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ABSTRACT 

 Orthopaedic Robot (OTOROB) is a cost effective telemedicine mobile robot 

that provides tele-presence capability for the specialist on a remote location to 

virtually meet the patient, perform diagnostics and consult the resident doctor 

regarding the patient via internet. This paper highlights on the development of a 

navigation safety system called Danger Monitoring System (DMS) as part of 

OTOROB’s assistive internet based navigation remote control system. 

Combinations of sensors are place around the robot to provide data on the 

robot’s surrounding during operation. The sensors data are fed into the DMS 

algorithm. DMS is equipped with fuzzy logic based artificial intelligence system 

to process the data from all the sensors and user input to decide preventative 

measures to avoid any danger to humans and the robot in terms of obstacle 

avoidance and robot tilt angle safety. The navigation safety system is tested by a 

set of experiments and found to be demonstrating an acceptable performance. 

This system proved to be suitable to be used in OTOROB. 

KEY WORDS:  Medical robot, robot navigation, safety system, obstacle 

avoidance, fuzzy logic. 
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1. INTRODUCTION 

 Mobile robot safety is very important especially if the robot is designed to 

interact with human beings. Orthopaedic Robot (OTOROB) is a telemedicine 

mobile robot that provides telepresence capability for orthopaedic surgeons to 

diagnose patients in remote location via internet (Iftikhar et al., 2011). The 

orthopaedic surgeon which is located in a remote location can control the robot’s 

navigation to move it in order to meet the patients at their bed side. The robot 

will be navigated through a path full of obstacles and also other human beings. 

Furthermore, the paths may have certain amount of elevation which could cause 

the robot to capsize if not monitored. Thus OTOROB must be able to assist the 

remote user by detecting these obstacles and perform necessary actions to avoid 

danger to the human and also the robot itself. 

 Fuzzy logic (Cupertino et al., 2006; Alonso et al., 2007), neural network 

(Hwang et al., 2009; Haddoun et al., 2008) and fuzzy neural network (Er and 

Deng, 2005; Zurada et al., 2001) Artificial Intelligence (AI) systems are widely 

used for robot’s safety system by current researchers. It is used to aid the mobile 

robot to reach its goal without bumping into any obstacles. AI system has the 

capability to carry out certain tasks without the supervision of a human. This is 

essential because humans would not be able to perform all the tasks of a robot 

himself. Thus the assistance of AI system can enhance the robot’s ability to 

detect danger that is neglected or not visible to the human. 

 Zalama et al. (2002) created a navigation system with adaptive behaviour 

features for a mobile robot. Neural Network was incorporated to acquire data 

from the robots’ sensors and decide control strategy. Luo (2000) created an 

internet based navigation system for mobile robot by adapting neural network. 

The AI system was used to overcome the issue of internet connection latency. 

Seraji and Howard (2002) developed a fuzzy logic based mobile robot 

navigation system for dangerous terrain. The terrain is analysed in real time and 
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the AI system is able to come up with the best navigation strategy. The AI 

system can be used in both autonomous and non-autonomous mobile robot. AI 

system in non-autonomous robot can be used to provide enhanced safety and 

reliability. 

 Shi et al. (2007) developed an unmanned aerial vehicle (UAV) by 

incorporating multi-layer fuzzy logic control for its navigation. The AI system is 

used to track wall, avoid obstacles and seek the goal by processing the data 

obtained from sensors. The 3-D environment navigation is decomposed into 2-D 

subsets by the fuzzy logic system in order for to solve it. Then the result is sent 

to a 3-D defuzzification system which in turn creates a smooth robot navigation 

control. Yang et al. (2005) created a motion planning strategy by adapting fuzzy 

logic to a mobile robot navigation system. The research results shows that the 

fuzzy logic was able to perform the navigation with high accuracy. Xu and Tso 

(1999) used ultrasonic sensors to measure the distance of the obstacle from the 

robot. The data is then sent to a fuzzy logic system which controls the robot’s 

steering angle and acceleration. 

 This paper focuses on the development of obstacle avoidance and over-tilt 

safety system for an internet based remote controlled Orthopaedic Robot 

(OTOROB). Figure 1 shows the developed OTOROB structure. AI is 

incorporated into the navigation safety system in order to give the robot ability 

to perform safety actions in case of danger without the supervision of the remote 

user. This is crucial because OTOROB is developed with a holonomic 

navigation system which gives the robot a greater degree of freedom in terms of 

movement. 
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         Figure 1 : Orthopaedic Robot (OTOROB) (a) 3D Design Model,  

(b) Developed Robot 

2. METHODS 

 OTOROB is developed to navigate at nearly the speed of a human walking. 

It is equipped with a holonomic drive system which uses trans-wheel to navigate 

in any angles without having to change the robot’s orientation. Due to the 

(a) (b) 
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increased navigation freedom, the robot is exposed to obstacle collision from all 

angles. The navigation Danger Monitoring System (DMS) is developed to 

address this problem. The development of this system can be divided into two 

parts which are development of the algorithm itself and sensors’ placement on 

the robot.  

2.1 Danger Monitoring System (DMS) 

 The main purpose of DMS is to use sensors data for detecting imminent 

danger to OTOROB’s navigation system in terms of obstacle and robot’s tilt 

angle. DMS uses sensor fusion method to process input from several types of 

sensors. Then it will regulate the navigation motors’ speed in order to avoid the 

danger. DMS is developed using fuzzy logic to provide smooth control over the 

motor speed during obstacle detection. The DMS Fuzzy Logic is designed using 

Matlab and then incorporated into microcontroller by translating the system into 

C-code algorithm. The architecture of navigation DMS is shown in Figure 2. 

 Basically, the DMS consists of eight smaller sub-DMS. Output from each 

sub-DMS is fed into the motor controller microprocessor. The motor controller 

also received robot heading input from user thought the joystick. The motor 

controller selects the sub-DMS to be used depending to the user joystick input. 

For example, if the user gives instruction for the robot to move forward, the 

motor controller will refer to Forward DMS output. It will then control the 

navigation motors’ speed depending on that DMS which is affected by the 

obstacle distance and tilt angle in front of the robot. The same concept is applied 

to navigation in all directions. 

 On each sub-DMS, data from several object detection sensors are fed into 

their own fuzzy logic block. Each fuzzy logic block contains separate 3-input 

membership and defuzzification to produce crisp output. The fuzzy logic rules 

are as shown in Table 1. The fuzzy logic system is developed using Tagaki-

Sugeno method with weighted average defuzzification. Each sensor’s fuzzy 
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logic block crisp outputs are then grouped together and the minimum value of 

the outputs is chosen. This minimum value is considered as each sub-DMS 

output. This method is used to reduce the overall number of fuzzy logic rules 

due to the large number of sensors. This system only contains a total of 72 rules 

because the same rules can be used for other sub-DMS which uses the same 

sensor data. The number of rules is considerably lower compared to a 

conventional fuzzy logic system. This is essential for an embedded fuzzy logic 

system because of the memory space limitation of a microcontroller. In 

conventional fuzzy logic system, a 24 sensor input fuzzy logic system with 3 

membership will ideally require a total of 324 number of rules for the system to 

work correctly. This is not suitable for a fuzzy logic system in a microcontroller 

embedded control. 

Table 1 :  Fuzzy Logic Rules for Object Sensors and Tilt Angle 

 
OUTPUT SPEED 

Minimum 

OUTPUT SPEED 

Medium 

OUTPUT SPEED 

Maximum 

OBJECT DISTANCE Near Yes - - 

OBJECT DISTANCE Medium - Yes - 

OBJECT DISTANCE Far - - Yes 

    

TILT ANGLE Bad Yes - - 

TILT ANGLE Medium - Yes - 

TILT ANGLE Good - - Yes 

 

 Each sub-DMS only uses certain number of sensor data. The list of sensors 

used for each sub-DMS can be seen on Table 2. It can be seen than for forward, 

backward, right and left movement, a total of seven sensor inputs are used 

meanwhile for diagonal movement, a total of 11 sensor inputs are used. This is 

due to the fact that during diagonal movement, more of OTOROB’s surface is 
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exposed to collision danger compared to other movement. Thus more sensors 

placed in specific place on the robot are required. 

 DMS outputs a value between 0 and 1. This value is considered as the 

multiplier for robot navigation speed. The maximum robot directional speed is 

multiplied with the particular direction sub-DMS output to obtain each 

navigation motors’ input speed. For example, if the robot is instructed to move 

forward by the user with maximum speed (255), the speed is multiplied with the 

Forward DMS output multiplier. The result is the fed into all navigation motors 

in order to regulate the robot’s speed in that direction according to the DMS 

obstacle detection. 

 

Figure 2 : Architecture of Navigation Danger Monitoring System (DMS) 
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Table 2 :  Sub-DMS Sensor List 

Sensors 

 

DMS – Robot Movement Direction 

Forward Backward Right Left 45° 135° 225° 315° 

US1 US5 US3 US7 US1 US3 US5 US7 

US2 US6 US4 US8 US2 US4 US6 US8 

IR1 IR2 IR3 IR4 US3 US5 US7 US1 

IR2 IR3 IR4 IR1 US4 US6 US8 US2 

IR5 IR7 IR9 IR11 IR2 IR3 IR4 IR1 

IR6 IR8 IR10 IR12 IR5 IR7 IR9 IR11 

Tilt Front Tilt Back 
Tilt 

Right 
Tilt 
Left 

IR6 IR8 IR10 IR12 

    IR7 IR9 IR11 IR5 

    IR8 IR10 IR12 IR6 

    
Tilt 

Front 
Tilt 

Back 
Tilt 

Back 
Tilt 

Front 

    
Tilt 

Right 
Tilt 

Right 
Tilt 
Left 

Tilt 
Left 

 

2.2 Placement of Obstacle Detection Sensors 

 In order for the DMS to perform its tasks, a total of 20 object sensors are 

place around OTOROB such as shown in Figure 3. The sensors used are SRF05 

Ultrasonic (US) Range Finder, GP2D120X Infrared (IR) Range Finder and 

GP2Y0A21 Infrared (IR) Range Finder. The ultrasonic sensors are placed in 40° 

angle inwards at the bottom part of OTOROB to provide overlapping detection 

capability which increases the systems accuracy.The GP2D120Xsensors are 

placed in 45° outwards to detect obstacle on diagonal position. The Bottom and 

Middle part of OTOROB can be seen in Figure 1.The SRP05 ultrasonic sensors 

have a wide detection angle which is suitable for detecting moving or small 

objects. The infrared sensors have a narrow beam which is suitable for detecting 
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wall and doorways. Together, these sensors provide enhanced obstacle detection 

capability to DMS.Basically, there are no blind spot on the sensor combination 

detection range. 

 

Figure 3 : Object Sensor Placement on OTOROB (Top View) 

2.3 Safety Coverage Zones 

 Basically the obstacle detection DMS capability can be divided into three 

zones such as shown in Figure 4. Zone 1 is located beyond 40cm from 

OTOROB’s body. Within this zone, any detected obstacles are considered as not 

dangerous thus OTOROB’s navigation system operates at maximum speed. The 

DMS output will be 1. 

 Zone 2 is located within 15cm and 40cm from OTOROB. If the obstacle is 

at the border of Zone 1 and Zone 2, the DMS output value will be 1. As the 

obstacle distance becomes closer, the DMS output will gradually reduce with a 

decrement of 0.01 until it reaches the border of Zone 2 and Zone 3. The obstacle 

is considered as dangerous if it is in Zone 3 which is within 15cm from the robot 
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body thus the DMS output will be 0. The robot’s navigation is stopped on the 

direction where the obstacle is located. The user is then required to navigate the 

robot to a different path. 

 

Figure 4 : Obstacle Detection DMS Zones 

 As mentioned previously, besides obstacle detection, DMS also incorporates 

the detection of robot’s tilt angle. The DMS for tilt angle can be divided into 

three zones such as shown in Figure 5. The Green Zone refers to tilt below 5° 

from the ground and it is considered as safe zone. On the other hand, the Orange 

Zone is for robot tilt within 5° and 15°. DMS regulates the output within 1 and 0 

as the tilt angle increases to create a smooth robot stopping control. When the tilt 

angle reaches 15°, it is in the Red Zone. The robot movement in that direction is 

stoppedin order to avoid over-tilt angle which may capsize the robot. The user is 

required to go back to the previous direction the robot came. 
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Figure 5 : Tilt DMS Zones 

3. RESULT AND DISCUSSION 

 During the design phase, the DMS which is modelled in Matlab is tested to 

obtain the desired output. After the DMS is developed on harware, it is tested 

repeatedly in order to tweak the fuzzy logic system. Various tests are performed 

to determine the DMS response in different situation. The tests can be divided 

into three parts which are simulation, obstacle DMS test and tilt DMS test. 

3.1 Simulation of sub-DMS on Matlab 

 The simulation is divided into three parts which are navigation on X-axis or 

Y-axis plane (forward, backward, left and right movement), navigation on 

diagonal angles (45°, 135°, 225°, 315° movement) and tilt angle (front, back, left 

and right). To prove the concept, the simulation for one direction for each part 

will be shown. This is because, the simulation result obtained for other 

directions are same within the particular part. The Matlab model such as show in 

Figure6 is subjected to virtual input signal to the fuzzy logic block to simulate an 

approaching obstacle. 
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Figure 6 : Matlab Simulation Model 

 The fuzzy logic rule output of each of the 7 sensor inputs for DMS during 

forward movement can be seen on Figure 6. It can be seen that the fuzzy logic of 

IR5, IR6, US1 and US2 was able to detect the virtual obstacle. The speed output 

of these fuzzy logic blocks were gradually reduced until it reaches 0. Although 

the other fuzzy logic shows 1, DMS chooses the minimum value between them. 

Thus the final output of Forward sub-DMS is 0. Due to the same concept, the 

simulation result for Backward, Left and Right sub-DMS is similar to the 

Forward sub-DMS. The difference is that different sub-DMS uses different set 

of sensors. 
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Figure 7 : Fuzzy Logic Rule Viewer of Forward sub-DMS 

 Simulation result is obtained from the 45° movement sub-DMS test also 

showed similar characteristics as the forward DMS test. Referring to Figure 

8,fuzzy logic of IR7, IR8, US3 and US 4 was able to detect the virtual obstacle 

and reduce the output. DMS was able to select the minimum fuzzy logic output 

and gradually reduce the overall output. The only difference is the increased 

number of sensors such as mentioned before. The result obtained for 135°, 225°, 

315° movement sub-DMS is also similar to 45° movement sub-DMS due to the 

implementation of same concept with different set of sensors. 

IR 1 and 2 IR 5 and 6 

US 1 and 2 Tilt Front 
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Figure 8 : Fuzzy Logic Rule Viewer of 45° Movement sub-DMS 

 For the tilt angle simulation, other sensors input are ignored. A virtual signal 

is subjected to the to the tilt fuzzy logic to simulate increasing tilt angle. As 

shown in Figure 9, the tilt angle fuzzy logic was able to gradually reduce the 

output from 1 to 0 when the simulated tilt was increasing to 15°. The overall 

DMS was able to select the minimum value of the sub-DMS (in this case, the 

output of tilt angle fuzzy logic) and gradually reduce the overall output to 0. 

IR 2 IR 7 and 8 

US 1 and 2 

Tilt Front and Right 

US 3 and 4 

IR 5 and 6 
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Figure 9 :  Fuzzy Logic Rule Viewer of Tilt Angle DMS 

3.2 Execution of Obstacle Avoidance DMS 

 After the system is developed into hardware, it is tested by creating a field 

and navigation OTOROB on it. The navigation sequence is shown in Figure 10. 

The field is created by placing obstacles along the path of the robot to reach its 

destination. The DMS output is recorded throughout the test. The DMS output is 

multiplied with maximum robot speed with is 255. Thus the result will show a 

value of 0 to255 rather than 0 to 1. 

 

Tilt Front 
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Figure 10 : OTOROB’s DMS Test Navigation 

 The DMS output data for navigation in forward, backward, right and left 

direction is shown in Figure 11 meanwhile the DMS output for navigation in 

45°, 135°, 225° and 315° direction is shown in Figure 12. The graphs show that 

the DMS for each direction was able to reduce the output as the obstacle 

distance gets closer. It can be seen that when the obstacle distance is more than 

40cm, the output is maximum (255). This is within Zone 1. When the obstacle 

distance reduces further, the DMS output is reduced gradually until the obstacle 

distance is 15cm. This is within Zone 2. After that, if the obstacle distance is 

smaller than 15cm which is within Zone 3, the DMS output is 0. A slight 

deviation is presence between the outputs due to the difference in battery voltage 

level and uneven terrain navigation. 

A B 

C D 

E F 
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 When the DMS output is fed into the motor speed input, the motor speed is 

also decreased accordingly. If an obstacle is present, the robot navigation speed 

in that direction is successfully reduced in a smooth manner. This smooth 

control over the navigation speed enhances the robot movement during obstacle 

presence. There is no undesired or false movement during the test. No obstacle 

was hit throughout the test. 

 

Figure 11 : Graph of DMS Fuzzy Output for Forward, Backward, Right 

and Left Movement Versus Obstacle Distance 

 

Figure 12 : Graph of DMS Fuzzy Output for 45°, 135°, 225° and 315° 

Movement Versus Obstacle Distance 
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3.3 Execution of Tilt DMS 

 The tilt angle test is performed by creating a ramp such as shown in Figure 

13. OTOROB is the navigated according to the sequence shown. The test was 

repeated for tilt on front, back, left and right. 

 

 

Figure 13: Actual Tilt DMS Test 

 

 The result is shown in Figure 14. It can be seen that when the tilt angle is 

below 5° the DMS output is maximum (255). This is within Green Zone. The 

robot is also moving at maximum speed. As the robot tilt angle increases further, 

the output was reduced gradually until the tilt angle reaches 15°. This is within 

Orange Zone. The robot movement speed also decreases. When the robot tilt 

angle reaches 15°, the DMS output is 0. This is within Red Zone. The robot 

stops movement in the tilted direction. The result obtained is similar to simulated 

result. 

 

20° 20° 10° 

1 2 3 

15° 
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Figure 14: Graph of DMS Fuzzy Output for Front, Back, Right and Left 

Side TiltVersusTilt Angle 

4. CONCLUSION 

 In this paper, an obstacle avoidance and over-tilt protection Danger 

Monitoring System (DMS) for an Orthopaedic Robot (OTOROB) is presented. 

The fuzzy logic usage in DMS operation is elaborated. Obstacle sensors 

placement on OTOROB body is shown. The DMS obstacle and tilt angle 

detection zones are explained. Then, the simulation and actual test data shows 

that a smooth control of the robot’s navigation during obstacle detection and 

over-tilt angle is achieved. The DMS is able to gradually reduce the robot’s 

navigation motor speed in particular direction during navigation if obstacles are 

present in that direction. The simulation and actual result is similar.  
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