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ABSTRACT: This paper presents the development of a robotized Transcranial Magnetic Stimulation (TMS) 

system, as robotic assistance brings crucial benefits of the TMS to provide a more adequate, accuracy and reliable 

manner. A 6-DOF KUKA KR-16 robot, an ATI-multi-axis force/torque sensor and a Kinect 3D camera were used 

to develop the robotized TMS. All electrical signals were strategically processed by a host ROS-computer. Real-

time hybrid position/force control based on Proportional Integral and Derivative (PID) control and Fuzzy Logic 

Control (FLC) was successfully implemented to ensure effective human-robot collaboration. The results claimed 

that the performance of the control schemes based on the PID and FLC control approaches were evidently 

acceptable for the robotized TMS application. However, in-depth observation exposed that the FLC method 

resulted to be slightly superior to the PID control by actively compensating for the dynamics in the non-linear 

system. 

KEYWORDS: Real-time hybrid position/force control, proportional integral and derivative (PID) control, fuzzy 

logic control (FLC), Human-robot interaction 

INTRODUCTION 

Transcranial Magnetic Stimulation (TMS) is a method for non-invasive brain stimulation to study the brain’s 

functionality and connectivity, in which a pulsed magnetic field generated by a magnetic coil passes through a 

patient skull. TMS is an excellent tool in clinical routine and is a promising tool for treating psychiatric and 

neurological disorders such as depression, Parkinson’s disease, etc. [1]. The following figure illustrates a modified 

magnetic field �⃗�  generated by a figure-of-eight TMS coil before passing through the human head. The magnetic 

field �⃗�  then induces the electric field �⃗�  in the cortex that depolarizes brain neurons, where direction of the vector 

�⃗�  has to be perpendicular to the human skull at the treatment target region. Two types of stimulate coils are 

commonly used and widely available in markets consisting of circular or round coils (ring-like electric field) and 

figure-of-eight (figure-8) or butterfly coils that produce the more focal magnetic field, as depicted in Figure 1 (b). 

TMS coil
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Figure 1. (a) basic principle of TMS for non-invasive brain stimulation; (b) figure-of-eight TMS coil 
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The process of the TMS treatment is typically up to 30-45 minutes. Conventionally, a neurologist has to strictly 

keep a predefined position and orientation of the TMS coil with the weight of approximately 2 kg. Additionally, 

the medical staff has to maintain a constant contact force between the coil and the patient’s head to ensure the best 

effective treatment during the stimulation session; consequently, this is an exhausting task. This is a reason why 

robotic systems are needed to assist the TMS process. Nevertheless, the stimulation point introduced to a robot 

can be modified over time as the patient’s head may slightly move during the stimulation. Robotic assistance 

brings the crucial benefits of the TMS to provide a more adequate, accuracy and reliable manner. Certainly, it 

leads to faster development of the TMS technique.  

Many researchers have proposed various ideas of Robotized Transcranial Magnetic Stimulation (RTMS); have 

been studied on the development of a positioning device to automatically manipulate the TMS coil hold by a 6 

degrees-of-freedom (DOF) serial manipulator [2-5]. The patient’s head was tracked by a Polaris tracking camera 

to detect the small movement of the head, and it required a passive marker, which was attached to the head to 

measure the position and orientation. Technically, a force sensor was required to be installed between the coil and 

the end-effector to measure the coil contact force acting on the patient’s head. However, this technique is costly, 

complex, and annoy the patient by attaching the passive marker to the patient’s head to measure its position and 

orientation during the TMS session. 

To overcome this limitation, we present the design of a robot-assisted TMS system based on a 3D head tracking 

system (using a Kinect RGB and depth camera) and optimized interactive force control (using a multi-axis 

force/torque sensor). This is for the reason that a robot manipulator arm can provide excellent positioning and 

holding abilities while executing robotic position-based force control, while the movement of the human head is 

simultaneously tracked in real-time by a 3D camera. Additionally, hardware and software safety issues are given 

due consideration for human-robot interaction (HRI). This can improve the curative effectiveness of treatments 

using non-invasive brain stimulation, as the treatment target can be electrically stimulated accurately and 

repetitively. This information has been confirmed by the data assembled from Barker’s lab [6].  

Thus this paper highlights the implementation of an autonomous assistive robotic system for the TMS system by 

developing the real-time hybrid position/force control schemes based on proportional and integral and derivative 

(PID) control and fuzzy logic control (FLC). This can postulate the research question of whether the RTMS can 

be successfully developed using hybrid position/force control based PID and FLC control strategies or not. 

Furthermore, is it possible feasible to utilize FLC technique in the robotic compliant motion control to improve 

the effectiveness of the RTMS? 

ROBOTIZED TMS SYSTEM 

Conceptual design of the RTMS system based on hybrid position/force control 

To increase the efficiency of the brain stimulate treatment, an autonomous assistive robotic system for the TMS 

designed by combining the benefits of the precise human head tracking and interactive force control systems is 

needed. In this proposed RTMS system, the TMS magnetic coil is manipulated and placed directly at a target on 

the top of the patient’s head by a robot. It is then moved to press the head in the perpendicular direction to the 

skull surface by maintaining the constant interactive force. The appropriate contact force of      2 N is recommended 

in the TMS treatment by Barker’s Lab results [6]. Once the small movement of the patient’s head occurs, the robot 

has to compensate for changes in the position of the stimulation point with appropriate robot movements to achieve 

effective TMS positioning. Consequently, the RTMS procedure can be distinctively categorized into three phases 

as follows: (1) it begins with the robot that moves the TMS coil from a predefined position and orientation towards 

a target position tracked by a 3D camera information; (2) after the stimulating coil reaches the treatment target, it 

is pressed to the human head and keep maintaining the interactive force between the TMS coil and the patient’s 

head of 2 N in real-time; and finally, (3) once the TMS therapy is completed (taking around 30-45 minutes), the 

robot arm subsequently manipulates the coil backwards the home position again. 

According to prosperously adopt the effective RTMS system, this requires the implementation of real-time robotic 

hybrid position/force control. This control is developed for robotic compliant motion control. It integrates 
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interactive force signals with position information and torque data with orientation information together to satisfy 

simultaneous position and force trajectory constraints specified while a robot interacting with its (human) 

environments. The control scheme consists of separated position and force control loops, which are executed 

independently and synchronously, and subsequently, their outputs are combined in the final process before being 

converted to drive the robot manipulator [7,8]. Based on the control technique as mentioned, the real-time hybrid 

position/force control for the RTMS system is shown in Figure 2. 

For a better understanding of the schematic, consider the control block diagram. The variable 𝑋 is 6×1 vectors 

which can be formed by the Cartesian position and orientation of the TMS robot, and F parameter (representing 

6×1 vectors) is the Cartesian force and moment respectively. S is a 6×6 diagonal selection matrix defined by the 

degree of freedom of the RTMS system, where each element becomes ‘1’ for force control, and otherwise, it must 

be position control. Once the TMS coil held by the robot is in contact with a human head, the input of the force 

control loop (F), namely interactive force, is computed from the error between desired force (Fref) and actual 

force (Fs) measured by a multi-axis ATI force/torque sensor. A position output of the force control (or a force 

control direction: 𝑋0
F) is directly modified by a position output (𝑋0

P) carried out by the position control scheme, 

and this is called an incremental position (Δ𝑋), which is subsequently transmitted to the robotic positioning control 

system. The position control output 𝑋0
P is calculated based on a current treatment target region (𝑋S) and a 

predefined position (𝑋0). The treatment target region is initially marked on the human skull, which is detected by 

a Kinect 3D camera and the predefined position of the TMS coil held by the manipulator's arm is primarily set at 

the home position.  
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Figure 2. Schematic diagram of robotic hybrid position/force control 

According to the system hardware and software components, a 6-DOF KUKA robot was employed to handle and 

manipulate the TMS coil. The robot motion is driven by the KUKA KR-C2 Ed-05 controller via the Robot Sensor 

Interface (RSI interface), which is a specific add-on software package for configuration of the real-time data 

exchange between the robot controller and the computer through Ethernet communication (the updated rate is 4 

ms or 250 Hz). A multi-axis ATI Gamma force/torque sensor was rigidly mounted between the robot end-effector 

and the TMS coil for detecting the direction and magnitude of the contact force. The movement of the patient’s 

head is tracked in real-time by a Kinect camera, which communicates to the host computer via a USB port. The 

Openni_camera package is used as a ROS package for the Kinect camera. The host computer runs under the Robot 

Operating System (ROS) and communicates to measured data from all relevant sensors through serial and TCP/IP 

communication to generate real-time path modification of a robot. By implementing the robotic hybrid 

position/force control approach, this requires the fundamentals of forward/inverse kinematics of the 6-DOF robot 

manipulator, the overall coordinate system registration in the RTMS system, PID and FLC algorithms 

(implemented for the effective hybrid control) and finally safety issue in the human-robot cooperative system, 

which are explained in the following sub-sections. 
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Forward/inverse kinematics equations 

In the process of executing the robotic positioning control system, forward and inverse kinematic studies are 

involved and informed in this section. Forward kinematics refers to the use of the robot kinematic equations based 

on a set of specified values of the robot joint angles to estimate the location of the robot end-effector.  Inversely, 

if you want to compute each joint angle of the robot arm using a specified position of the robot end-effector, this 

is called inverse kinematics [9].  

Forward kinematics 

The KUKA KR-16 manipulator is a popular 6-DOF robot, which is designed to optimize the dynamic performance 

of the robot. The robot frames used to determine the robot forward kinematics are schematically shown in Fig. 3, 

and the Denavit–Hartenberg parameters have been evaluated and written in Table 1 [9]. The following notation 

is used: 𝑎𝑖−1 and 𝑑𝑖 denote translation distances between the previous axis and the current axis along x and z axes;  

𝛼𝑖−1 and 𝜃𝑖 represent the rotations around x and z-axes respectively. 

 

Figure 3. KUKA Manipulator kinematic chain 

Table 1. D-H Parameters 

n ∝𝑖−1 𝑎𝑖−1 𝑑𝑖 𝜃𝑖 

1 0 0 0 𝜃1 

2 90° 0 0 𝜃2 

3 0 𝑎2 0 𝜃3 

4 90° 0 𝑑4 𝜃4 

5 −90° 0 0 𝜃5 

6 90° 0 𝑑6 𝜃6 

The KUKA robot joints are represented as n starting from 1 to 6. The transformation matrices from the reference 

frame 0 to the end-effector frame 6 (𝑇6
0) can be analysed as the following equation.   

𝑇 = 6
0 𝑇 •1

0 𝑇 •2
1 𝑇 •3

2 𝑇 •4
3 𝑇 •5

4 𝑇6
5                                                                                                                              (1) 

It is to be noted that the parameters 𝑐𝑖  and 𝑠𝑖 are cos (𝜃𝑖) and sin(𝜃𝑖); 𝑃𝑥 , 𝑃𝑦 and 𝑃𝑧 are a position vector of the 

robot end-effector referenced from the robot base frame. Additionally, 𝑟𝑖1, 𝑟𝑖2 and 𝑟𝑖3 are orthonormal orientation 

vectors of x-y-z axes respectively. Thus, the transformation matrices (𝑇6
0) can be expressed as: 
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𝑇6
0 = [

𝑟11 𝑟12

𝑟21 𝑟22

𝑟13 𝑃𝑥

𝑟23 𝑃𝑦

𝑟31 𝑟32

0 0
𝑟33 𝑃𝑧

0 1

]                                                                                                                                  (2) 

where, 𝑟11 = 𝑐1[𝑐23(𝑐4𝑐5𝑐6 − 𝑠4𝑠6) − 𝑠23𝑠5𝑠6] + 𝑠1(𝑠4𝑐5𝑐6 + 𝑐4𝑠6),  

𝑟21 = 𝑠1[𝑐23(𝑐4𝑐5𝑐6 − 𝑠4𝑠6) − 𝑠23𝑠5𝑠6] − 𝑐1(𝑠4𝑐5𝑐6 + 𝑐4𝑠6), 𝑟31 = 𝑠23(𝑐4𝑐5𝑐6 − 𝑠4𝑠6) + 𝑐23𝑠5𝑐6, 

𝑟12 = 𝑐1[−𝑐23(𝑐4𝑐5𝑐6 + 𝑠4𝑠6) + 𝑠23𝑠5𝑠6] + 𝑠1(−𝑠4𝑐5𝑐6 + 𝑐4𝑐6), 

𝑟22 = 𝑠1[−𝑐23(𝑐4𝑐5𝑐6 + 𝑠4𝑠6) + 𝑠23𝑠5𝑠6] + 𝑠1(−𝑠4𝑐5𝑐6 + 𝑐4𝑐6), 

𝑟32 = −𝑠23(𝑐4𝑐5𝑠6 + 𝑠4𝑐6) − 𝑐23𝑠5𝑠6, 𝑟13 = 𝑐1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) + 𝑠1𝑠4𝑠5, 

𝑟23 = 𝑠1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) − 𝑐1𝑠4𝑠5, 𝑟33 = 𝑠23𝑐4𝑠5 − 𝑐23𝑐5, 

𝑃𝑥 = 𝑎2𝑐1𝑐2 + 𝑑4𝑐1𝑠23 + 𝑑6(𝑐1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) + 𝑠1𝑠4𝑠5), 

𝑃𝑦 = 𝑎2𝑠1𝑐2 + 𝑑4𝑠1𝑠23 + 𝑑6(𝑠1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) − 𝑐1𝑠4𝑠5), and  

𝑃𝑧 = 𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5). 

where, 𝑐𝑖 representscos𝜃𝑖, 𝑠𝑖 represents sin 𝜃𝑖, 𝑐𝑖𝑗  represents cos(𝜃𝑖 + 𝜃𝑗) and 𝑠𝑖𝑗  represents sin(𝜃𝑖 + 𝜃𝑗). 

Inverse kinematics 

The process of solving the 6-DOF robot kinematic equations using a known position of the robot end-effector to 

estimate each joint angle is rather complicated as shown in the forward kinematics analysis. Consequently, in this 

paper, a complete closed-form solution of the 6-DOF manipulator arm was conducted and verified through 

Wolfram Mathematica (usually called Mathematica). It is to be noted that practically the head position is captured 

by the 3D camera mounted in front of the patient, in which the robot holding the TMS coil located behind the 

human. The transformation matrices from the reference frame 0 to the end-effector frame 6 representing by 𝑇6
0 

has to be initially mirrored to allow the robot to perform the robot end-effector’s posture relative to the camera 

reference frame. This can be adopted by multiplying the 𝑇6
0 with reflection matrix (𝑇𝑅) as exposed in the following 

equation:  

𝑇𝑅 = [

−1 0
0 −1

0  0
0  0

0    0
0    0

−1 0
0 1

]                                                                                                                                      (3) 

𝑇𝑅 • 𝑇 = 6
0 𝑇 •1

0 𝑇 •2
1 𝑇 •3

2 𝑇 •4
3 𝑇 •5

4 𝑇6
5                                                                                                                      (4) 

Therefore, the KUKA KR-16 inverse kinematic equation can be examined and it can be explained as: 

𝜃1 = 𝑎𝑡𝑎𝑛2(
−𝑃𝑥

√𝑃𝑥
2+𝑃𝑦

2
,

𝑃𝑦

√𝑃𝑥
2+𝑃𝑦

2
)                                                                                                                                   (5) 

𝜃3 = 𝑎𝑠𝑖𝑛(
−𝑎2

2+𝑑4
2+𝑃𝑥

2+𝑃𝑦
2+𝑃𝑧

2

2𝑎2𝑑4
)                                                                                                                                  (6) 

𝜃2 = 𝑎𝑡𝑎𝑛2
𝑐1𝑑4𝑃𝑥−𝑠1𝑑4𝑃𝑦−𝑠𝑒𝑐3𝑎2𝑃𝑧−𝑑4𝑃𝑧𝑡3

𝑐1𝑠𝑒𝑐3𝑎2𝑃𝑥−𝑠𝑒𝑐3𝑠1𝑎2𝑃𝑦+𝑑4𝑃𝑧+𝑐1𝑑4𝑃𝑥𝑡3−𝑠1𝑑4𝑃𝑦𝑡3
                                                                                       (7) 

𝜃5 = 𝑎𝑐𝑜𝑠(𝑐1𝑠23𝑟13 − 𝑠1𝑠23𝑟23 + 𝑐23𝑟33)                                                                                                                  (8) 

𝜃4 = −𝑎𝑡𝑎𝑛2(
𝑠1𝑟13+𝑐1𝑟23

−𝑐1𝑐23𝑟13+𝑐23𝑠1𝑟23+𝑠23𝑟33
)                                                                                                                   (9) 

𝜃6 = 𝑎𝑡𝑎𝑛2(
(𝑐4𝑠1𝑟11−𝑐1𝑐23𝑠4𝑟11+𝑐1𝑐4𝑟21+𝑐23𝑠1𝑠4𝑟21+𝑠23𝑠4𝑟31)

(𝑐4𝑠1𝑟12−𝑐1𝑐23𝑠4𝑟12+𝑐1𝑐4𝑟22+𝑐23𝑠1𝑠4𝑟22+𝑠23𝑠4𝑟32)
)                                                                                   (10) 

Jacobian   

Jacobian is a matrix indicating the relation between joint velocities (�̇�) and robot end-effector velocities (�̇�). If 

the robot joints move with Cartesian velocities, then this is crucial to understand what the velocity of the robot 

end-effector should move. Then the relation between joint and end effector velocities can be formed as:  
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�̇� =  [
𝑝�̇�

𝜔𝑒
] = 𝐽(𝑞)�̇�                                                                                                                                                (11) 

where 𝐽(𝑞) is the Jacobian matrix, 𝑝�̇�  is the 3×1 linear velocity vector of the robot end-effector, and 𝜔𝑒  is the 3×1 

angular velocity vector.  

The Jacobian of the KUKA KR-16 robot can be expressed as: 

𝐽 =  [
𝐽𝑣
𝐽𝜔

] =

[
 
 
 
 
 
𝐽11 𝐽12 𝐽13

𝐽21 𝐽22 𝐽23

𝐽31 𝐽32 𝐽33

𝐽14 𝐽15 𝐽16

𝐽24 𝐽25 𝐽26

𝐽34 𝐽35 𝐽36

𝐽41 𝐽42 𝐽43

𝐽51 𝐽52 𝐽53

𝐽61 𝐽62 𝐽63

𝐽44 𝐽45 𝐽46

𝐽54 𝐽55 𝐽56

𝐽64 𝐽65 𝐽66]
 
 
 
 
 

                                                                                                            (12) 

where, 

 𝐽11 = −𝑠1(𝑎2𝑐2 + 𝑑4𝑠23) − 𝑑6(𝑠1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) − 𝑐1𝑠4𝑠5), 

𝐽21 = 𝑐1(𝑎2𝑐2 + 𝑑4𝑠23) + 𝑑6(𝑐1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) + 𝑠1𝑠4𝑠5), 𝐽31 = 𝐽41 = 𝐽51 = 0, 

 𝐽61 = 1, 𝐽12 = −𝑐1(𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5)), 

𝐽22 = −𝑠1(𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5)), 𝐽42 = 𝑠1, 𝐽52 = −𝑐1, 𝐽62 = 0, 

𝐽32 = 𝑎2𝑐2 + 𝑑4𝑠23 + 𝑑6(𝑐23𝑐4𝑠5 + 𝑠23𝑐5), 𝐽13 = −𝑐1(−𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5)), 

𝐽23 = −𝑠1(−𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5)), 𝐽33 = 𝑑4𝑠23 + 𝑑6(𝑐23𝑐4𝑠5 + 𝑠23𝑐5), 

𝐽43 = 𝑠1, 𝐽53 = −𝑐1, 𝐽63 = 0, 𝐽14 = 𝑑6𝑠5(−𝑐1𝑐23𝑠4 + 𝑠1𝑐4),  

𝐽24 = −𝑑6𝑠5(−𝑠1𝑐23𝑠4 + 𝑐1𝑐4), 𝐽34 = −𝑑6𝑠23𝑠4𝑠5, 𝐽44 = 𝑐1𝑠23, 𝐽54 = 𝑠1𝑠23, 𝐽64 = −𝑐23, 

𝐽15 = (−𝑠1𝑐23𝑠4 − 𝑐1𝑐4)(𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5) − 𝑎2𝑐2 + 𝑑4𝑠23) + 𝑠23𝑠4𝑑6(𝑠1(𝑐23𝑐4𝑠5 +

𝑠23𝑐5) − 𝑐1𝑠4𝑠5),  

𝐽25 = (−𝑐1𝑐23𝑠4 + 𝑠1𝑐4)(𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5) − 𝑎2𝑐2 + 𝑑4𝑠23) − 𝑠23𝑠4𝑑6(𝑐1(𝑐23𝑐4𝑠5 +

𝑠23𝑐5) + 𝑠1𝑠4𝑠5), 𝐽66 = 𝑠23𝑐4𝑠5 − 𝑐23𝑐5  

𝐽35 = 𝑑6(𝑠23𝑐4𝑐5 + 𝑐23𝑠5), 𝐽45 = −𝑐1𝑐23𝑠4 + 𝑠1𝑐4, 𝐽55 = −𝑠1𝑐23𝑠4 − 𝑐1𝑐4,  

𝐽16 = (𝑠1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) − 𝑐1𝑠4𝑠5)(𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5) − 𝑎2𝑐2 + 𝑑4𝑠23) − (𝑠23𝑐4𝑠5 −

𝑐23𝑐5)𝑑6(𝑠1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) − 𝑐1𝑠4𝑠5),  

𝐽26 = −(𝑐1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) + 𝑠1𝑠4𝑠5)(𝑎2𝑠2 − 𝑑4𝑐23 + 𝑑6(𝑠23𝑐4𝑠5 − 𝑐23𝑐5) − 𝑎2𝑐2 + 𝑑4𝑠23) + (𝑠23𝑐4𝑠5 −

𝑐23𝑐5)𝑑6(𝑐1(𝑐23𝑐4𝑠5 + 𝑠23𝑐5) + 𝑠1𝑠4𝑠5), and 

𝐽36 = 0, 𝐽46 = (𝑐1𝑐23𝑐4 + 𝑠1𝑠4)𝑠5 + 𝑐1𝑠23𝑐5, 𝐽56 = (𝑠1𝑐23𝑐4 + 𝑐1𝑠4)𝑠5 + 𝑠1𝑠23𝑐5. 

To be more understanding the robot manipulator Jacobian, Equation (11) can be expanded in a matrix form as: 

[
 
 
 
 
 
𝑣𝑥

𝑣𝑦

𝑣𝑧
𝜔𝑥

𝜔𝑦

𝜔𝑧 ]
 
 
 
 
 

= 𝐽(𝑞)

[
 
 
 
 
 
�̇�1

�̇�2

�̇�3

�̇�4

�̇�5

�̇�6]
 
 
 
 
 

                                                                                                                                                     (13) 

And 

�̇� = 𝐽−1(𝑞)�̇�                                                                                                                                                               (14) 

Coordinate system registration in the RTMS system 

This section explains all RTMS coordinate systems which consists of (1) the robot arm frame [A], (2) the robot 

base frame [R] used as a reference frame, (3) the robot end-effector with the tool frame (TMS coil frame) [T], (4) 

human head frame [H], and (5) the Kinect camera frame [C], respectively. Then the Transformation matrix 

specifying the posture of the robot-effector [T] relative to the robot reference frame [R], namely 𝑇𝑇
𝑅 , can be 

examined in the following equation. The term 𝑇𝑗
𝑖  denotes the coordinate transformation from 𝑗 frame relative to 

the 𝑖 frame.  
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𝑇𝑇
𝑅 = 𝑇𝐴

𝑅 ∙ 𝑇𝑇
𝐴 = 𝑇𝐶

𝑅 ∙ 𝑇𝐻
𝐶 ∙ 𝑇𝑇

𝐻                                                                                                                                   (15) 

Consequently, The Transformation matrix of the current posture of the patient’s head [H] relative to the 

configuration of the TMS coil [T], namely 𝑇𝑇
𝐻 , can be obtained by: 

𝑇𝑇
𝐻 = ( 𝑇𝐻

𝐶 )−1 ∙ ( 𝑇𝐶
𝑅 )−1 ∙ 𝑇𝐴

𝑅 ∙ 𝑇𝑇
𝐴                                                                                                                                   (16) 

𝑇𝐻
𝑅 = 𝑇𝐴

𝑅 ∙ 𝑇𝑇
𝐴 ∙ ( 𝑇𝑇

𝐻 )−1                                                                                                                                              (17) 

All the reference frames are in Cartesian coordinates and can be then used to control the end-effector with high 

speed and high precision movements based on real-time hybrid position/force control strategy. 

Implementation of robotic hybrid position/force control using PID and FLC  

This section describes how to implement the appropriate hybrid position/force control approach to the RTMS 

control system. These two sub-control loop schemes (i.e. position and force control) are executed independently 

and synchronously before their outputs are combined at the final stage and subsequently converted to be 

transmitted to the KUKA robotic positioning control system. Figure 2 shows each explicit control loop scheme 

which requires an individual sensor system associated with a controller type (i.e. PID, PI, PD, FLC, or artificial 

neural network, etc.) for the purpose of the system simplicity and effectiveness.  

After an extensive review of relevant academic research it was decided to initially apply proportional-integral-

derivative control: PID for the position and force control loops [10-13]. This technique is very useful and widely 

used in the academic and industry sectors due to its simplicity, robustness, a wide range of applicability and near-

optimal performance. However, to respond the research question of whether is it possible feasible to utilize non-

linear control technique, named FLC, in the robotic compliant motion control to improve the effectiveness and 

reliability of the RTMS, FLC, which has higher capability in dealing with non-linear dynamic applications, was 

completely adopted to be implemented to both control loops. To execute the PID and FLC in the robot controller, 

this needs a discretizing process (by transforming continuous control functions into a discrete form) as informed 

in the next part. 

Discretizing a PID controller 

Proportional integral and derivative (PID) control was initially applied for the hybrid position/force control of the 

RTMS. The starting point of deriving the discrete-time PID controller is to analyse the continuous-time PID 

equation as the following equation, where 𝑢𝑘the control is output. 𝑒𝑓 is the force control error and 𝑒𝑝 is the position 

control error. 𝑓𝑑  is the desired force, and 𝑓𝑠 is the actual force (measured by the ATI force/torque sensor). 𝑝𝑑  is 

the desired position, and 𝑝𝑠 is the actual robot position (measured by the 3D camera).  

𝑢𝑘(𝑡) = 𝐾𝑝𝑒(𝑡) +
𝐾𝑝

𝑇𝑖
∫ 𝑒𝑑𝑡

𝑡

0
+ 𝐾𝑝𝑇𝑑 �̇�(𝑡)                                                                                                                                                       

(18) 

Given:        𝑒(𝑡): 𝑒𝑓(𝑡) = 𝑓𝑑(𝑡) − 𝑓𝑠(𝑡), 𝑒𝑝(𝑡) = 𝑝𝑑(𝑡) − 𝑝𝑠(𝑡), 𝐾𝑖 =
𝐾𝑝

𝑇𝑖
    and 𝐾𝑑 = 𝐾𝑝𝑇𝑑                                 (19) 

The discretization of Equation (18) with sampling time 𝜏 and the discrete-time interval 𝑘 can be executed by 

differentiating both sides of the equation, and it gives as Equation (20). This equation was used while 

programming to control the robot based on the PID hybrid position/force control.  

𝑢𝑘(𝑡𝑘) = 𝑢𝑘(𝑡𝑘−1) + 𝐾𝑝[𝑒(𝑡𝑘) − 𝑒(𝑡𝑘−1)] + 𝐾𝑖𝑒(𝑡𝑘) +
𝐾𝑑

𝜏
[𝑒(𝑡𝑘) − 2𝑒(𝑡𝑘−1) + 𝑒(𝑡𝑘−2)]                                 (20) 

Fuzzy logic control: FLC 

The FLC approach is a type of nonlinear control embedded the knowledge and key elements of human thinking 

in the design process. FLC has a specific ability to deal with complexity, uncertainty and nonlinearity. It is also 

ease of implementation, which does not need an accurate mathematical model of a system. The basic structure of 

the FLC processing consists of the fuzzification, fuzzy rule-base, fuzzy inference and defuzzification. This section 
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details how to develop FLC used for the position and force control loops. The notation of the force and position 

control errors are similarly defined as Equation (19). The fuzzy inputs were initially assigned as 𝑒𝑘  and 𝑑𝑒𝑘. 

𝑒𝑘(𝑡) = 𝑒(𝑡)                                                                                                                                                                                                                    

(21) 

𝑑𝑒𝑘(𝑡) = 𝑒𝑘(𝑡) − 𝑒𝑘−1(𝑡)                                                                                                                                                                                       

(22) 

The output calculated from the FLC system is denoted as an incremental displacement (∆𝑢𝑘), while the output 

𝑢𝑘  is the displacement directly applied for the KUKA robot’s real-time path control as shown below.  

𝑢𝑘 = 𝑢𝑘−1 − ∆𝑢𝑘                                                                                                                                                      (23) 

The crisp sets of the fuzzy inputs and outputs have to be converted into linguistic forms using fuzzy membership 

functions. The input and output variables were normalized into five and seven linguistic levels respectively, in 

which the following notation is used: NL is negative large, NM is negative medium, NS is negative small, Ze is 

zero, PS is positive small, PM is positive medium, and PL is positive large. The FLC rule base tables were 

designed for position and force control and demonstrated in Table 2 (a) and (b).  

Figure 4 (a) and (b) depict each FLC surface viewer with two inputs (𝑒𝑘 and 𝑑𝑒𝑘) and one output ∆𝑢𝑘. 

Table 2: Fuzzy rule base tables  

  (a) Fuzzy rule base used for robot force control         (b) Fuzzy rule base used for robot position control 

                           

 
 (a) Fuzzy rule base used for robot force control         (b) Fuzzy rule base used for robot position control 

Figure 4. FLC surface viewers 

Safety issue in the RTMS system  

Safety is a key issue in RTMS treatment because any failures which occur during the therapy process might 

become very critical. Therefore, this section proposes hardware and software safety issues in RTMS. Firstly, a 

safeguarded zone was introduced to conduct a safety strategy in the RTMS test [14]. If an unauthorised human 

enters the safeguarded zone, then the robot will initiate an immediate emergency stop. The robot working area 

was also optimized to minimize the risk of an injury. A stand-alone emergency stop button and a robot teach 

pendant (RTP) with an emergency stop button were available to be manually activated by the human operator 

when accidents are detected. Additionally, the speed of the robot end-effector was strictly limited to 10 mm/s, and 

the robotic joint limit was set.  
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In terms of the safety software system, a communication timeout was assigned for the serial and TCP/IP 

communication. This can be implied that if the transmission has not been completed yet after the timeout has 

elapsed, then all communication will be immediately terminated. Furthermore, real-time monitoring of the contact 

force feedback between the head and stimulate coil was conducted, and if the interactive force magnitude is greater 

than the assigned threshold value, the robot will be suddenly stopped to ensure the safety of the subject. 

EVALUATION OF THE HYBRID POSITION/FORCE CONTROL SYSTEM (USING PID AND FLC)  

Experimental development 

This section provides a better understanding of what is required in the design and development of the appropriate 

hybrid position/force control set to facilitate the accuracy, smoothness and effectiveness of the RTMS process. 

Control techniques, including PID and FLC, have been appropriately constructed and implemented to improve 

the stability of the robot position and force control. The evaluation of the performance of the RTMS using hybrid 

position/force control based on the PID and FLC approaches is introduced to conduct a quantitative assessment 

of the system’s performance. A set of robot position/force control experiments was carried out, and to protect a 

patient from the risk of harm or injury by the TMS robot at the early stage of testing, a dummy head was used. 

The experimental setup of the RTMS test was shown in the following figure. The two main experiments have 

been assessed consisting of evaluations of the hybrid position/force control based on PID and FLC while (1) 

positioning the TMS coil and (2) maintaining the contact force between the dummy head and the stimulating coil. 

KUKA KR16

TMS coil

Force/torque sensor

Dummy head

Kinect sensor

 

Figure 5. RTMS experimental setup 

According to the optimized FLC design, the fuzzification, fuzzy rule-base, fuzzy inference and defuzzification 

development processes have been roughly presented in the previous session. Nevertheless, the capability of FLC 

depends on the design of the fuzzy rules is based on the knowledge and experience of a system developer. 

Additionally, before implementing the PID control, it requires a set of optimized gains, and various techniques 

for PID gain tuning have been proposed, such as the Ziegler-Nichols, Cohen-Coon, Chien-Hrones-Reswick or 

manual techniques. The Ziegler-Nichols method is widely used as it is normally applied to strategically simplify 

the determination of the PID parameters. This method also has more advantage, because it strives to keep the 

system overshoot response to a minimum and at the same time to provide rapid response. Hence, in this research, 

Ziegler-Nichols tuning, which is a heuristic method of PID tuning, was adopted to establish the appropriate PID 

gains for the robot hybrid position/force control. Firstly, this tuning technique required exhibited sustained 

oscillations of a robot response system. At this point, the critical gain (𝐾𝑢) and time period (𝑇𝑢) were clearly 

identified and computed. Using the Ziegler-Nichols tuning table (illustrated in Table 3) provided the appropriate 

PID gains as follows: 

1) PID gains for the robotic position control loop are 𝐾𝑝 of 0.12, 𝐾𝑖of 0.02 and 𝐾𝑑of 0.16 respectively, 

2) PID gains for the robotic force control loop are 𝐾𝑝 of 0.11, 𝐾𝑖of 0.27 and 𝐾𝑑of 0.01 respectively. 
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Table 3. Ziegler-Nichols PID tuning table 

 

Experimental results and evaluation 

Experiment I: Robot positioning tests   

The first test addressed to the robot positioning assessment. The studies found that the changes in head position 

are approximately in the ranges of 0-40 mm [15]. Then, the ranges of the dummy head movements in this test 

were defined as the range of 0 to the maximum of 40 mm with 10 mm resolution in both x-y axes. The TMS held 

the KUKA robot was manipulated to the head targets captured by the Kinect camera in the transverse plane. In 

addition, to evaluate the performance of the robot tracking and positioning control strategy, the root means square 

error (RMSE) was employed. Consider the error (𝑒) between the desired treatment target (marked on the dummy 

head) and the actual position of the TMS coil (specified by the contact point between the head and the coil). Then, 

the efficiency of the system can be presented that the lower the error variation, the better the performance of the 

robotic hybrid control system. The RMSE value of (𝑛 samples) can be calculated by: 

𝑅𝑀𝑆𝐸 = √
∑ 𝑒𝑖

2𝑛
𝑖=1

𝑛
                                                                                                                                                   )24( 

Table 4 shows representative of results of the relationship between the relative displacements of the head and the 

root mean square error values in the robot’s position tracking error. As mentioned above, the system performance 

was assessed from the RMSE of the position tracking error. The results demonstrated that all RMSE values are 

bounded in the range of around 1.3-2.8 mm. It can be summarized that both robotic hybrid position/force control 

based on PID and FLC strategies provided effective performance and reliability of the RTMS tests. These results 

were acceptable for the RTMS treatment in terms of robot position tracking control. This is because the RMSE 

values in all scenarios were less than the threshold of the 3-mm position error allowed in the TMS therapy. 

Therefore, this can improve the curative effectiveness of the stimulation treatment, as the treatment target can be 

stimulated accurately and repetitively confirmed by Barker’s lab [6].  However, careful observation of the RMSE 

magnitudes for FLC revealed that the FLC results seemed to provide improved performance of the robot control 

system over that of PID control as the lower RMSE values were presented. An example of the robot positioning 

response in the RTMS task using FLC is shown in Fig. 6, where the relative displacement target of the dummy 

head is defined at 30 mm.  

Table 4. The RMSE values of the position tracking errors  
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Figure 6. The robot positioning response of the 30-mm displacement target 

Experiment II: Force maintaining tests 

This experiment required the KUKA robot to maintain the contact force, in which the force in z-direction that is 

perpendicular to the head was captured in real-time. In regardless of the robot positioning system, this test allowed 

the dummy head to be initially installed at a fixed position on the top of the head target. The desired interactive 

force target of 2 N (as recommended) was initiated. Once the test is activated, the robot has to press the coil held 

until the contact force reaches the required force value. Then the robot has to keep maintaining the required 

interactive force throughout the test. Again to assess performance the robot force control system, the RMSE in 

Equation (24) was also employed, where the error (𝑒) can be computed based on the desired contact force and the 

actual force measured by the ATI force sensor. The better efficiency of the force control system represents by the 

lower the error variation in the steady-state force error, and vice versa. It is to be noted that to eliminate the effect 

of gravity from the TMS coil during measuring the force magnitudes, the force sensor was initially biased before 

starting any test. 

Table 5 shows the test results of the RMS in the force control system using the developed hybrid position/force 

control based on PID and FLC schemes. It can be found that the force tracking RMSE in the steady-state period 

carried out by both scenarios were closed to each other and varied between 0.02 and 0.03 N.  These mean both 

techniques are considered acceptable for the RTMS and can facilitate safe and timely natural robot and human 

interaction. After the contact force profiles were carefully analysed, this presented that the test performance 

achieved in the FLC approach is again slightly better than that of PID control. The motion trajectories of the robot 

end-effector using FLC is rather smoother than when using PID control, as it is less sensitive to small force 

disturbances. This is can be seen in the example of the interactive force response in the RTMS task based on FLC 

shown in Figure 7  

Table 5. The RMSE values of the interactive force errors 
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Figure 7. The interactive force response from the FLC scheme 

To sum up, this section explains how to evaluate the RTMS system based on the developed position/force control 

using the control approaches, i.e. proportional integral and derivative (PID) and fuzzy logic control (FLC) 

approaches. The experimental results have been presented in the time-domain in terms of the robot positioning 

responses and force maintaining effectiveness. According to the experiments, it has been found that both PID and 

FLC robot force control strategies are acceptable for the RTMS implementation. Nevertheless, after exploring in 

more detail, once the robot was controlled by the FLC method, slightly better performance of the controlled robot 

was achieved. The reason for this is that FLC is capable of dealing with the compensation for the dynamic nature 

of the non-linear system and is more insensitive than that of PID control to variations in small external force 

disturbances, which is an important requirement in robot force/position control schemes. This is consistent with 

the studies of various researchers [16,17]. However, the PID control system can be significantly improved by 

implementing a PID-gain fine-tuning method using trial and error based on experiments as suggested [12]. This 

may introduce more efficiency of the hybrid position/force control system based on the PID approach, which 

could be similar or closed to the outcomes of the FLC scheme. 

CONCLUSIONS 

In order to realize the accurate localization of the TMS coil and maintaining of the contact force on the patient’s 

head during the medical therapy of Transcranial Magnetic Stimulation, we developed the robotized TMS system 

and proposed the real-time hybrid position/force control using PID and FLC algorithms. This study has 

investigated the performance of the robotic hybrid control based on the robot positioning responses and contact 

force maintaining effectiveness. The implementation outcomes of the robotic control designed based on PID and 

FLC presented that both algorithms established acceptable performance of the robot-assisted TMS procedure. 

This system has achieved accurate robot positioning and consistent contact force between the TMS coil and the 

head. An exhaustive examination of the results showed that when the robot was controlled by the FLC algorithm, 

the RMSE values of the position tracking and the contact force maintaining were substantially lower than those 

of PID control algorithm. Furthermore, this is also reliable with qualitative performance measurement.  
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