, as
previously reported in [3].

Several researchers have analysed these problems. Thus, a variety of approaches
were proposed to improve the insertion strategies [2, 4–11]. Some of the suggested
methodologies included the evaluation of different trajectories (such as curvilinear or
flexible insertions), correlation of the tissue deformation and the infinitesimal force per
tissue displacement for the real-time updates of the needle trajectories, or different
models capable of predicting the deformation of the tissue caused by needle insertions,
etc. However, most these strategies have remained academic. Recently, several authors
have reported the design, investigation and development of the image-guided robotic-
based systems for the brachytherapy and biopsy procedures that included automatic
needle insertions [3, 12–20]. The purpose of the listed systems was to accurately place
the needles into the desired locations using robot assisted automatic or semi-automatic
insertions. To the best of our knowledge, none of these robotic systems is in clinical
use.

Considering the significance of the topic, we propose a novel approach to the
automated needle insertion. Furthermore, we outlined the requirements for the devel-
opment of a portable handheld (n + 2) degree-of-freedom (DOF) automatic device for
needle insertion. This device can incorporate the proposed insertion strategies with the
goal to insert the needle with a high level of accuracy. To achieve this goal, we report
the detailed mathematical model for the proposed system. The main purpose of the
mathematical model approach was twofold: (a) the mathematical model should accu-
rately represent the relevant physical phenomena that significantly influence the system
dynamics of such device, and (b) the mathematical model should be suitable for
implementation in the real-time computations. Therefore, the presented mathematical
model has a practical component rather than an academic value solely. In addition, the
results were supported with extensive computer simulations. The proper choice of the
control methodology is crucial to achieve the accurate needle placement under different
scenarios such as the variety of tissue responses to the insertion force, different lateral
components of the forces to the needle and, consequently, the needle deflection. Ide-
ally, the control method should be able to correct the needle deflection during the
insertion, or to prevent the deflection by minimizing the lateral insertion forces. In the
proposed method, we apply the model predictive control (MPC) as a possible control
method capable of achieving the desired dynamical behaviour of the system. The
detailed implementation of the MPC prior to the simulation of the system was also
presented in this article.

2 Mathematical Model of the System

To be able to perform the simulation of the system and to analyse the needle insertion
parameters, the following steps were performed: (a) analysis of kinematics of the PIN,
(b) development of the dynamic equations of motion for the PIN, and (c) development
and simulation of a kinematic and dynamic control algorithm using the MPC.
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Figure 1a represents the model of the proposed mechanism with a needle named
PIN. It consists of the needle holder 1 having mass m1. The needle holder moves in the
translational direction along the straight guidance rail. The model of the mechanism
included a rotational part of the needle holder, marked as 2, having mass m2 and axial
inertia moment I2 with respect to the rotational axes. The elastic needle 3 is the third
part of the mechanism connected to the end O1, and it is represented as a cantilever
beam. In Fig. 1a, s denotes the motion of the needle holder 1 along the guiding rail, and
u is the rotational angle of needle holder 2. The control force Fu acts upon the holder
and control torque Mu acts upon the rotational joint 2. During the needle insertion
procedures, the resistant torque Mw acts against the needle rotation as well as resistant
force Fw that acts upon the needle tip O2, as shown in Fig. 1a. It is assumed that the
force Fw is parallel to the axis x during the motion of the needle.

The needle itself is represented as an elastic beam with n DOF. With this purpose in
mind, the analyzed mechanical system has indefinite degrees of freedom. Since the
mechanism consists of rigid and elastic bodies, the system belongs to the group of
hybrid systems. The dynamical behavior of such systems is represented with both
differential equations and partial differential equations. To increase the real-time cal-
culations without losing precision, the methodology called the assumed-modes method
was used for the mathematical modeling [3]. In this approach, the dynamics of the
elastic needle was analyzed using a finite number of degrees of freedom. The config-
uration of the mechanism at the arbitrary moment during the needle insertion was
presented in Fig. 1b. The frame Oxyz is the inertial frame of reference with Oxy rep-
resenting a vertical plane. The moving coordinate frame O1nηf is fixed to body 2 in
such manner that the axis n coincides with the needle axis in its non-deformed con-
figuration. The differential equations of the motion of the system considered can be
obtained by means of the Lagrange equation,

Fig. 1. (a) External schematic view of the mechanism with a needle (PIN), (b) The mechanism
in the arbitrary moment during the needle insertion. The fixed and movable coordinate systems
were presented.
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This model represents the basis for the development of the needle insertion control

that should minimize the lateral insertion force and needle deflection. The model does
not incorporate the potential energy of the needle due to gravity force since it does not
influence the overall system dynamics. Finally, the system (3) can be transformed to a
non-linear state-space form as follows:

_x tð Þ ¼ A tð Þx tð ÞþB tð Þu tð Þþ v tð Þ
y tð Þ ¼ C tð Þx tð Þþw tð Þ ; ð3Þ

where x(t), u(t) and y(t) are state vector, control vector and output vector, respectively;
v(t) and w(t) are state disturbance and measured disturbance vectors; A(t), B(t) and C(t)
are corresponding time varying state matrix, input matrix and output matrix, respec-
tively. Following the procedure reported in [20], the matrices A(t), B(t) and C(t) are
calculated as: A(t) = [0 0 I 0; 0 0 0 I; 0 0 0 0; 0 K/Mff 0 0], B(t) = [0 0 1/Mrr 1/Mff]

T,
and C(t) is equal to identity matrix since the generalized positions and velocities are
chosen to be the system output. In addition, x(t) = [x1x2 x3 x4]

T, x1= qr, x2= qf, x3= _qr,
and x4= _qf. Consequently, v(t) = [0 0 0 − h1(x2, x3, x4)]

T, where h1(x2, x3, x4) is the
second element of the h _qr; _qf ;qf

� � ¼ 0; h1 _qr; _qf ;qf
� �� 	

transformed to its state space
form.

3 Model Predictive Controller

The MPC operates by finding the adequate control solution in an iterative process,
incorporating the system dynamics, measurements and disturbances into the calcula-
tions. The schematic representation of the process is presented in Fig. 2. In this specific
case, the formulation of the control procedure is as follows: based on the measurements
of the resistance force Fw that acts upon the needle tip, the controller predicts the
system behavior over the prediction horizon Tp, and calculates the input (Fu and Mu) of
the system over the control horizon Tc. This calculation is performed such that the
performance objective is minimized. In this case, the lateral displacement of the needle
Rw is minimized.
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Consequently, the basic task of the MPC is to calculate the insertion speed rep-
resented by the motor driving force Fu, and the rotational speed of the needle repre-
sented by the motor driving torqueMu so that the lateral displacements of the needle tip
and the lateral components of the insertion force over the sampling period can be
minimized. This calculation is performed iteratively in real-time to allow for the needle
steering with variable translational and rotational speeds. In the case when the lateral
force components and the lateral displacement are zero, the controller continues to
operate, using the same parameters until the desired behavior is maintained. The
sampling time d can vary to save the calculation time, but it is usually set to be fixed.
The calculated system states at the instant t + d let both the control procedure and the
prediction horizon move forward. For this case, the linear model of the system would
be insufficient to describe the process adequately; therefore, a nonlinear model was
used for a more accurate representation of the process.

The overall purpose of the control task is to change the control parameters, such as the
rotational and translational speed, and to obtain the rectilinear insertion makes the ref-
erence constant. In this work, we analyze a more conservative case – rectilinear needle
insertion; however, this reference does not need to be constant and the system is
potentially capable of needle steering in the 3D space. In general, to allow for the optimal
needle placement inside the tissue for the brachytherapy procedures, we propose to
minimize the lateral components of the insertion force (resistance force), and to predict
and compensate for the influence of both the measured and unmeasured disturbances
before their effect influences the system behavior i.e. needle displacement from the
desired position. With this control strategy, it is possible to minimize both forces during
the insertion and lateral displacement and, consequently, the needle deflection. The
system receives information about the measured reactive force and tunes the parameters
such as the translational speed and needle rotation in real-time during the insertion.

Referring to Fig. 3, the following parameters and variables are represented in the
block diagram: Dunm represents the unmeasured disturbances to the system. These
disturbances, such as the tissue resistance or lateral forces, increase the needle deflection
during the procedure. The deflection depends on the insertion force, and based on that

Fig. 2. General representation of the MPC functionality.
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value, it can be estimated with a satisfactory level of accuracy, as in [1]. rd is the vector
that represents all reference position values, i.e. the desired needle tip position, during
the insertion. This value is the targeting value of the output. The task of the system is to
decrease the lateral components of the actual insertion force to minimize the deflection
and, consequently, to meet the criteria for this setpoint. The resistance force Fw is a
measured disturbance of the system for which the MPC provides a feedforward com-
pensation to decrease its influence on the needle position. Fu andMu are the generalized
torques of the motors, as previously described. These control signals are adjusted in real-
time to achieve the objectives of the system. The output of the systems is denoted as rout,
and it is a real needle tip position during the insertion. This value is a controlled variable
of the system. r is the output of the system, i.e. the calculated tip position that was used
for the estimation of rout. The signal z represents the disturbance vector that contains the
unpredicted influences on the system. The disturbance vector includes the electrical and
actuator noises, calibration uncertainties, and inaccuracies due to the modeling of the
physical system as well as other unpredicted effects on the system. The described
approach is challenging and highly dependent on the accuracy of the mathematical
model of the process. That is the basic reason why the equation of the motion (2) is
crucial for further development. The second challenge in this approach is the proper
individual tuning of the parameters, such as the adjustments of the actuators and the
selection of the proper weights to allow for a minimal deviation of the desired deflection
over its set-points within the prediction horizon.

In the situation when complicated physical processes related to needle tissue
interaction are analyzed, two opposite requirements arouse: the possibility of the
development of an accurate mathematical model and, on the other hand, the possibility
to implement the proposed method to the real-time procedure with highly demanded
data processing and computation. The insertion procedure should be performed only in
few seconds. The most suitable controller for such tasks should can minimize the
influence of the unknown system disturbances and deviations in mathematical mod-
eling, while obtaining the measurements from the environment for the corrected control
output. Therefore, it was decided to use a model predictive controller (MPCN).
The MPCN is the key component of the proposed system. The proposed controller can
predict and compensating for the unmeasured disturbances, such as the needle
deflection or tissue reactive force, and it can correct them without waiting until the
effect appears at the output of the system. On the other hand, the controller can

Fig. 3. Block diagram of the MPC for the needle insertion procedure using a proposed
mechanism.
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maintain the desired needle tip position within the predefined limits, allowing for a high
level of accuracy. Since the system model (3) is the system of a differential non-linear
equation, the MPCN is also non-linear. It means that this approach required the iter-
ative solution of an optimal control problem.

In this part, the basic functionality of the MPC is described. Initially, the MPC
controller solves the linear-quadratic-Gaussian optimization problem for our multi-
input multi-output system. For the system (25), the following cost function has been
minimized,

J ¼ E xT Tð ÞFx Tð Þþ ZT

0

ðxT tð ÞQ tð Þx Tð Þþ uT tð ÞR tð Þu Tð ÞÞdt
 !

ð4Þ

where E denotes the vector of the reference values or setpoints; T is the time horizon
that can be finite or equal to +∞, depending on the time during which it is necessary to
perform the insertion of the individual needle. When T !+∞, xT Tð ÞFx Tð Þ0. The goal
of the optimization process is to find the feedback gain matrix L(t) i.e. the proper
torques for the motors that will guarantee the desired dynamic behavior of the system.
Consequently,

L tð Þ ¼ R�1 tð ÞBT tð ÞS tð Þ ð5Þ

where S(t) is the solution of the following Ricatti differential equation:

_S tð Þ ¼ �AT tð ÞS tð Þ � S tð ÞA tð Þþ S tð ÞB tð ÞR�1 tð ÞBT tð ÞS tð Þ � Q tð Þ ð6Þ

The control algorithm with multiple variables uses the optimization function
(30) together with the internal dynamics (25) of the system. For the control process, the
information about the past controlled motions was used to calculate the optimal
dynamical behavior during insertion.

J ¼
XN

i¼1
wxiðri � xiÞ2 þ

XN

i¼1
wuiDu

2
i ð7Þ

where xi is the needle tip position, ri is the reference needle tip position, ui is the control
signal from the actuators, wxi is the weighting coefficient responsible for the relative
importance of the xi, whereas wui is the weighting coefficient that penalizes the large
change in gradient of ui. Thus, the optimization cost function with the proper choice of
the coefficients (7) ensures the decay of the transient errors as well as the reduction of
the steady-state errors.

4 Results

The insertion accuracy was evaluated when the MPCN governed the needle insertion
system represented by the Eq. (3). A representative case of the needle tip trajectory was
presented in Fig. 4. Under the influence of the measured force, it was revealed that it
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was possible to minimize the needle deflection and to insert the needle into the desired
position with the highest level of accuracy when the MPC approach was used. Addi-
tionally, Fig. 4 shows the simulation results when the Mu = 0 i.e. when the actuator
dedicated to the needle rotation was turned off.

The simulation was performed under the influence of the recorded forces during the
experiments. This conclusion proved the concept that the control of the translational
motion was not sufficient and could not minimize the deflection up to the level at which
the needles would not deflect significantly. Consequently, in this simulation, we proved
the importance of the needle rotation for the accurate needle placement. When the
simulation was repeated for different insertion depths (from 4 cm to 10 cm), it was
revealed that the average needle tip displacements in the x, y and z directions were,
−0.09 mm, 0.19 mm and 0.12 mm with an average SD = 0.13 mm, respectively. The
auto-correction of the needle heading angle was presented in Fig. 5. It was observed
that the angle increased initially before the MPCN started to correct the lateral dis-
placement and, consequently, to minimize the angle.

Fig. 4. Needle deflection (a) with and (b) without rotation control component (a representative
case). An increase in the error was noticed when the needle rotation was not included into the
process (marked region).

Fig. 5. Heading angle during insertion; MPCN corrects for the possible increase of the angle.
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At this point, when the needle tip displacement is known, it is possible to use
Eqs. (1) and (3) to recalculate the insertion forces. The values of the actuator param-
eters that lead to the insertions with minimal deflections are known as well. With the
forward kinematics calculations of the system model, it is possible to calculate and re-
evaluate the insertion forces achieved in the simulations. For this purpose, we recal-
culated the forces and the torques to evaluate if this process would result in any change
of the measured insertion parameters. The results are presented in Fig. 6.

It was noticed that the torque on the insertion axis (z) did not change significantly
whereas the x and y torques were minimized. This result was to be expected only if the
lateral displacement of the needle was minimized. The torque on the insertion axis was
not changed since it was necessary to apply the torque to allow for the needle insertion
and steering. The similar observation was noticed in the case of the insertion force
recorded at variable points of the needle during the procedures.

We compared the needle tip position accuracy to the accuracy achieved by the
commonly used control strategies to evaluate the insertion accuracy when the MPC
control approach and MPCN were used. The insertion system (Fig. 1) described by a
mathematical model (2) was simulated using both the MPCN and the PID to evaluate
the increase in accuracy when the MPC was used. The results were presented in Fig. 7.

Fig. 6. Recalculated needle insertion parameters: (a) reactive forces in x, y and z directions, and
(b) reactive torques on x, y and z axis (a representative case).

Fig. 7. Position error and (b) step response for MPC and PID needle control (a representative
case).
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It was noticed that the needle positioning accuracy was higher with the MPC
method due to the needle steering provision, i.e. the adaptive change of the control
parameters such as the velocity and rotational speed of the needle. When the response
of both systems to the step function was evaluated, it was noticed that the transient
parameters such as overshoot and settling time were more favorable in the MPC case.
Whereas it is known that the PID ensures the asymptotic decay of the transient errors as
well as reduction of the steady-state errors, the MPCN can deal with the overall system
error without waiting until the effect appears at the output of the system regardless of
whether the error is caused by the different modeling approaches or other unknown
influences on the analyzed system. The overall conclusion was that the MPC approach
was a preferred control methodology for the automatic needle insertion due to the
described advantages over the PID control.

5 Conclusion

In this article, we presented a novel approach to the needle insertion. The controlled
needle insertion using a predictive controller required a high level mathematical model
of the physical process. Due to that fact, the mathematical model of the robotic system
with (n + 2) DOF was presented. The needle was an elastic beam modelled with n
DOF using the assumed-mode method. Using the adequate control methodology
(MPC), it was possible to minimize the reactive force that was directly responsible for
the needle deflection and needle tip displacement. Consequently, it was possible to
guide the needle in a way which allowed for the maximum accuracy and minimal
needle deflection. The future work will include the manufacturing of a mobile, portable
and programmable robotic needle insertion mechanism with potential to be imple-
mented in various medical procedures where the needle insertion must be performed
with high reliability and accuracy, such as in interstitial brachytherapy, biopsy and
other relevant procedures. The comparison between other control methodologies (such
PID or adaptive control) and the MPC can potentially lead to clinically relevant results.
The non-rectilinear needle insertion including the variable reference can be additionally
investigated. In addition, the clinical trials using the proposed device are part of the
future work so that the limitations and the possible advantages of this device should be
adequately addressed in various clinical settings.
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