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Abstract 
 
Nowadays surgery simulations are aiming to apply not just visual effects but force             

feedback as well. To carry out force feedback, haptic devices are utilized that are mostly               

commercial products for general purposes. Some of the haptic device features are more             

important than others in case of surgery simulator use. The precision of the output force               

magnitude is one such property. The specifications provided by haptic device           

manufacturers are lacking details on device characteristics, known to cause difficulties in            

planning of accurate surgery simulations. 

This project shows the design of a testbed that is capable of measuring the precision of                

output forces within the haptic devices’ workspace. With the testbed, a set of             

measurements can be run on different haptic devices, giving as a result a better              

knowledge of the utilized device. This knowledge aids the design of more precise and              

realistic surgery simulations. 

 

 
  

3 



 
  

4 



Acknowledgements 
 
I would like to thank Jonas Forsslund, my supervisor, for his help all along the project                

and for the opportunity to get know the field of haptic devices. I would like to express my                  

gratitude to Fredrik Bergholm for his useful advices during the group seminars. I am              

grateful for my fellow students who were there when I needed help, Alex Jonsson, Martin               

Hussel and Ramtin Massoumzadeh. Finally, I would like to thank everyone who were             

supporting me during this half year, especially Camilla Wikström and Csaba Jéger.  

  

5 



  

6 



Table of Contents 
 

1. Introduction 9 

2. Materials and methods 10 
2.1 The sensor system 10 
2.2 The frame and base plate 11 
2.3 Clamping mechanisms 12 

2.3.1 Base clamping 12 
2.3.2 Handle clamping 14 

2.4 Software components 16 

3. Results 17 
3.1 Verification of test bench 17 
3.2 Showing support for two different haptic devices 17 
3.3 Example evaluation of Phantom Omni using the test bench 18 

3.3.1 Measurements with high set forces 18 
3.3.2 Output force in one position but different directions 18 
3.3.3 Repeatability of measurements 19 
3.3.4 Output force at different positions 20 
3.3.5 Output force at different step sizes 20 
3.3.6 Applying set force in two directions at the same time 21 
3.3.7 Displacement of handle during measurements 22 

4. Discussion 23 
4.1 General discussion of measurement workbench 23 
4.2 Measurement results of Phantom Omni 23 
4.3 Possible sources of errors 24 
4.4 Future work 24 

5. Conclusions 25 

References 26 

Appendix A A1 

A1 Haptic devices A1 
A1.1 Broad introduction A1 
A1.2 Surgery simulations A1 
A1.3 Grounded spatial haptic devices A2 

A2 Performance metrics A3 
A2.1 General - list of metrics A3 
A2.2 Validation in contrast to performance metrics A5 
A2.3 Metrics of interest A5 

7 



A3 Enumeration of workbenches A6 
A3.1 Examination of already existing solution A6 

A4 Summary and research questions A7 
A4.1 What are the most important validation properties? A7 
A4.2 How can a testbed be constructed for validation of fundamental haptic 
device properties? A7 

Appendix B B1 
B1 Materials and methods - Software manual B1 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

8 



1. Introduction 
 

The training and education of surgeons are long and complicated processes. That field of              

medicine can only be learned by practice even though that poses a risk to the patients.                

The development of surgery simulators aims to help in this education process by giving              

opportunity for practicing surgical procedures while not jeopardising human life.          

Simulators at the beginning provided only visual feedback in their exercises, but in the              

past decades more and more of them are aiming to give force feedback as well. It means                 

that the user not just see a simulated environment but also can feel and manipulate it                

through the sense of touch. The devices responsible for creating the feeling of touch are               

called haptic devices. 

 

Most of the haptic devices used in surgery simulations are grounded spatial kinesthetic             

haptic devices with impedance control. (See appendix A 1.1 and A 1.3 chapters) There are               

several products on the market in that category, having different properties and different             

prices as well, in line with the devices features. The manufacturers are providing             

specifications, but these specifications are not detailed enough regarding the performance           

of the devices in different conditions. All the producers give the maximum and             

continuous exertable force that the machine can produce, but in most cases the spatial              

location where these numbers are valid is not specified. (See appendix A.2 chapter) Even              

if the manufacturer indicates the working point of the given data, users have no              

information about the performance in the rest of the working space. Knowing the             

mechanical structure of the devices, it is a realistic assumption that the maximum and              

continuous exertable forces are different across the workspace.  

 

While testing different devices, irregularities have been experienced by Jonas Forsslund -            

the supervisor of this thesis work and CEO of Forsslund Systems - and the author in                

connection with the output forces of haptic machines. For example, a simple application             

regulates the output forces in a way that if we want to move the end effector from the                  

initial position it pulls back the handle to the starting point, i.e. like a virtual spring.                

According to the software, the magnitude of the exerted force is linearly growing with the               

distance from the initial position. On the other hand, while trying to move the handle in                

different directions, it feels that the force feedbacks are having different magnitudes.  

 

The above mentioned two issues - that is the lack of information about exertable forces in                

particular points of workspace and inequalities of forces in different directions - create             

the need of more precise specification of haptic devices. In case of any application but               

especially at surgical simulations it is extremely important to be able to exert the intended               

forces to the end effector. The force feedback is highly determining the user’s feel of touch                

and by that directly affects the ability to differentiate between different simulated objects,             

tissues.  

 

The following thesis aims to investigate how a force measurement testbed can be designed              

and implemented, what requirements the testbed should meet and how these can be             

verified. Throughout the project a measurement system has been constructed by the            

author. The system is capable of measuring haptic device force output in three axes. Both               

software and hardware components have been created enabling simulator developers to           

test different devices and create their simulators and simulations according to the results.             

Force display performance tests of prototypical haptic devices have been carried out in             

the workbench and the results of one such measurement are presented in details.  
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2. Materials and methods 
 

A fixed end force measurement system requires a sensor that is capable of detecting              

forces precisely and accurately. The forces have to be displayed and recorded as well,              

which demands the development of a suitable computer program. The workbench also            

needs a structure that holds the haptic device firmly and provides stable link between the               

sensor and the haptic device handle. Following the listed requirements, the testbed            

consists of a physical hardware and a software component. The hardware is built up by               

the frame, the base plate, the clamping mechanisms and the force sensor, while the              

software includes the data handling of the force sensor, control of haptic devices and a               

user interface. Both the hardware and software were designed and implemented by the             

author not counting the commercial components involved in the project, e.g. the sensor             

system. The created workbench is novel, although it contains basic considerations from            

previous works.  

 

2.1 The sensor system 
 

The core of the measurement system is the ATI - Nano43 6DoF Force/Torque transducer              

(Figure 1) [21]. There are six different versions of calibration shown in Table 1 below,               

from which the SI-18-0.25 was utilized at the testbed. The loads applied to the sensors                

should be within the given range in all 6 degrees of freedom in order to measure correctly.                 

The manufacturer also notes that the structure of the sensor makes it possible to saturate               

the transducer with a complex load which is having it’s components all below the rated               

load.  

 

Table 1. Nano43 CTL Calibrations [21] 

 

 

The sensor comes with a so-called mux box which contains all the transducer electronics              

that did not fit in the transducer, because of its small size. The final unit of the sensor                  

system is the controller box that resolves the received data into force and torque vectors               

and provides the recorded data on analog, discrete and serial port output. In this project,               

the RS-232 communication connection (serial-port) was utilized. 
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Figure 1. Sensor system setup [21] 

 

2.2 The frame and base plate 
 

The frame and base plate give the structure of the hardware. The frame is holding the                

transducer and the base plate - on which haptic devices can be mounted. The design               

initiative of the author was to create a test bed in which measurements can be made at                 

several points of the haptic device’s workspace. Therefore, the frame was formed in a way               

that the sensor’s transducer easily can be moved and fixed within the workspace. 

 

Figure 2. Frame and base plate design 

 

Figure 2. shows the design of the frame and the base plate. The transducer is mounted on                 

a transducer plate by screws and the transducer plate can be fastened to the crossbar of                

the frame at any locations. That gives the possibility to choose different positions on the               

Y-direction. The crossbar can be moved up-down in Z-direction, and be fastened in any              
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points through the corner elements, which makes it feasible to choose several positions in              

that dimension too. Finally, the baseplate can be moved back and forth in X-direction,              

and be fixed at all positions along the bars. All the fixation to the aluminum profiles is                 

created with the aid of roll-in T-nuts and screws. By that design the transducer can be                

placed at several different locations of the haptic device’s workspace. Figure 3. illustrates             

three example positions, where measurement can be recorded. The CAD models were            

created in Solid Edge and the figures were rendered by KeyShot and annotated by              

MockFlow AnnotatePro software. 

 

 

Figure 3. Three different example positions for measurement recording 

 

Another key point is the stiffness of the structure. It has to bear the force load from the                  

haptic device and stay still even in case of fast loading and unloading of forces. The frame                 

was built up from 40x40 mm aluminum profiles and connector elements that gives the              

right stiffness and mass to the structure. The base plate was manufactured from 19 mm               

thick wood while the transducer plate was 3D printed in Ultimaker 2 printer from PLA               

material with high density. 

 

2.3 Clamping mechanisms 
 

The haptic device needs to be clamped to the force sensor and to the base plate as well,                  

therefore we can talk about base clamping and handle clamping. 

 

2.3.1 Base clamping 
The different devices have different build ups and therefore their shape is also not the                

same, making it difficult to attach them to the hardware. Most of them are not providing                

fastening possibilities and some of them are having legs, causing further difficulties in             

implementing an universal clamping structure. The implemented solution tries to reflect           

on the differences between the devices providing attachment between the base plate and             

the haptic devices.  
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Figure 4. Clamping to the base plate 

 

In the basic design a commercial clamp is attached to the base plate by commercial               

lashing straps (Figure 4.). To make this attachment possible groves have been cut to the               

plate and clamp support elements were 3D printed from PLA in Ultimaker 2 printer. The               

straps are going through the grooves around the clamp and fastened under the base plate               

with up to 800 N force, holding the clamp firmly in position. Support elements are               

necessary to keep the clamp lifted from the base plate making it possible to fasten and                

loosen the clamp with the handle.  

Though the above design works well in theory, in reality only few haptic devices have the                

shape that can be clamped with this solution. The commercial clamp on one side is               

straight, on the other side it is possible to change the angle of clamping. A haptic device                 

with not square shape base therefore is not possible to clamp using only the commercial               

clamp. A cap with an appropriate angle has been modeled and 3D printed from PLA in                

Ultimaker 2 printer to overcome that problem. Different caps can be designed and             

manufactured on the same basis. Figure 5. shows the case of Phantom Omni device and               

the solution to that particular case. 

 

 

Figure 5. a) Commercial clamp with original cap, b) Commercial clamp with 3D printed clamp, c) Comparison of 

the different caps 

 

Also, some haptic devices are constructed with “legs”, e.g. Novint Falcon. In that case the               

device can be directly strapped to the board with the lashing straps as Figure 6. indicates.  

13 



 

Figure 6. Mounting of Novint Falcon device 

 

2.3.2 Handle clamping 

In order to measure the haptic device’s output force, its end effector has to be attached to                 

the sensor. The connection has to be stiff and stable to get precise data recorded. The                

following considerations have to be assessed during design and implementation:  

- The shape of the end effector. Most of the handles are rod or spherical shaped. 

- Causing the least damage to the end effector. 

- Avoiding resultant torques. The point of action has to be as close as possible to               

the sensor . 
- The weight of the clamp.  

 

 

Figure 7. Two examples for rod shaped end effectors: Phantom Omni and Phantom Premium, and two examples 

for spherical shaped end effectors: Novint Falcon and Force Dimension Omega 3 

 

Taking into consideration all the above-mentioned criteria, different clamps have been           

implemented. The design process followed iterations until reaching the final applied           

solutions. The prototypes have been made from wood, tested and improved according to             

the findings. 

 

The clamp design for rod type end effectors is built up from four elements. It has a                 

housing that is screwed to the transducer, there are replaceable holding elements, nuts             

embedded in the housing and finally screws that are pressing the end effector to the               

holding elements. A thin rubber sheet has been put between the screws and the handle to                

avoid scratching or damaging the end effector. The point of action - where the haptic               

device exerts its force - is close to the transducer. Thus the lever arm is short and the                  

resulting torques at the sensor are low as well. The housing was created from              

methacrylate photopolymer resin in Formlabs Form 2 3D printer while the replaceable            

holding elements were 3D printed in Ultimaker 2 from PLA. Both are lightweight             
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materials, making the clamp’s mass 142 grams in total and creating 64 Nmm torque on               

the sensor, that is fairly low.  

 

 

Figure 8. Clamp design for rod shaped haptic handle 

 

The clamp for spherical end effectors has three parts: One plate attached to the              

transducer and holding the sphere from one side, two plates with U-shape cutouts             

holding the sphere from the other side and the screws that are constricting the plates.               

During clamping, plastic contacts plastic, therefore no damage is made on the handle. The              

point of action - that is the middle of the sphere in this case - is the closest possible to the                     

transducer. This leads to low resulting torques at the sensor. The plates are lightweight, as               

they have been created from PLA in Ultimaker 2 3D printer. The overall mass of the                

clamp is 114 grams and it creates only 18 Nmm torque on the sensor, which is very low. 

 

 

Figure 9. Clamp design for spherical haptic handle 
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Figure 10. Implemented clamps in work 

 

2.4 Software components 
 

For creating the software component of the measurement system, several development           

environments have been tried such as Windows .NET framework with Windows form            

applications. Because it’s simplicity and compatibility, QT cross platform framework has           

been used in QT creator development environment mainly relying on QT libraries and             

functions. The source code of the application can be found on GitHub. [23] 

 

The communication between PC and the control box of the force-torque sensor was             

created through RS232 port (serial port). The handling of haptic devices has been             

established by the application of CHAI3D cross platform C++ simulation framework. The            

user interface has been created with the aid of QT UI-form.  

 

The software is capable to make manual measurements where the user can change the set               

forces in real time and automatic measurements where the set force is following a              

previously set venue. The detailed description of the program can be found in Appendix              

B1. 
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3. Results  
 

In the following chapter the results of the project are described. The verification of the               

test bench is explained, the support of two haptic devices is shown and the example               

evaluation of Phantom Omni device in the workbench is presented in details. 

 

3.1 Verification of test bench 
 

The ATI - Nano43 6DoF Force/Torque transducer was first tested with the aid of known               

weights and gravity, then it has been verified using a secondary 1 DoF force sensor and                

the developed software of the test bed. Objects with different weights were measured with              

scale. The known weights were attached to the sensor and the gravity force was read out                

through the computer program that was created by the author. Then the sensor was              

verified with Lutron Force Gauge 5000A applying Newton’s third law. The ATI and             

Lutron sensors were pushed against each other with constant force and the measured             

forces were compared. The trials have been made in all directions. and the results showed               

less than 0.04 N difference in the measured forces between the two sensors. 

 

 

Figure 11. Lutron Force Gauge 5000A sensor, and verification process 

 

3.2 Showing support for two different haptic devices 
 

The spherical clamping was tested by the author using Novint Falcon and rod type              

clamping with Phantom Omni haptic devices. Since the two devices are having different             

build ups as well, both handle clamp mechanisms and base fixation solutions could be              

evaluated. The connection between the haptic devices and the base plate was stable and              

still the devices did not move, not even when high forces were applied to them. The two                 

clamps could create the link between the haptic device handle and the sensor, making it               

possible to run measurements on the two devices. Figure 12. shows Phantom Omni and              

Novint Falcon in the test beds.  

 

 

Figure 12. Measurement workbench with Phantom Omni and Novint Falcon haptic devices 
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3.3 Example evaluation of Phantom Omni using the        
test bench 

 

The results of the Phantom Omni investigation are presented in details in the following              

section. The device has a maximum 3.3 N output force and 0.8 N continuous force               

according to the specification. [22] X, Y and Z directions mentioned below are identical to               

the directions introduced in Figure 2. 

 

3.3.1 Measurements with high set forces 
 

Measurements have been conducted both in automatic and manual mode to test the             

device at its maximum output capabilities. The results have shown that near the             

maximum output force, the same inputs were creating different outputs at different times.             

After receiving the above mentioned unusual outcomes, the following measurement has           

been made: The output force towards X direction was set manually from zero to 4 N step                 

by step and then was kept at 4 N before stopping the measurement. 4 N set force was                  

selected since the maximum output of the device was stated to be 3.3 N and the author                 

wanted to make sure that the highest possible force will appear on the output. The same                

procedure was repeated two more times. Figure 13 shows the results of the             

measurements. After reaching the maximum, the output force starts to decrease slowly.            

In the second trial the maximum force is already lower and the same decrease can be                

observed. The third measurement shows the same tendency. During these measurements,           

the author experienced temperature increase of the device as well.  

 

 

Figure 13. Measurements with high input forces in X direction 

 

3.3.2 Output force in one position but different directions 
 

After the previous experiences, the device has been tested around the region of maximum              

continuous output force. First, the handle was fixed to one position and the following              

measurement was made in all six directions: The maximum force was set to 1 N, the step                 

size to 0.1 N and the time step size to 2 s. The results showed that in different directions                   

the haptic device exerts different magnitude output forces for the same set force. In              

Figure 15. an example of one such measurement can be observed.  
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Figure 14. Output forces at the same position but in different directions 

 

3.3.3 Repeatability of measurements 
 

The repeatability of measurements was checked. The handle was set into one position,             

and several automatic measurements were carried out. The maximum force was set to 1              

N, the step size to 0.1 N and the time step size to 2 s. The direction of the output force was                      

the same during all the measurements. Figure 15. shows the outcome and except for the               

first measurement, the rest is showing the same results.  

 

 

Figure 15. Output forces in one position, one direction 
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3.3.4 Output force at different positions 
 

At the different positions of the haptic device’s workspace the output force shows slightly              

different results. Figure 16. shows an example of that, with the different positions as well.               

The handle was fixed in different positions in turn and then the following automatic              

measurements were conducted: The maximum force was set to 1 N, the step size to 0.1 N                 

and the time step to 2 s. The direction of the output force was selected to be the same for                    

the sake of comparison.  

 

 

 

Figure 16. Output forces in three different positions, first in the middle at a lower position, second on the left 

side of the workspace and third in the middle but in a higher position 

 

3.3.5 Output force at different step sizes 
 

The previously listed measurements were made all with the same step size, that was 0.1 N.                

Using different step sizes showed slightly different results. With large step size, the output              

was slightly larger, and a bit of overshooting can also be observed in that latter case. The                 

maximum force was 1 N and the time step 2 s, while the step size was 0.1 N, 0.2 N and 0.5                      

N respectively. The direction of the output force and the position of the handle was the                

same in all three cases. Figure 17. shows the results. 
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Figure 17. Output force using different step sizes. Set force indicated with red, output forces with blue 

 

3.3.6 Applying set force in two directions at the same time 
 

The setting of multiple forces at the same time was also examined. The handle was fixed                

in one position, then an automatic measurement was made in X and Y directions              

simultaneously. The maximum force was 1 N, the step size 0.1 N and the time step 2 s for                   

both X and Y directions. The position was selected to be the same as in the measurement                 

at point 3.2, so the results can be compared between Figure 14. and Figure 18. 

 

21 



 

Figure 18. Applying set force in two directions at the same time 

 

3.3.7 Displacement of handle during measurements 
 

The position of the haptic device end effector was also monitored during the             

measurements. At the low force range the displacement was low, within 1 mm in all               

directions. On the other hand, at measurements around the maximum exertable force            

displacement could reach up to 4 mm in the direction of the force. This large               

displacement would be noticeable by the observer, but that was not the case during the               

measurements.  
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4. Discussion  
 

In this section the obtained results will be discussed including general discussion about             

the measurement workbench, the measurement results of Phantom Omni and possible           

sources of errors.  

 

4.1 General discussion of measurement workbench 
 

The validation of the ATI transducer indicates that the sensor is accurate and applicable              

for the planned measurements. The base fixations were holding the haptic devices firmly,             

even in case of high output forces and the different clamps were capable to create the link                 

between the handles. The validation of the ATI transducer also showed that the software              

is displaying and recording the sensor data reliably and during the characterisation of the              

Phantom Omni device the automatic measurements were working well too. In general,            

there are advantages of the testbed and points that need to be improved.  

 

The advantages can be concluded in the following points: 

- The structure is stiff enough to stand still against the applied forces.  

- The bands and the commercial clamp is holding firm the haptic device.  

- The sensor can fast be mounted in different positions of the haptic device             

workspace.  

- The software is easy to handle and gives possibility to manual and automatic             

records as well.  

 

On the other hand, the clamps could be improved: 

- There is a tradeoff between holding the handle stiff enough and damaging the             

handle. Further solutions need to be investigated to overcome this problem.  

- The base plate could be changed from wood to a metal piece to increase further               

rigidity.  

- The software could be upgraded with more measurement options, such as           

possibility for periodic measurements. 

 

4.2 Measurement results of Phantom Omni 
 

The lack of precision and accuracy at the higher forces might be described with the               

overheating of motors in the haptic device. The heating up of Phantom Omni points              

towards this explanation. The device was not developed for operation at its maximum             

capabilities for longer periods. The highest output forces were obtained always with            

recently switched on haptic tools. It also can be an explanation for why the first               

measurement is giving a larger output in case of the repeatedly made measurements.  

 

The cause of the different force outputs in case of different positions might be found in                

the structure of the haptic device. Some positions are more stiff, making it possible to               

exert higher forces. That can be an explanation for the differences in output forces in               

different directions as well. Also, it has to be kept in mind that the device is an older                  

device and the aging of some components can lead to inaccuracies. That inhomogeneity of              

output forces could be solved by mapping the input-output relations all across the             

workspace and creating an input table, with which the desired outputs can be achieved.  
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The overshooting of the output force - in case of larger step force - might be described                 

with the control loop that actuates the motors. That is a typical behavior of motor               

controllers, which became visible by applying large step forces.  

 

For the displacement of the end effector, again the stiffness can be the key. The bending                

of the haptic device arms around the joints was observed by the author. Therefore, even               

though the effector is not moving, because of the bending the encoders of the haptic               

device are sensing displacement towards the direction of the output force. Figure 19.             

shows the joints in question.  

 

 

Figure 19. Joints of the haptic device where the bending and displacement was observed 

 

4.3 Possible sources of errors 
 

Possible source of error can be: 

- The misalignment of the sensor and the haptic device. The axis of the output force               

is not aligned with axis of the force sensor, which leads to error in the               

measurement causing lower sensed force.  

- Movement of handle in the clamp. If the end effector moves in the clamp, it can                

lead to lower measured force 

- Hysteresis of the sensor. According to the sensor manual [21], the transducer is             

having some hysteresis, meaning that there can be differences in the up and down              

loading of the sensor. 

 

4.4 Future work 
 

The project continues with the testing of further haptic devices. These tests not just serve               

the purpose of characterisation of more devices, but measurements with more precise or             

stronger haptic tools might also reveal points to improve the testbed. The characteristics             

of Wooden Haptics by Forsslund Systems will be examined, as well as other products. 
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5. Conclusions 
 

The aim of the project was to investigate how a force measurement test bed can be created                 

for haptic devices. The requirements of such a test bed have been identified, the              

measurement system has been designed and implemented including the necessary          

hardware and software components. Then the testbed has been evaluated through the            

validation of the sensor and the testing of prototypical devices. From tested devices, the              

force display performance of Phantom Omni was shown in more details. The results were              

discussed reflecting on both the test bed and the haptic device itself. Experience has              

shown that the workbench is capable of making measurements on different commercial            

haptic devices, and has the potential to be applied for the characterisation of newly              

developed haptic devices as well. The measurement results of the examined devices can             

be used in the improvement of surgery simulators. 
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Appendix A 
 

A1 Haptic devices 
 

A1.1 Broad introduction 
 

According to Forsslund, a recent PhD Thesis, haptic devices are bi-directional systems where users              

can explore and modify virtual objects in 3D space by using the sense of touch [1]. Depending on what                   

kind of force feedback is created we can differentiate between two types of haptic devices: the tactile                 

haptic displays which are exciting fingers’ mechanoreceptors and kinesthetic haptic devices which are             

based on force or torque equilibrium between the human arm and the haptic device. [13] Within the                 

field of kinesthetic haptic devices there are two main control methods used: the impedance and the                

admittance control. At the impedance control, the motion of the user is measured as input and the                 

force is utilized as feedback to the operator, while in the case of admittance control the control forces                  

of the operator are taken as input and positions are fed back to the user. [14] More precisely at                   

impedance control, sensors are measuring position information of the end-effector of our device and              

creating force on the end-effector regarding the virtual reality. On the other hand, admittance              

controlled haptic interfaces are sensing the user forces acting on the end-effector and moving the               

end-effector according to the virtual reality. Mechanical impedance is giving the base for the              

nomenclature of the control techniques, where mechanical impedance is the relation of the applied              

force on an object and the resulting velocity. [24] It’s an interesting fact, that impedance control is                 

much more common than admittance control. What is more, there is only one admittance controlled               

device [16] on the market.  

 

By definition [17], the process through which information about the virtual object is becoming real-life               

stimulation to the user is called rendering. The information on basic level are shape, texture, mass,                

etc. [17] There are several different algorithms dealing with haptic rendering.  

 

Haptic devices are utilized in many applications [2] such as telepresence and teleaction - controlling               

robot arm in space application -, communication - vibration feedbacks, tactile signs for visually              

impaired people - and virtual environments - industrial design, surgery simulators. This project is              

concentrating more on the last application and examines haptic interfaces concentrating on that field. 

 

A1.2 Surgery simulations 
 

As it is known, training of surgeons is a field which is highly based on actual practice under                  

supervision. That makes surgeon education complicated and long. As Jonas Forsslund points out [1],              

by the improvement of spatial haptic technologies and computer simulations, there is an opportunity              

to provide more practicing occasions while not exposing patients to unnecessary danger.  

Modern haptic surgery simulators provide realistic force feedback supplemented with visual and            

usually acoustic environment as well. [2] The available simulations are more and more broad and the                

quality of them is continuously improving. There are simulators in the field of minimally invasive               

surgeries such as laparoscopic [3], colonoscopic [4], hysteroscopic [5] and oral surgeries [1]. Figure A1               

shows an example for oral surgery simulator, the Kobra simulator by Forsslund Systems. Haptical              

feedback systems are also utilized in diagnosis simulators such as the clinical evaluation of knee joints                

(see at [6]). 

Performance studies [7][8] show that residents who were receiving training on surgical simulators             

were performing faster, more effective and with significantly less errors than the ones who had no                

training on surgery simulators. Kern and Hatzfeld highlights [2] that these simulators can be applied               
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from the beginning of the education, since they do not expose patients to risk and also are more                  

available.  

 

 
Figure A1. Kobra - Oral surgery training simulator by Forsslund systems 

 

A1.3 Grounded spatial haptic devices  
 

Grounded spatial haptic devices are widely used in haptic surgery simulators as well as in robotic                

surgery. In that case, grounded means [1] that the interface base is placed on a table, it is fixed to a                     

position and not moved from there. Spatial stands for the fact that the manipulandum - which can be                  

a handle, an orb, or shaped as a medical tool - can be moved in space with minimum 3 degrees of                     

freedom. Grounded spatial haptic tools are expressing directional force to that manipulandum giving             

haptic feedback to the user.  

 

All the larger commercial kinesthetic haptic interface producers are offering grounded spatial haptic             

devices. Geomagic Touch and Phantom from Geomagic, Omega and Delta series from Force             

Dimensions, Virtuose 3D and 6D Desktop from Haption and H2 from Quenser all belong to this                

category just like WoodenHaptics, the open source haptic tool kit developed by Jonas Forsslund. Since               

these devices are the most common ones, the project is focusing more on them, though the following                 

criteria will apply for all kind of spatial haptic interfaces. 

 

 
Figure A2: Phantom Pro 1.5, Omega 6, Virtuose 6D Desktop, H2 and WoodenHaptics 
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A2 Performance metrics 
 

Thomas H. Massie and J. K. Salisbury, two pioneers of the haptic research field described three                

necessary criteria towards haptic interfaces. [9]  

First of all, “free space must feel free” [9]. That means, if the user is moving through free virtual space                    

the device should not express external force on the user. From engineering point of view there should                 

be little-back drive friction, low inertia and no unbalanced weight in the system. 

Secondly, “solid virtual objects must feel stiff”. Stiffness means the stiffness of the virtual surfaces,               

that the user is sensing through the interface. Stiffness is highly dependent on the control (the control                 

loop) of the device, according to Massie and Salisbury. Although the ability to render high stiffness is                 

more complex [1], it is the outcome of the structure, the material of the device and the quality of the                    

actuators - mainly motors, the sensors and the control loop.  

Thirdly, “virtual constraints must not be easily saturated”. To understand that Massie and Salisbury              

brings the example of leaning against a wall - that is the constraint - and falling through that wall                   

because of too much force expression to the wall - that is saturation.  

In addition to the above-mentioned criteria Jonas Forsslund adds two more criteria in his PhD thesis                

[1] based on the paper of Srinivasan and Basdogan [10]. There should not be unintended vibrations                

due to quantization of position or low servo rate and the device should be ergonomic because pain and                  

discomfort supersedes all other sensations.  

The listed criteria are quite general and there are more specific properties describing the performance               

of haptic devices. The approaches are different, as will be elaborated in the next sections. 

 

A2.1 General - list of metrics 
 

The term of metrics has several meanings if we take a look at the Oxford dictionary of English. Though                   

it is originating from meter - as the unit of length - the use of “metrics” in this thesis is more close to                       

the business definition: “A set of figures or statistics that measure results” [15]. Deriving from the                

definition above, performance metrics are a set of measurable properties of haptic devices that aim to                

describe the quality of the system. 

 

Not many papers are dealing with performance of haptic devices and the approaches towards              

identifying the most important metrics are different. 

MPB Technologies Inc. created an online guideline in 2009 with the title “How do you choose a haptic                  

device?” [11]. The company is dealing with consulting but also producing haptic devices and in their                

document, they list the most important terms that can be found in the datasheets of haptic devices.  

 

While the document is not easy to find, it contains a lot of useful definitions:  

Inertia, backdrivability, friction/damping, maximum exertable force, continuous force, minimum         

displayed force, dynamic force range, stiffness, position resolution, system latency, device latency,            

update rate, bandwidth, fidelity, backlash, maximum acceleration, precision and repeatability and           

workspace.  

 

From the above list the most important ones regarding this project are 

Inertia: Usually means mass of an object and in that case, it means the sensed mass of the end                   

effector. At haptic devices, low inertia is desired in order to achieve the feeling of free space. 
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Backdrivability: Normally the haptic device does not express any force on the user when there is no                 

interaction constraints in the virtual space. Backdrivability shows at what level it is possible to move                

the end effector without opposition and it is closely connected to backdrive friction.  

Maximum Exertable Force: In other name, it is called peak force. This is the maximum force that                 

can be produced at the manipulandum, which in turn is limited by the maximum torque produced by                 

the motors. The maximum exerted force can be reached usually when the motors are braking,               

therefore that force can’t be expressed for longer period due to overheating issues.  

Continuous Force: Maximum force that a device can exert to the user for longer time. 

Minimum Displayed Force: The minimum force change that the haptic device can display, it              

should not be confused with the force resolution.  

Position Resolution: The smallest position change that the sensors of the device can detect. 

Backlash: The amount of movement one can do with the end effector without it being sensed. It can                  

be seen as a dead zone of the device.  

Precision and Repeatability: Precision shows how precisely the sensor system can sense the             

position while accuracy shows if the sensors are sensing the same way the same position after several                 

trials.  

Workspace: The volume that the controller can reach. There is rotational and translational             

workspace as well. 

 

Between these metrics there are tradeoffs [11], which means that if the user wants to have a high                  

force-feedback system probably he or she has to sacrifice high position and force precision and the                

frictions will be higher as well. Also, if one would like to have a highly precise device it is likely that it                      

won’t be able to exert high forces.  

 

The short document from MPB Technologies just aims to describe the main metrics but does not give                 

any guidelines on how those metrics should be measured or calculated. Another approach is shown by                

the book of “Performance metrics for haptic interfaces” [12]. The authors are more describing the               

measurements and through them trying to describe the different aspects of the system.  

 

The measurement methods can be divided into three different categories, namely unpowered,            

powered and controlled properties. At unpowered condition the pure hardware, the mechanism and             

structure design can be observed. In the case of powered system, the actuation and sensing               

capabilities are examined, while at the controlled condition the control loop can be investigated.  

 

At unpowered conditions the kinematics such as workspace and the dexterity of the actuator can be                

examined. Also, the elastostatics of the machine can be measured such as the structural stiffness.               

Finally, the structural dynamics of the device can be investigated as well with different tests such as                 

impact and shake tests. At powered system, the device’s actuating capabilities are tested for static-,               

frequency-, step- and impulse-response and the sensing abilities are tried with static and frequency              

response too. Finally, the controlled system can be checked for impedance range and control              

bandwidth. The book [12] gives an example workbench for some the above-mentioned measurements             

as well. 

 

Some of the metrics mentioned in the document of MPB can be derived from the measurements of                 

“Performance metrics for haptic interfaces” book but there are also other ones which cannot be               

calculated from these tests. Also, some of the metrics are more interesting for validation while other                

ones are less important regarding the aim of the thesis project.  

 

A third paper “Performance Measures for Haptic Interfaces” [18] represents an attitude between the              

two previous works. The authors aimed to give guidelines to make haptic performance measurements              

more standard, giving some important remarks on how they should be carried out. On the other hand,                 
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this work does not provide concrete solutions, but ideas and criteria on the realization of the                

evaluation.  

 

One point noted is the importance of the operating points - the manipulandum position in workspace                

- where the measurement has been made. It is happening in several cases that the manufacturer gives                 

data e.g. on the maximum force of the device but does not specify the operating point where that force                   

was recorded. I can fully agree with the suggestion [18] to clarify the operating point and give the                  

customer both the best and the worst possible device configuration recorded during the evaluation.              

The article discusses the topics of degrees of freedom, device-body interface, motion range, peak              

forces, inertia and damping, peak acceleration, energy flux and power density.  

 

A2.2 Validation in contrast to performance metrics 
 

Hayward and Astley remarked in their paper [18] the lack of standards and uniformity in haptic                

performance evaluation. Even though the paper was published 1996, there were not much progress in               

that issue. To realize that, one can look up the datasheets of different products from different                

manufacturers. There are more and more values that are appearing in all brochures, but one cannot                

know if the measurements behind the values were made similarly. The lack of similarity in the                

information makes the choice from haptic devices hard.  

 

Another issue can be found in the difference between performance metrics and validation of haptic               

interfaces. While there are several metrics that are essential for creating haptic feedback there are also                

some others which show the quality and describe more the performance of haptic devices. The latter                

properties should be validated on the whole operation range of the interface. As an example, stiffness                

and bandwidth are important to create the feel of touch, but the uniformity of maximum exerted force                 

over the workspace is more interesting when we are selecting a device for our purpose. Driven by that                  

idea we are arriving to the selection of examined properties within this project. 

 

A2.3 Metrics of interest 
 

I would like to highlight the importance of other metrics in creating haptic feedback as well, since                 

without them the device would not operate according to its purpose. As a simple analogy, take                

vehicles. The main function of them is transportation and most of them are achieving that by motors.                 

Cars, busses and trucks are all having motors that initiate the motions but their secondary purposes                

are different. We have to examine their features which are associated with their secondary function if                

we want to find the right vehicle for our project. 

 

Returning to haptic devices, a tool used for 3D drawing and design might not need to exert high and                   

accurate forces but needs to have high position resolution in order to create a proper model. On the                  

other hand, in computer games high position resolution might not be a requirement but high forces                

can be necessary. In the case of surgical simulators, a millimeter difference can lead to fatal mistake                 

while there is need for a wide range of different force feedback for representing reactions with                

different tissues. The above-mentioned requirements are implying the examination of impedance           

controlled devices. 

 

As previously indicated some of the metrics are more important when we are considering grounded               

spatial haptic devices for surgical simulation purposes. These are maximum continuous exerted force             

and maximum peak force, minimum exerted force, force resolution, position resolution, force and             

position precision and accuracy. By examining these features of interest considering different            

operating points within the workspace, one can draw an accurate picture of the device performance.  
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A3 Enumeration of workbenches 
 

Several articles [19][20] have been published on developing and validating haptic surgery simulators,             

but validation in these articles focused on user tests of the overall system and did not pay attention to                   

the performance of the utilized haptic devices. The book of “Performance Metrics for Haptic              

Interfaces” brings an example to show a possible physical measurement system. The example is based               

on a paper [4] describing the design and validation of a novel endoscopic simulator.  

 

A3.1 Examination of already existing solution 
 

The endoscopic simulator presented in the article [4] is a two degree of freedom system capable of one                  

direction of translation and rotation around the axis of translation. Since it is aiming to simulate                

colonoscopy, translation and rotation were both necessary to actuate. In order to get the              

characteristics of the device the authors were examining static, impulse and frequency responses at              

different boundary conditions. 

 

In the measurement setup, there were three different conditions applied: fixed end, open end and               

human hand condition. At closed end condition, the end effector of the simulator was attached to a                 

stiff fix point through a six degree of freedom force/torque sensor (Mini 40). In the case of open end                   

boundary condition the manipulandum could move freely and had an ADXL335 accelerometer            

attached to it to measure velocity and acceleration.  

 

At first, static response was examined at closed end boundary condition. The motors were loaded up                

to their nominal torque in order to measure the maximum continuous output force and then they were                 

unloaded to zero torque. By that, metrics such as the loading hysteresis - difference in up and down                  

loading of the system - and the minimum generated force can be investigated as well.  

 

Secondly, impulse response is checked at open end boundary condition. An impulse is fed to the                

device, the manipulandum can move freely so that the peak velocity and the maximum acceleration is                

measured. High acceleration is important to render objects like walls.  

 

Finally, at frequency response a frequency sweep is fed to the system and first the output force is                  

measured at closed end condition, then the output acceleration is measured at open end condition.               

The output impedance can be calculated and from that the inertia and the damping can be derived                 

through a simplified model.  

 

In the case of the endoscopic haptic devices, based on the above-expressed impedance, inertia and               

damping a control was implemented and tested too, but that is of no interest in the case of this thesis.  

 
Figure  A3. Boundary conditions and measurement setup for closed end force measurement in the case of the 

endoscopic simulator [4] 
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A4 Summary and research questions 
 

Haptic devices have been available for more than 30 years now, providing a unique opportunity for                

bi-directional interaction with virtual reality. This possibility was discovered for education as well and              

that lead to the utilization of them in surgical training processes. The most broadly used kinesthetic                

haptic tools are the spatial grounded versions, which are capable of desktop applications. The need for                

standardisation of haptic performance measurements is present since the 90s but only a few steps               

were made towards that direction in the past few decades. There is a lack of open source workbenches                  

are available and only general guidelines were published recently within the field of haptic              

performance metrics and their examination. The establishment of a more specific guideline with ready              

to use setup could serve as a basic toolkit for developers and customers who want to deal with haptic                   

interaction.  

 

A4.1 What are the most important validation properties? 
 

During reviewing the state of art, it became clear that haptic devices are complex systems with a lot of                   

different properties that all are necessary to create the realistic feel of touch. On the other hand, some                  

features are more of interest when we are considering the utilization of the device. Therefore, exerted                

force and position have been selected as two main properties being investigated. These two metrics               

are having fundamental influence on the capabilities of haptic feedback and are playing an important               

role in the case of surgical simulation applications.  

 

A4.2 How can a testbed be constructed for validation of          
fundamental haptic device properties? 

 

The main question of this project is: How to design a testbed, that is able to validate the above                   

mentioned haptic device properties? The design includes both hardware and software considerations.            

From the side of the structure, stability and easy construction are key points, as well as the selection of                   

sensors and the reproducibility of the measurement. From the software side, the recorded data have to                

be processed in a way that they will provide useful findings and should give instructions on the way of                   

recording as well. Considering the whole testbed, it should provide a clear and followable guideline on                

how such measurements should be carried out. The outcome should be a good base for further                

improvements and adaptations for different conditions.  
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Appendix B 
 

B1 Materials and methods - Software manual 
 

This section of the appendix is a short manual for the testbed software aiming to explain how the 

program can be used to run measurements.  

 

When the software is started, the window from Figure B1. shows up. Then as a first step, a few settings                    

have to be made. The communication port for the sensor has to be selected. If the sensor was not                   

connected to the personal computer before the software was started, after connection the “Refresh”              

button can be pressed and the COM port will appear on the list. Then the tool frame can be                   

constructed. Depending on the used clamp, the distance and angle of the point of action from the                 

sensor’s center can be set. By that the force and torque vectors are recalculated in the sensor box and                   

are representing the force and torque components in the point of action and not in the sensor’s center.                  

Finally, the components to be shown in the measurement records can be selected. We can select which                 

components will appear in a text file in which the measurement results will be saved. If we are ready                   

with these setup, then “Set system” button has to be pressed.  

 

 

Figure B1. Starting state of Haptic Test Software 

 

The settings are now becoming unavailable, and no changes can be made during the rest of the                 

measurements. Also in the “Haptic device” box the name of the connected haptic device appears. 

Moving on towards the right, there is the “Force setup” section. Here there are two choices the users                  

can make, by either choosing manual or automatic force setting. Choosing the manual option and               

pressing the “Start” button make the program set the output force of the haptic device dynamically                

according to what the user sets in the boxes. The output force can be set with 0.1 Newton precision. At                    

the same time the forces measured by the sensor, the position of the haptic handle and the time                  

elapsed since pressing start is displayed. All the data are recorded 16-17 times in every second.                

Clicking on “Stop” makes the setting of haptic output force stop, as well as the displays. Then there is a                    

chance to save the measurement record by pressing the “Save Record” button. It’s important to note                
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that always only the last record can be saved. This means that if the user clicks start again and runs a                     

new measurement, the previously recorded data is lost and only the last measurement can be saved. 

 

 

Figure B2. Haptic Tool Software during manual measurement 

 

Selecting the automatic force setting, the user sets which output force(s) he wants to manipulate, a                

maximum force that can be either positive or negative, a step size that is not smaller than 0.1 Newton                   

and a time step size which can be only positive integer seconds. Then pressing the “Start” button will                  

make the program set the output force automatically from zero increasing or decreasing with the step                

size every time when the duration of the time step is elapsing. Arriving to the set maximum force, the                   

output force is “turning back” and decreasing or increasing back to zero. During that process a text                 

under the “Stop” button indicates if the program is still “processing” or “finished”. During the               

measurement the forces, torques, positions and the elapsed time are displayed and just like in the case                 

of manual setting they stop to be displayed after the measurement is done or the “Stop” button is                  

clicked. After the measurement, the measurement record can be saved similarly as in the case of                

manual force setting. Just like in manual mode, all data are collected 16-17 times in one second. 
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Figure B3. Haptic Test Software during automatic measurement 

 

Figure B4. shows an example of a measurement record. Records are made in text files that can be                  

opened and analysed through Microsoft Excel. At the beginning of each file there is a short description                 

of the represented data including information on the units. 

 

 

Figure B4. Example of a measurement record 
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