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Sammanfattning 
 

För att hjälpa läkare och läkarstudenter att träna på att utföra svåra operationer, utvecklar 

DevinSense en generisk hårdvaruplattform för medicinska kirurgi-simulatorer. Systemet används 

för specifika simuleringsprogram som kommer ifrån verkliga patientdata och är optimerad med 

avseende på användarens specifikation. Hårdvaruplattformen möjliggör utbildning för operatören 

att utveckla grundläggande kirurgiska färdigheter effektivt utan risk för patienterna. 

Den som utbildas på simulatorn ser operationssimuleringen som en verkligt 3D-stereoskopisk 

bild genom en halvgenomskinlig spegel och styr kirurgiverktyget med en 6-DOF haptisk-enhet. 

Simuleringen kommer att kännas som en riktig operation. 

Syftet med projektet är att utveckla en prototyp av en haptisk plattform för en medicinsk 

simulator. Prototypen bör vara justerbar i höjdled för att passa olika användare. Den måste också 

innefatta ytterligare ergonomiska funktioner som till exempel att vara lätt att transportera. 

Följaktligen har två prototyper tillverkats och utvärderats. Den första prototypen utvecklades för 

att kontrollera om den ger en bra upplevelse för användaren, för att dimensionera komponenterna 

och för att bestämma deras platser. Detta för att sätta upp mål för den slutgiltiga prototypen. Den 

slutgiltiga prototypen har en linjärenhet som är monterad på en bottenplatta och en 

aluminiumprofil som är monterad ovanpå linjärenheten. Den halvgenomskinliga spegeln, 

sekundära bildskärmen, haptiska enheten och ytterligare funktionsenheter har även monterats på 

aluminiumprofilen. 

Autodesk Inventor användes för att designa prototypen. ANSYS användes för att analysera 

spänningar och vibrationsbeteende hos prototypen för att säkerställa att systemet kommer att 

fungera tillfredställande. MATLAB användes för matematisk modellering. 

Testresultaten för den andra prototypen blev lovande. Höjden kan justeras för användaren, som 

är mellan 155 och 200 cm lång, den är stabil när användaren använder haptikenheten och den är 

även stabil när användaren ska förflytta prototypen till ett annat rum.  

 

Nyckelord: Medicinsk simulator, hatiska enheter, setup, kirurgi.
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Abstract 
 

In a way to help doctors and medical students train on performing difficult surgeries before 

entering the stressful operating room, DevinSense is developing a generic hardware platform for 

medical simulation. The system is used together with specific simulation software derived from 

real patient data and optimized towards the user specifications. The hardware platform will 

enable training for the operator to develop basic surgical skills effectively without the risk of 

losing the patients and avoiding the hospital daily contrails.  

 

The trainee on the simulator sees the scene displayed in real 3D-stereoscopic mode through a 

semi-transparent mirror and controls the surgery tools with a 6-DOF force feedback device. 

Thus, the simulated procedure becomes nearly identical to the real surgery.  

 

This project aims to develop a conceptual hardware platform for the medical simulator. The 

proposed solution should be height adjustable to different users. It must also include additional 

ergonomic functions such as mobility and suitable for use within the working environment. 

Accordingly, two conceptual prototypes are manufactured and evaluated. The first conceptual 

prototype is developed to check if the setup provides a good experience for the users, and to 

dimension the size of the components and to determine their location to set targets for the second 

prototype. The resulting product of the second prototype is one leg-lifting column with 

aluminum profile mounted on the top of it. The semi-transparent mirror, secondary monitor, 

haptic device and additional components are mounted on the setup to deliver the desired 

functions.  

 

The mechanical development is done using Autodesk Inventor. ANSYS is used to simulate the 

setups’ stresses and vibrational response to ensure that the system will perform optimally.  

MATLAB is used for mathematical modeling.  

 

The test results of the second prototype were promising where the height can be adjusted for 

users between 155 cm and 200 cm. Furthermore, the prototype provides stable and stiff design 

while operating on the simulator as well as transporting it. 

 

 

Keywords: Medical Simulator, haptic device, Setup, hardware platform, surgery. 
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NOMENCLATURE 

This chapter lists the notations and abbreviations that are used during the thesis project. 

Notations 

Symbol Description              Unit 

E Young´s modulus        [Pa] 

As Average cross section area of the screw    [m
2
] 

Es Elastic Modulus of the screw      [Pa] 

Ks Stiffness of the screw        [N/m] 

L Length from the stand till the bottom plate    [m] 

di Inner diameter of the screw      [mm] 

Af Average cross section area of the flange    [m
2
] 

Ef Elastic modulus of the flange      [Pa] 

Kf Stiffness of the flange       [N/m] 

N Total width of the screw       [mm] 

Dhole Hole diameter (clearance hole)       [mm] 

L1 Joint clamp length (total flange length)     [m] 

 

Abbreviations 

CAD Computer Aided Design 

DOF Degree of freedom 

FEM Finite Element Method 

VHB Virtual Haptic Back 

HMD  Head Mounted Display 

CRT Cathode Ray Tube 

MVS Mirror Viewing System 
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1 INTRODUCTION 

This chapter presents an introduction to the science of haptics, background, the problem 

description, delimitations and the objectives of the thesis work.  

1.1 Background 
 

Many of today’s technologies are elegant with a smooth solid-state interface. It is almost 

impossible to enable a user to feel something that is happening in the computer’s mind through a 

typical interface. Although keyboards allow users to type in words, but without texture, users 

have to look at what they are doing.  Nevertheless, even with these keys, there is no feeling for 

anything. How to make the user touch what is inside the virtual world?  How can a doctor, 

training on a computer, feel the tissues or the surface texture of a virtual patient? The computer 

scientists addressed these questions since the 1980s to develop a new technology known as 

computer haptics. 

 

This haptic technology has made it possible for humans to interact physically with a computer 

simulated virtually or a remote environment usually by an input/output device which focuses on 

sensing the body’s movements. A haptic device is a reverse of a robot but instead of using the 

computer to tell the robot what to do and how to move; the operator will be using the haptic 

device, which is a robot arm-like mechanism to manipulate the date within the computer, which 

in return provides and extra sense of touch.  

 

These days this new technology is spreading faster than ever before and its applications are 

emerging into various fields such as video games, robotics, art and design and most importantly 

medicine. As this haptic technology is stepping out into the medical applications, it has enabled 

and provided medical training simulators with force feedback. The medical training applications 

have enabled surgeons and medical students to simulate the differentiation between different 

material such as hard tissues (bones and teeth) and soft tissues by providing a more realistic 

sense of touch and with high-fidelity haptic devices and software that deliver greater precision.   

 

The traditional teaching procedure is high-risk procedures and takes much time and more 

personal assistants to improve a surgeon’s performance before entering the stressful operating 

room. In addition, it usually cost a lot of money to supply the surgeons with real bones for 

example.  As hospitals and medical facilities demand alternative effective methods for training 

surgeons, medical simulators lead to provide viable solutions. 

 

Touch has enabled to train medical professionals such as surgeons, medical students, nurses, and 

many others in the field of medicine to reduce accidents during surgery, prescription, and general 

practice in a less costly, time efficient and self-training. The user can repeat a test several times 

in case of failing to fulfill the required tasks with the ability to store the performance history and 

to track it by their mentors.  

 

“The haptics most frequently seen in medical simulation and training uses a technology known 

as proprioceptive “force feedback,” where users hold a tool or stylus that pushes back on the 

user’s hand when it makes contact with virtual objects. The stylus is usually powered by a motor, 

and recently, by magnetic levitation forces, and programmed by software to deliver specific 

levels of force or “feeling.” Such forces can be programmed to simulate the sensation of 
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interacting with different organs by knowing the material properties of tissue muscle, fat, open 

cavities, or more specific anatomical substructures”. (Chen, 2008) 

1.2 The science of haptics 
 

Haptics is the science of applying tactile, kinesthetic or both sensations to human-computer 

interactions (El Saddik, Orozco, Eid and Cha, 2011). When the user interacts with a virtual 

environment, physical sensations generate a feedback in the form of torques and forces. Haptic 

devices can be in a variety of different forms such as a mouse, steering wheel, joystick, etc. A 

haptic device or interface reflects or sends these feedback forces and torques to the user, as 

illustrated below in Figure 1. 
 

 
Figure 1 - Haptic interaction loop includes a haptic device, human user, and virtual world (Khan, 2012) 

 

The haptic interaction loop is simulated when the haptic device senses the user input, such as 

position or force. Then the system sends this input to a virtual world.  Models and haptic 

rendering compute a response from the interaction with the virtual objects. Likewise, the inputs 

to the haptic system are in the form of haptic displays and the outputs are motor action 

commands. Finally, actuators on the haptic device display the corresponding touch sensations to 

the user by means of sensory nerves within the muscles and joints.  

 

1.3 Tactile feedback vs. kinaesthetic feedback 
 

The sense of touch has two main components, tactile and kinesthetic. The inputs to the haptic 

system are in the form of haptic displays and the outputs are motor action commands, where the 

primary input/output variables are displacements and forces. Haptic sensory information is 

divided into two different classes: tactile feedback and kinesthetic feedback (also called 

prioreceptive) whereas the haptic device is a combination of both feedbacks. Tactile feedback is 

the initial sense of contact is provided by the touch receptors in the skin, which also provide 

information on the contact surface geometry (contact location, pressure, shear, slip, vibration, 

and temperature), the surface texture of the object, and slippage. Meanwhile, kinesthetic 

feedback is the things a person feels from sensors in his/her muscles, joints, tendons, weight, 
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stretch, joint angles of the arm, hand, wrist, fingers, etc. In general, tactile and kinesthetic 

sensing occur simultaneously. 

 

1.4 DevinSense Display Solutions 
 

DevinSense Display Solutions design workstations with software for applications within 

research, industrial and medical simulators. The DevinSense Display system is an augmented 

reality solution where the use of a monitor and a horizontally placed mirror allows for 

visualization in real 3D stereo on a focal plane, which is co-located with the working volume of 

a haptics device. This allows the user to actually touch and interact with an object, where it is 

seen. Similar solutions are found in the “Intuitive Surgical robotic systems Da-Vinci”, but the 

user is there interacting in a virtual space seen through a microscope-like viewer. Figure 2 below 

illustrates the different haptic device workstation designed by DevinSense.  

 

 

 

Figure 2 - The haptic device workstation designed by DevinSense. (a) DevinSense Display 100.  

(b) DevinSense Display 300. (c) DevinSense Display 700. (DevinSense Display Solutions, 2014) 

1.5 Problem definition 
 

Most of the medical open surgery procedures require the surgeons to perform their surgeries 

while standing during the entire operation as sitting limits their freedom of movement and sight. 

For the medical simulator, the training procedure requires the operator to stand while operating 

on the haptic simulator to add more realism and to ensure the surgeons get the feeling as if 

operating in a real operating room. 

 

As the main purpose of the medical simulator is to train as many surgeons as possible before 

entering the Operation Room, a height adjustable solution for the medical simulator is demanded 

to allow users of different heights to be able to use it. In addition, most of the current medical 

simulators in the market are based on using fixed monitor screen and mirror size without giving 

the operator the possibility to adjust and tilt them into different angles to make him/her feel more 

comfortable and efficient while training. Accordingly, the new design should consider tilting 

functionality for the monitor screen and the semi-transparent mirror. In addition, the setup should 

be stable, transportable, easy to adjust and user-friendly.  

 

Thus, the purpose of this project is to design and develop a height adjustable simulator platform 

that can be used to train doctors and medical students by focusing on their basic surgical skills 

effectively. Furthermore, it is worth noting that the range of this setup is for people with a height 

between 155cm and 200cm.  
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1.6 Delimitations 
 

The boundaries of the project work are predefined in order to achieve the objectives of the thesis 

work. The following list shows the delimitations. 

● The focal plane must be always at a perpendicular angle to the eyes of the user. 

● The software controlling the haptic devices H3DAPI will only be used for better 

understanding and defining the location of the focal plane.  

● The design will consider only the workbench setup without the design of the haptic 

device. 

● The haptic device should fit in the setup without performing any changes to the haptic 

device. Only the attachment of the haptic device will be considered. 

● Test of prototype can be excluded if time doesn’t permit. 

1.7 Deliverables 
 

In this project work, the following requirements are to be delivered.  

 Develop a conceptual design solution for the haptic medical simulator with a height 

adjustable functionality.  

 Investigate if there are any advances in technologies of 3D stereo visualization that could 

be used in the medical simulator.  

 The primary monitor screen and the semi-transparent mirror should have the tilting 

functionality to certain angles.  

 Ability to use different primary monitor sizes. 

 The distance between the primary display monitor, mirror, and the haptic device should 

always be fixed when adjusting the training simulator height. 

 Integrate ergonomic functions which need to be defined. 

 Evaluate the proposed concepts and subsequently the selection of the final concept for 

further development.  

 Generate concepts, evaluate them and develop analytical analysis for the selected concept 

(ANSYS will be used for performing finite element analysis). 

 Generate CAD models and 2D drawings of the selected design.  

 Generate prototype of the selected concept.  

 Test the prototype functionality and performance if time permits.  

1.8 Methodology  
 

The project work adopts “The Engineering Design Process” (Tufts University, 2002) to describe 

a systematic approach toward developing new products “Design setup for haptic devices for 

surgery applications”. The Engineering Design Process is based on going back and forth 

between the steps in order to have a successful product.  

 

After receiving the project from the company, the process begins first by defining first the 

initiation of a project plan to address the research problem. Next, a literature review is done to 

make the problem statement clear by reviewing all the studies and researches that are related to 
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the project problem including patents, journals, books, etc.... The scope and the goals are also set 

at this stage. The following Figure 3 illustrates the engineering design process.  

 

During the background and the literature review, different keywords are used to collect 

information regarding the research topic. These words can be narrowed down to the following: 

Haptic feedback, haptic surgeries, haptic workbench, and haptic setup. 

 

The next step is to “Generate possible solutions” where a Quality Function Deployment (QFD) 

is set to define the customer needs/requirements and translate them into specific plans to produce 

a product that meets these requirements. Then, brainstorming sessions are performed to generate 

the maximum number of ideas to solve the problem based on the customer requirements/design 

specification. The following stage is to “Evaluate possible solutions” where a decision-matrix 

method (Pugh Method) will be performed to rank the generated ideas in order of their 

performance.  In addition, a list of advantages and disadvantages of the generated concepts will 

be generated to evaluate the concepts. At the end of this stage, the best concept will be selected 

for further development.  

 

 

Figure 3 - The Engineering Design Process (Tufts University, 2002) 

 

During the “Make and Test, a Model”, plans and ideas are translated into deliverables. 

Development of the model begins by generating a CAD model of the selected concept. Then, the 

CAD model is further optimized based on the analytical analysis performed to prove that the 

model will function properly.  

 

This will lead to another stage which is defined as “Modify and Improve Design”.  This stage 

mainly focuses on evaluating the results of testing the prototype. Modifications are performed to 

meet all the specified requirements. 
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Finally, during “Communicate Final Design” stage, a communication of the final design will be 

done by presenting the thesis work at KTH and DevinSense. In addition, a technical report will 

be submitted.   
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2 FRAME OF REFERENCE 

This chapter presents the gathered information which is relevant for the project. This chapter 

illustrates the topics that have been covered during the background study to have a better 

understanding of the project. 

2.1 Current workbench 

For a better understanding how the current display solution is built, DevinSense Display 300 is 

reviewed. DevinSense Display 300 is used to display virtual objects that the user can interact 

with and give physical feedback.  

 

 
Figure 4 - Drawing of DevinSense display 300 with number references (Gottfarb, 2010) 

 

DevinSense 300 is mainly composed of four main parts as illustrated in Figure 4. The body (1) 

of the setup is built of wood for this particular product. The setup consists of a special computer 

monitor (2) mounted on the top and supported with 3D stereo (120Hz frame rate) as illustrated.  

The graphics on the screen is then reflected on a horizontally-placed semi-transparent mirror (3) 

in which it creates the image on a focal plane (4). The focal plane is a co-located virtual plane 

with the working volume of a haptics device. This creates a virtual volume of work as in looking 

into the mirror exactly where the user's hands are doing the working. The theory behind this 

concept lies in the optical reflection. The semi-transparent mirror combines the graphics and 

haptic images in the brain to make a 3D stereo of the anatomical models.  

 

In addition, DevinSense 300 includes a computer that runs the software containing 3D 

anatomical models and learning modules. The user must look at the semi-transparent mirror with 

3D shutter glasses. These glasses are supported with high frequency frame rate (>120Hz) that 

open and closes in sync with the images switching on the screen automatically.  
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2.2 Study visit to Karolinska University Hospital  
 

A study visit is scheduled to Karolinska Simulation Center (KTC) at Karolinska University 

Hospital with the guide of Tomas Askerud to take a look and have a better understanding of the 

haptic and non-haptic simulators that are currently being used at the simulation Centre. The 

following section will present some of the ideas that are discussed during the study visit.  

 

The simulators that are being used at Karolinska Simulation Center are mainly for Laparoscopic 

surgery and flexible endoscopy.  

 

Regarding the light reflection on the primary monitor screen, dimming or turning off the light 

will be a good solution to remove the distraction since looking at the bright screen with a dark 

surrounding makes it easy for the user to focus on that particular view. But in a normal 

Operation Room, only the surgeons focuses on the screen meanwhile the nurses and the assisting 

personals focuses on the patients so it is not possible to dim the light or cover the haptic setup 

because it will not be proper to represent a real life operation.   

 

Mainly all of the haptic and non-haptic simulators at Karolinska Simulation Center uses ordinary 

monitor screen with no specific requirements.  

 

Regarding the possibilities of having any advances in 3D stereo visualization technology, Tomas 

suggested that Oculus Rift might be a good solution to consider in the future since it provides the 

user with 3D vision but it still has many drawbacks. On the other side, using a monitor and a 

horizontally-placed mirror is more accessible and allow the user to actually touch and interact 

with an object, where it is seen.  

 

Regarding having additional features in the setup, Tomas mentioned about the studies that are 

performed using multi-sensors that are placed on the user’s shoulders and arms. These mutli-

sensors are used to track the user’s performance with respect to the simulator for example if the 

user is slumping or moving in suboptimal ways compared to the points in the simulator. This 

concept can also be used by using an eye/head tracker and camera to give the user the possibility 

to look around the reflected images.  

 

The importance of having haptic feedback is further discussed. Tomas implied that the non-

haptic simulators might damage the patient’s organs/tissues without feeling anything in the 

operator’s hands. This is due to the fact that the operator can move around freely without having 

any feedback upon contacting any tissues as in the ROBOTIX MENTOR Simulator.  

The Laparoscopic surgery simulators that are available at Karolinska Simulation Center have 

almost the same tools that a surgeon uses in a real surgery like pliers, scissors and tools for 

stitching which makes it very similar to a real life surgery that it is representing. In addition, 

during a Laparoscopic surgery, surgeons usually perform the surgery while standing since sitting 

limits their freedom of movement and sight.  
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Figure 5 - (a) Laparoscopic surgery simulator (b) Tools used for the simulator resembling the actual surgery tools 

 

The figure above shows the surgery tools that are being used in the Laparoscopic surgery 

simulators and comparing them with the real surgery tools which make it very similar to a real 

life surgery that it is representing. 

2.3 3D Stereo visual evaluation 
 

So far both “standard” projector and monitors with 120 Hz frame rate have been used in medical 

setups, including both active and passive stereo visualization solutions. The thesis project 

investigates if there are any advances in technologies of 3D stereo visualization that could be 

used in the DevinSense Display System as well as the possibilities for integrating a head/eye 

tracking solutions.   

 

In the project described by (Ji, Williams, Howell and Conatser, 2006) about “3D Stereo Viewing 

for the Virtual Haptic Back project”, the researchers investigated the possibility of improving the 

viewing realism of the Virtual Haptic Back (VHB). The VHB is a 3D digital model of the human 

back which is designed for medical training purposes.  

 

During the project, two graphical viewing methods are designed along with the standard 23” flat-

screen. The first method is based on a Head-mounted display HMD using I-glasses 3D pro and 

provided with a Flock of Birds (FoB) head motion tracker to track the motion of the HMD. A 

coordinate space is established in order to get the orientation relationships and the position of the 

user’s eyes and the VHB model. Two Phantom 3.0 haptic interfaces are used to give the operator 

the possibility to feel the human back which is connected to the computer, see Figure 6(a).   

 

The other method is based on a Mirror viewing System (MVS) which is the standard projector 

and a flat-screen CRT with a 120 Hz frame rate. The theory behinds this method lies in the 

optical reflection. The main functionality of this method is to combine the graphics and the 

haptic images in the brain in a way to make the 3D stereo VHB appears in the user’s fingertips. 

See Figure 6 (b). 

 

(a) (b) 
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Figure 6 – (a) VHB Interaction through HMD and FoB. (b) Mirror Stereo Viewing System  

(Ji, Williams, Howell and Conatser, 2006) 

 

During this experiment, the operators used a pair of 3D shutter glasses to view the left image and 

the right images for both the left eye and the right eye respectively. In addition, the shutter 

glasses that are used in the test were supported with high frequency (>120Hz) that open and 

closes in sync with the images switching on the screen automatically.  

 

The experiments are performed on 18 different osteopathic medical students. Based on the 

results obtained from the viewing evaluations and the statistical analysis performed using 

Kruskal –Wallis nonparametric test, MVS improved the realism of the VHB compared to the 

HMD and the standard method. The viewers in MVS were able to see their fingers while 

interacting with the two Phantom haptic interface unlike the HMD and the standard method. The 

comfort rating was higher for the MVS graphical method compared with the HMD and the 

standard method since the narrow angles in the HMD lead to lose the track of the user’s fingers 

which is illustrated as a point on the screen.  

 

In addition, MVS is rated to be easier to use than HMD due to the fact that the HMD can be 

uncomfortable for the users after using it for a period of time since it is made up of heavy 

glasses. In addition, the HMD spring belt requires each operator to adjust it prior using it, unlike 

the MVS. In addition, MVS gives the users the possibility to extend their hands to touch the 

model spontaneously without guidance. MVS performs well in short distance viewing 

applications.  

2.4 A typical surgery procedure 
 

During the background study and before performing brainstorming to generate different ideas 

and concepts, a better understanding of a typical surgery procedure is needed. The total knee 

replacement surgery procedure is chosen. Mainly, this study is aimed to understand the typical 

operating positions by the user while performing the surgical tasks. This will determine the most 

critical surgical steps to understand that forces that will be applied on the haptic device. 

 

A total knee replacement surgery is mainly composed of 14 main steps. (Richard S. Laskin, 

1991) The surgical technique for performing the procedure is illustrated in Figure 7. 

 

(a) (b) 
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Figure 7 - Total knee replacement surgical technique. (Richard S. Laskin, 1991) 

 

After analyzing the surgical technique of the total knee replacement, three steps are considered 

as the most critical steps during the procedure.  

 

Femoral Alignment: This step is considered critical because it requires to determine the correct 

location of the medullary canal to avoid malposition of the femoral components. During this 

step, the operator must drill to a depth of approximately 5cm to 7cm.  Drilling should be at 45º 

with the horizontal line with some deviation femoral central line ± 5º.  
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Figure 8 - Illustration of the femoral alignment step and the positioning of the drill. 

 

Femoral Preparation - A/P and Chamfer Cuts: This step is considered as the most critical 

step in the total knee replacement surgery because the operator will perform different surgical 

operations such as pins insertion, drilling, and sawing at a different angle. In addition, the saw 

blade will be adjusted to seven different positions. Among these seven different positions, three 

of them are considered critical and illustrated in the figure below.  Figure 9 and Figure 10 

illustrates the location of the saw in three different positions with respect to the knee.  

 

 

Figure 9 - Resection the interior and posterior femur. (Richard S. Laskin, 1991) 

 

 

 

Figure 10 - Different sawing angles during femoral perpetration – A/P and Chamfer cuts 
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Femoral Resection - Notch Cuts: During this step, the operator will be performing notch 

cutting on the femur bone. The saw will be positioned at 90º perpendicular to the horizontal line 

and with a deviation of +- 5º from the femoral central line.  

 

 

Figure 11 - Position of the saw with respect to the knee while performing notch cutting 

 

After understanding the surgical techniques of the total knee replacement surgery, a workshop is 

conducted to understand how the operation goes and to determine the position of the user with 

respect to the knee while performing each step. A plastic model of the knee, as illustrated in 

Figure 12,  is used and mounted on the table.  

 

Figure 12 - Location of the knee on the surgery bed illustrating the position of the femur and tibia at 90º which is 

used during the workshop. 

 

The location of the knee that is mounted on the table resembles the real location of a patient 

lying down on the surgical bed during the surgery. The total height of the setup including the 

knee mounted on the bed should be around 97 cm from the ground floor since it is considered as 

the ideal location of the surgeons while standing and performing the top-down surgery. The 

surgical bed is height adjustable and it can be adjusted to the specified height.  

 

To add more realism to the workshop, a real and high-performance instruments that are usually 

used in the operation room are used during the workshop. Figure 13 illustrates an example of the 

surgical instruments kit used during the total knee replacement surgery. 
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Figure 13 - Surgical Instrument kit used for total knee replacement surgery. (Stryker Instruments, 2010) 

 

The focal plane is co-located working volume of the haptic device and where the hands of the 

user should be while operating on the simulator. Considering the total knee replacement surgery, 

the location of the focal place in the medical simulator should be the location of the leg bent at 

the knee at a 90º on the surgical bed which is around 97 cm from the ground floor. This value 

will be used to determine the location of the focal plane while designing the conceptual 

prototype.  

2.5 Features about the haptic Devices 
 

Different haptic devices are used during the project work. For the first conceptual model, an off 

the shelf haptic device is used. The haptic device is floor mounted and a 3D printed hand-tool is 

mounted on the of the haptic device to allow add more realism to the surgery and allow the users 

to practice on performing total knee replacement surgery in a better way. The haptic device 

provides 3-DOF. The driller which is placed on the top of the haptic device is positioned in space 

in 6-DOF by adding 3 rotational joints. 

 

Figure 14 - Off the Shelf haptic device at its retracted and extended position with important dimensions 
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The second haptic device is Sigma7 from (ForceDimension). The haptic device provides a real-

time feedback (force feedback and resistance). The tool handle is mounted on the top allowing 

the user to practice drilling and sawing on different bones.   
 

 

Figure 15 - ForceDimension haptic device with its retracted and extended position with important dimensions 

 

Table 1 - Technical specifications of the haptic devices 

Properties Off the shelf haptic device ForceDimension Sigma7  

Retracted length 340±5 mm 645±5 mm 

Extended length 480±5 mm 810±5 mm 

FORCES 

Translation 

Rotation 

Grasping 

 

N/A 

 

20.0 N 

400 mNm 

± 8.0 N 

Weight 23.1 kg 15 kg 

Operation Mode Right- or left-handed Right- or left-handed 
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3 THE PROCESS 

In this chapter, the working process is described. The structured process presented in this 

chapter is used to reach the goals for the project. 

3.1 Determination of the optimal experimental setup  
 

To determine the location and the position of each of the components of the setup, two different 

research papers that are carried out in a visuo-haptic environment are referred to as a starting 

point for this task. The collected data from these researchers are used to determine the location of 

the primary monitor, semi-transparent mirror, and the focal plane. 

 

In the first project paper performed by (Ernst, Banks, and Bülthoff, 2000), the researchers carried 

out their experiment in a visuo-haptic environment. The visual stimulus is generated on a 

cathode ray tube (CRT) and the visual image is located on a mirror which obscures the subjects. 

The haptic force-feedback device provided 6-DOF and is placed below the mirror.  

 

The setup allows the users to rest their forehead and chin in fixed position to limit the movement 

of the head in a way to direct the participant’s line of sight downward with an angle of 69º from 

the horizontal. In addition, the plane’s slant varied about a fixed axis pitched 21° up from 

horizontal. The line of sight is always perpendicular to the rotation axis. The experimental setup 

is illustrated in Figure 16 (a) 

 

  

Figure 16 - (a) Experimental setup used (Ernst, Banks and Bülthoff, 2000).  (b) Experimental setup used in the 

project “Visual effects of haptic feedback are large by local” by Meng, X., Zaidi, Q. 

 

In the other experiment performed by (Meng and Zaidi, 2011), the researchers used a similar 

experimental setup, as illustrated in Figure 16 (b). The visuo-haptic apparatus consists of an 

LCD monitor is slanted at 20º upwards from horizontal and the visual simulation is imaged by a 

mirror. A chin and forehead rest are used to pitch the participant’s line of sight downward with 

an angle of 70º in a way that the line of sight is perpendicular to the image plane. The observers 

viewed the stimulus in a mirror through a monocular aperture from a distance of 53 cm. The 

haptic stimulus is created by a force-feedback PHANTOM Omni stylus.  

(a) (b) 
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To demonstrate the obtained results from the reserches, a conceptual model is built. A CAD 

model of a conceptual model is generated, see Figure 17. The main purpose of this conceptual 

model is to check if the setup provides good experience, to dimension the size of the components 

and determine their location with respect to each other. In addition, the conceptual model is used 

to determine the location of the focal plane.  

 

The frame structure is designed from aluminum Aluflex profile set 8 80x40 light and mounted 

together using Aluflex inserts such as angle brackets set 8 80x80 and M8 screws.  The 

conceptual model is not designed to be height adjustable, but instead, it represents an optimal 

design that a person with height range between 165-180 cm can use it easily.  

 

 

 

Figure 17 - CAD model of the conceptual model.  

 

The model consists of two aluminum columns mounted on the base structure. The mirror is held 

by a mirror holder that is attached to the vertical supporting columns to make it easy to adjust the 

mirror to the desired position. A tilting swivel connector is used to attach the primary monitor to 

the aluminum profile. A monitor arm holder is used to hold the secondary monitor screen which 

is attached with screws to the right column as illustrated. The haptic device is mounted on a 

small box and the reason is to determine the best location of the focal plane and the haptic 

device. 

  

After generating the CAD model, a conceptual model is assembled. The off-the-shelf material is 

used for the prototype and some of the product design specifications are presented in Appendix 

A. The semi-transparent mirror is attached to the side columns by means of brackets and two M6 

screws as illustrated in Figure 18. The mirror holder is screwed into the brackets. 
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Figure 18 - Mirror holder 

 

The one-directional tilting swivel is designed and 3D printed, see Figure 19.  

 

   

Figure 19 - Mounting of the 3D printed one-directional tilting swivel 

 

The assembled conceptual model is illustrated in Figure 20. The haptic device is blurred due to 

confidentiality reasons. 

 

Figure 20 - Assembled conceptual model. 
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After testing the prototype and adjusting the location of the primary and secondary monitor, 

semi-transparent mirror and the haptic device in a way to give the user the best experience while 

using the setup, a set of requirements is then specified. These requirements are as follow: 

 

 The distance required between the primary monitor screen and the semi-transparent mirror 

should be fixed at 45cm. 

 The distance between the semi-transparent mirror and the haptic device arms, as illustrated 

in Figure 21, should be 36cm.  

 The primary monitor screen is tilted upward 35º with the horizontal plane.  

 The mirror is tilted 7º upwards with the horizontal. The mirror is tilted upward to avoid 

hitting it with the hand tool mounted on the haptic device and to avoid the reflection of the 

user\s head. 

 

Figure 21 - Technical requirements derived from the conceptual prototype 

 

These defined specifications and distances will be considered during the concept generation to 

develop the final conceptual prototype.  
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3.2 Concept generation 
 

When developing a new product, different strategies can be used to come up with unique ideas. 

One way to develop a new product is by first creating a customer profile. Next, is to develop a 

Quality Function Deployment QFD to determine the customer needs/requirements and then 

translate them into specific plans to produce the final product. Later on, brainstorming sessions 

are conducted to generate as many ideas as possible to solve the problem. Lastly, morphological 

analysis will be used to generate concepts that will be evaluated later on using Pugh matrix to 

select the final concept that meets all the requirements.   

       3.2.1 Development of Customer Profile 

 

The starting point towards generating a requirement specification list is to start by identifying the 

target customers. This can be done by creating a Customer Profile. The customer profile includes 

(1) identifying the characteristics of the customers and (2) the market research that will also be 

needed to develop the customer profile. The major target customers are (1) universities 

performing research in the fields of medical simulation for learning purposes and (2) training the 

next generation of medical practitioners, (surgeons, interventionists, etc.). Customers can 

typically be described through demographic variables, psychographic variables, and buying 

behaviors.  

 

Table 2 - Demographics (age, gender, geographic location) 

Variables Particulars 

Gender Both Male and female 

Age Between 18 - 65+ 

Educational Qualification Up to UG/PG/PHD 

Designation 
Med Students, doctors, surgeons, nurses, 

Software engineers 

Height 
Average Male: 177cm 

Average female: between 163-164 cm 

Location Europe, Asia and United States 

        3.2.2 The Quality Function Deployment Process 

 

A Quality Function Deployment (QFD) is done to get an understanding and overview of the 

mandatory and desired properties defined by customer that will be translated into specific plans 

to produce products. The QFD method consists of five steps. The first step is to determine and 

weight the customers’ requirements. The customer desires are weighted with a score of one to 

ten. The criteria that is considered the most important to fulfill got a ten. The top areas of 

concern are “Height adjustability, no shock loads/vibrations, and stability”. Another area of 

concern is to ensure that the medical simulator can be easily transported and extremely stable in 

operating mode. Other parameters are rated lower based on how customer interfaces with the 

device. 

 

Next step is to generate the engineering specifications, which have to be translated into 

measurable parameters. Then comes the evaluation of how well the specifications measure the 

customer's’ desires. The competitive benchmarking is determined in the fourth step, in this case, 
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existing products on the market are considered for this project. Finally, the last step focuses on 

developing numerical targets.  

Correlations are applied to see how one parameter affects another. The developed QFD is ranked 

on a scale of 1, 3, 9 where 1 is a weak relationship parameter and 9 is a strong relationship 

parameter. The relative importance of these parameters is found and a competitive analysis is 

done to see which concept is more feasible than the others. Applying the QFD steps builds the 

house of quality and is appended in Appendix B. 

 

One of the most important functions of the QFD is to determine the customer needs and also for 

generating a market analysis. In comparison with the competitive designs, there are some gaps in 

the market regarding the functionality and working of the medical simulator that is to be 

developed. The technical aspect of the concept is also visible in a QFD. This means that a good 

solution considering all these areas would give the most effective solution to the customer 

requirements. 

 

Table 3 lists the specific customer requirements that are used in the development of the QFD (in 

descending order of importance) and the engineering requirements which will meet each 

customer requirement. 

Table 3 - Customer requirements into Engineering Requirements 

Customer requirements Assigned weight Engineering requirements 

Height adjustability/Size 10 

Maximum height of the setup 

Maximum width of the setup 

Maximum depth of the setup 

Stability 10 Floor lock 

No shock loads/vibrations 10  

Mobility/ lockable 9 

Weight 

Diameter of the wheels 

Coefficient of friction between the wheels and the ground 

Portable/shippable 8 
Number of shipping boxes 

Size of the shipping boxes 

Easy to calibrate 7 Number of parts 

Easy to start/use 6 Basic instructions for operating the designed setup 

Use by right and left handed 

person 
6 Provide extra space to allow users use the simulator freely. 

Easy to mount/install 6 

Number of parts 

Instructions on how to assemble/disassemble the setup 

The required time to assemble/disassembles the setup should 

be done less than 25 minutes. 

Ergonomic 6 

Avoiding sharp edges and corners. 

Avoiding exposed moving parts. 

Avoiding angles for the wrist joint that can cause discomfort. 

Integrate a second monitor/viewing option. 

Affordable price 5 Affordable compared to the products in the market 

Look Nice 5 Shape, color, surface texture. 

Fitting all equipment 3  

Multiple usage 3 
Ability to mount different haptic device for different 

surgeries i.e. wrist and waist surgery 
 



 34 

Then, a numerical target is developed, see Table 4, for the generated engineering specification 

where the parameters are ranked based on their relative importance on a scale from 1-10 where 

10 means the important parameter and 1 mean weaker parameter. 

Table 4 -  Evaluation of the targeted engineering requirements 

Engineering 

requirements 

Relative 

Importance 
Target value 

Goal: Minimize, 

maximize, or 

meeting the target 

Height of the setup 

 
10 

Setup height between 150-230 cm 

People of height range between 155-195 cm 

should fit comfortably and reach the material 

easily. 

Maximize 

Force and motion control 9  Maximize 

Weight 8 80 kg Minimize 

Width 8 85 cm On target 

Depth 8 95 cm On target 

Transport box 

specifications 
7 

Box 1: 120x80x100 

Box 2: 50x55x90 
On target 

Ease of controlling 7 
Training time 

Easy to start 
On target 

Number of transport 

boxes 
7 3 Minimize 

Safety 7 
Reliability 

hazard assessment 
Maximize 

Speed settings 6 Speed of about 20mm/s Minimize 

Different monitor Size 6 22-32 inches Maximize 

Ergonomic design 6 
No sharp edges 

Integrated ergonomic functions  
Maximize 

Maintenance frequency 5 

10 years in service 

Reparability 

Cleanability 

Installability 

Minimize 

Number of lifting 

columns 
5 2 Minimize 

Hand Powered 

 
4 

Up and down buttons 

“user-friendly” 

Display for height read-out 

memory to store the favorite positions. 

On target 

Material selection 3 
Manufacturability 

Minimize the Cost by selecting proper material 
Minimize 

 

Based on the results obtained from evaluating the targeted engineering requirements, the 

generated concepts are intended to meet all the targeted values specified.  

       3.2.3 Brainstorming 

 

To generate concepts, a brainstorming session is conducted where different propositions are 

suggested in an attempt to solve the problem at hands to meet the given requirements. There are 

several techniques to incorporate brainstorming into a new product development. One of these 

techniques is mind mapping. Mind mapping is usually used to organize the data and information 

visually to generate concepts. The idea behind using this technique is to focus on a central idea 

which is to generate concepts for the medical simulator setup. A mind map technique works like 

the branch of a tree. Ideas and sub ideas that are associated with the main idea, branch off from 



 35 

the central idea to generate ideas for individual solutions to subfunctions that will be integrated 

into the medical simulator setup.  

 

Figure 22 - Mind mapping technique to generate ideas 

       3.2.4 Morphological Analysis 

 

After breaking down the product into its essential subfunctions, Morphological Analysis Method 

is used to combine selections of the generated ideas into concepts from the table below. The 

method works by forcing all items from different subfunctions together to generate creative 

concepts. The generated ideas for each subfunction are presented in Table 5. 

 

As illustrated in Table 5, additional fe are added to make the setup more realistic and closer to 

real life surgery. The handle is for the user to hold it while performing different surgical 

operations and for transporting the setup. A cup holder is for extra comfort. The detachable 

shading hood is used to reduce the ambient lighting and glare that can often obstruct the user's 

perception of color reproduction so it makes it easy for the user to focus on a particular view. An 

eye/head tracker and the camera can be used to give the user the ability for large head 

movements and the possibility to look around the reflected images freely without the need to use 

the mouse or keyboard to rotate the virtual view. This will give the operator the possibility to 

track his/her performance to the simulator related to posture so if the user is slumping or moving 

in suboptimal ways compared to the points in the simulator. The speaker is used to notify the 

user of the procedure and give an update about the current step. A marking footprints can be 

used to guide the user for the perfect standing position to have the optimal use of the workbench.  

 

The results from brainstorming sessions for each subfunction are compared in a Pugh matrix. 

Dividing the ideas into subfunctions is necessary to make concepts based on combinations of 

different ideas.  
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Table 5 - Brainstorming for the different subfunctions 
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Sven concepts are then generated and they are described in more detail in this section. Later on, a 

Pugh matrix is used to evaluate the generated concepts to select the final concept for further 

development. The Pugh matrix will be modified if new ideas are generated and if it is requested 

to do modifications by the customer. 

 

 

Concept 1  
 

The idea of the first concept is based on using one leg lifting column to adjust the height of the 

setup, as illustrated in Figure 23 - Concept 1. A one-directional swivel connector is used to 

mount the primary monitor and the mirror platform on the setup as illustrated. The one-

directional swivel connector provides tilting functionality to the primary monitor and mirror. A 

monitor arm is used attach the secondary monitor to the setup to give the user the possibility for 

free placement of the screen.  

 

Different mirror sizes can be used by using one flexible end platform that can be adjusted and 

screwed at the desired position. The haptic device is mounted on a beam that is attached to the 

lifting column by the use of brackets. Four leveling swivels castors are used. These swivel 

castors allow freely rotation of the setup about 360°, thus enabling the wheel to roll in any 

direction. In addition, these castors include a paddle feature, which is used to transform the 

mobile setup into a stable workspace by lifting the entire setup from the ground and make it 

stand on pads.  

 

 

 

Figure 23 - Concept 1 
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Concept 2  
 

The second concept consists of a motion nut which runs on a ball screw spindle. The nut is 

mounted on the lower part of the moving column and the upper end of the ball screw spindle is 

placed inside the moving column as illustrated in Figure 24 - The ball screw drive. The stroke 

motion occurs when the DC motor that is placed on the bottom plate rotates the ball screw 

leading the nut to be pushed upwards or downwards depending on the direction of motion of the 

DC motor. 

 

 

Figure 24 - The ball screw drive 

The middle column is attached to the two stationary columns on each side by the use of a linear 

guides and sliders. The sliders are attached to the middle column on both sides. This provides 

perfect alignment and precise motion of the middle column. The primary monitor and the mirror 

holder are mounted on the L-shaped upper station by the use of one-directional swivel connector. 

In addition, this concept uses a monitor arm for the secondary monitor, a haptic device mounted 

at the bottom of the middle column by using a beam that is welded on the middle column as 

illustrated in Figure 25. The mirror, haptic device and the primary monitor move along each 

other while lifting the table in both upward and downward directions. Two wheels are mounted 

in the back of the setup and two support stand are used in the front of the setup. Hand trolley 

design can be used in this concept to transport/move the setup by tilting it into a certain angle 

until the two wheels are in contact with the ground. 
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Figure 25 - Concept 2  

Concept 3  
 

The third concept is based on using two lifting columns (provided with mounting brackets) to 

adjust the height of the setup. These brackets are used to mount the haptic device as illustrated in 

Figure 26. To ensure that both lifting columns move simultaneously at the same time; a set of 

equalization cables is installed between the lifting columns and controlled by a control box.  

 

A one-directional swivel connector is used to mount the primary monitor and the mirror platform 

to the setup. An overhead beam is mounted on the top of the lifting columns. The upper standing 

beam is mounted on the overhead beam by the use of right angle connectors as illustrated. The 

secondary monitor is attached to the upper beam by the use of a monitor arm. Four leveling 

swivels castors are used. These swivel castors allow freely rotation of the setup about 360°, thus 

enabling the wheel to roll in any direction. In addition, these castors include a paddle feature, 

which is used to transform the mobile setup into a stable workspace by lifting the entire setup 

from the ground and make it stand on pads.  
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Figure 26 - Concept 3 

Concept 4  
 

This concept uses the car lifts as an inspiration. The lifting column consists of an electric power 

unit mounted on the bottom stand, a vertical screw that is connected from the bottom plate to the 

top plate of the lifting column, pulleys to support the lifting carriage and a nut. The lifting ball 

screw is driven by a gear motor with instantaneous brake. The haptic device is mounted on the 

lifting carriage as illustrated in Figure 27 and supported with pulleys on the inner sides of the 

lifting column.  

 

The primary monitor holder and the mirror platform are connected to the nut that is mounted on 

the lifting screw.  As the screw move is either direction, the mounted haptic device, primary 

monitor and the mirror platform move along maintaining fixed distances. In addition, this 

concept uses a monitor arm for the secondary monitor which is attached to the monitor and 

mirror holder structure as illustrated. Four leveling swivels castors are used as in the previous 

concept which transforms the mobile setup into a stable workspace by lifting the entire setup 

from the ground and make it stand on pads.  

 

The advantage of using this mechanical system is that the ball screw mechanism provides high 

degree of precision and maintains the system in the same position under high load without 

power. On the other hand, the disadvantages of using this concept are the complexity and 

manufacturability of the design. In addition, the lifting column is a one-piece structure meaning 

that the lifting column is two meters’ height which makes it harder to ship. 

 



 42 

  

 

Figure 27 - Concept 4 

Concept 5 
 

This concept uses the vertical linear drive to height adjust the system. As in the previous 

concept, this concept is also composed of an electric power unit that is mounted on the top of the 

stationary column, a vertical screw that is connected from the bottom stand till the top plate and 

is connected to the motor by using a belt. Linear guides are mounted on the front sides of the 

fixed column allowing the L-shaped beam to slide along it. Two nuts are used to connect the 

movable L-shaped station with the stationary column. As the screw move is either direction, the 

L-shaped station where the haptic device, mirror platform, primary and secondary monitor are 

attached, is adjusted in height.  

 

To maintain stability, this concept also uses four leveling swivels castors as in the previous 

concept which transforms the mobile setup into a stable workspace by lifting the entire setup 

from the ground and make it stand on pads. This concept is composed of two pieces structure 

which overcomes the problem from the previous and makes it easier to ship. On the other hand, 

this mechanical system is expensive to manufacture due to the high precision required and the 

complexity of the design.  
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Figure 28 - Concept 5 

Concept 6  
 

This concept uses the industrial lift platform as an inspiration which is based on using a 

hydraulic cylinder and rigid threaded chains. The idea is based on fixing one side of the threaded 

chains to the bottom stand and mounting the other side on the lifting carriage. The threaded chain 

is rolling over the pulley that is mounted on the top of the hydraulic cylinder.  

 

The rigid threaded chains are designed specifically for the vertical movement of the carriage 

where the haptic device, primary and secondary monitor, and the mirror platform are mounted.  

The lifting carriage has a guiding column on both sides where it has a self-supporting structure 

on the platform by using of pulleys as illustrated in Figure 29. For example, upon moving the 

hydraulic cylinder (can be activated manual via a foot paddle) upwards, the pulley pushes the 

threaded chains upwards leading it to lift the load carriage upwards.  

 

This concept has a high lifting capacity but it also has disadvantages such as leaking fluid and 

the hydraulic cylinder usually requires many companion parts including a fluid reservoir, motors, 

pumps, release valves, etc. In addition, it is not preferable to have a hydraulic system in a 

medical application.  
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Figure 29 - Concept 6 
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Concept 7  
 

The idea behind this concept is based on using rack and pinion. As illustrated in Figure 30, the 

elevating system can be fully extended and runs on two motors connected to a two stage 

gearbox. Rollers are mounted on the guiding column to help adjust the system easily along the 

specified path and act as a self-supporting structure on the two fixed columns with the bottom 

plate.   

 

Both motors, gearboxes, and the pinions will be mounted on the two stationary columns while 

the rack is mounted on the movable column.  In addition, this concept uses monitor arm to place 

the secondary monitor on the lifting column where the monitor and mirror holder are mounted. 

This concept also uses the four leveling swivels castors which transform the mobile setup into a 

stable workspace by lifting the entire setup from the ground and make it stand on pads.  
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Figure 30 - Concept 7 
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Pugh matrix for selecting the final concept 
 

This section presents a comparison between the generated concepts in the Pugh matrix as 

illustrated in Table 6. The Pugh matrix method is used by first defining a reference solution as a 

datum and compare the other concepts with the datum. The properties that are considered to be 

important features for the final concept are listed in the left column. The weight value shows 

how important this property is in relation to the other properties. The alternatives are stated in the 

following columns and a number for each property is set. Number 0 refers to the same ability as 

the reference solution, number 1 refers to better ability than the reference and number -1 refers to 

worse than the reference. These numbers are multiplied by the weight value and summarized as a 

score for the concept. 

 

Table 6 - Morphological matrix 

Concept # Concept 4 Concept 1 Concept 2 Concept 3 Concept 5 Concept 6 Concept 7 

Properties 

W
ei

g
h

t 
V

al
u

e 

       

Stability 9 0 -1 1 -1 1 1 0 

Size 6 0 1 0 0 0 0 -1 

Weight 4 0 1 -1 1 -1 -1 -1 

Complexity of 

the design 
6 0 1 0 1 -1 -1 -1 

Height 

adjustability 
9 0 1 1 1 1 1 1 

Manufactura-

bility 
7 0 1 -1 1 -1 -1 -1 

Intuitive 

design 
6 0 1 -1 1 0 -1 -1 

Portable/ 

Shippable 
7 0 1 1 1 1 0 1 

Cost 4 0 1 -1 1 -1 -1 -1 

Assemble/ 

disassemble 
6 0 1 -1 1 0 -1 -1 

Score  0 46 -2 40 4 -15 -23 

 

Based on the results obtained from the Pugh matrix for the generated concepts, concept 1 is 

considered as the most promising concept and is chosen for further development. Concept 3 is 

ranked as the second high promising concept which can be further developed in the future since 

it satisfies most of the specified properties. On the other hand, concept 2, concept 5, concept 6 

and concept 7 are ranked the lowest and this is mainly due to the complexity of these concepts 

and the big number of parts involved in these concepts that make it hard to manufacture and 

difficult for the user to assemble it.  
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4 ANALYSIS  

In this chapter, a description of the design along with the calculations performed for the setup is 

presented. 

4.1 Detailed design 
 

Concept 1 is the most promising concept and it is selected for further development. This is based 

on the fact that concept 1 matches almost all of the “winning” features that are determined by the 

Pugh Matrix as illustrated in Table 6. Figure 31 and Figure 32 shows the detailed design of 

Concept 1 in its front view in which the haptic device is lowered (resting position) in Figure 31 

and in the extended position in Figure 32. The components of the designed setup are illustrated 

in these Figures.  

 

 

Figure 31 - Concept 1 with haptic device in the lowered position (resting position) 
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Figure 32 - Concept 1 with haptic device in its upper position (extended arm position) 

 
As illustrated in Figure 31and Figure 32, the setup for the selected concept consists of an 

adjustable lifting column that is mounted on the bottom stand of the setup. The upper frame 

structure is attached to the lifting column by the use of a mounting bracket which is screwed to 

the upper plate of the lifting column. The haptic device is designed in a way that it can be 

inserted on the beam that is mounted on the lifting column using adjustable brackets as 

illustrated above.  

 

The frame structure provides the user with the ultimate location of the primary monitor, mirror 

platform and the haptic device based on the background study performed and the conceptual 

prototype that was designed at the beginning of the project. In addition, the frame structure 

makes it possible for the user to further adjust the location of the mentioned parts.  

 

A one directional swivel connector is used to connect the primary monitor and the mirror 

platform with the frame structure as illustrated. The ergonomic design of the mirror platform 

provides the user with more comfort while operating on the simulator. The idea behind the 

mirror solution is to use a pre-defined mirror sizes where the customer can determine the desired 

size that adapts to their needs as much as possible. The secondary monitor screen is attached to 

the frame by the means of monitor arm that can be adjusted to the desired position.  
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Four leveling swivels castors are used. These swivel castors allow freely rotation of the setup 

about 360°, thus enabling the wheel to roll in any direction. In addition, these castors include a 

paddle feature, which is used to transform the mobile setup into a stable workspace by lifting the 

entire setup from the ground and make it stand on pads.  

 

A right and left arm handles are mounted to the lifting column by the means of mounting 

brackets. These handles are used to provide the user with a realistic surgery procedure while 

operating on the simulator in a way they can put their hands on the handle while performing 

different surgical operations. A covering case is used to store the Computer case, Intel NUC 

computer and the wires to make the product looks nicer.  

       4.1.1 Base structure 

 

The bottom stand is designed to match the input requirements of the customer. An 

enhanced design of the aluminum profile is used to reduce weight and retain the 

required stiffness.  The bottom plate profile is dimensioned as 900x900 mm with a thickness of 

30mm and aluminum material is assigned to this profile as illustrated in Figure 33. 

 

 

Figure 33 - Bottom stand with illustration of the important dimensions 

 

To ensure a secure connection for the lifting column with the bottom plate, M10 screws and 

Hexagon Domed cap nuts are used.  

 

Joint connection dimensioning - Flanged Joint 

To dimension the joint connection, the setup is considered at its highest position. The setup 

should be fastened to the base of the stand with a screw joint flange. The lifting column is 

already provided with a bottom plate that requires 4xM10 bolts. The analysis performed is to 

ensure that M10 blots can take all the forces. The vertical forces that are acting on the lifting 

column are illustrated in Figure 34 below. A MATLAB script used for dimensioning the joint 

connection is presented in APPENDIX D.  
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Figure 34 - Important parameters for the frame display solution geometry 

 

The input parameters required for the total frame display solution are presented in Table 7. 

 

Table 7 - Parameters Value 

A 545 mm H 1532 mm Fa 73.57 N 

B 380 mm I 2047 mm Fb 78.48 N 

C 345 mm J 2082 mm Fc 98.1 N 

D 290 mm K 1300 mm Fd 14.91 N 

E 260 mm L 737 mm Fe 68.67 N 

F 484 mm M 602 mm Ff 150 N 

G 508 mm L1 38 mm Fg 87.2 N 

 

L1 is the total length of the joint connection. The bottom stand is of thickness 30 mm and the 

bottom plate attached to the lifting column of 8mm thickness as illustrated in Figure 35. 
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Figure 35 - (a) Bottom plate of the lifting column. (b) Total length of the joint connection 

 

Moment around point O  
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                              (1) 

 

Taking the distance between both bolts is a=136mm. Worst case scenario is when X and Y 

points are taking all the torque from the vertically applied forces.  
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Then the force on both point X and Y will be: 
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Assume M10 screws are used to tighten the joint such that it never loses contact between the 

flanges. 

 

Calculating the stiffness of the screws 
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Solving for Ks and considering steel as the material of the screws with elastic modulus of 

210GPa, then 83.04 10 /sK N m    

 

Calculating the stiffness of the flange 
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The material of the flange is considered as aluminum with an elastic modulus of 69GPa and the 

total width of the screw N=17mm. The clamping length may be about 6d (4d<L1<10d). Taking 

L1>d (=10) then L1=8d=80mm. Solving for Kf, then 822.24 10 /fK N m  . 

a

(a) (b) 

a= 
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Calculating the applied force on the flange 
fF  

( )
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                              (6) 

 

The calculated pretension from (3) for each force on point X and Y must be greater than 
fF  

from the portion of the applied force on the flange calculated in (6).  

Then, pretension = 892.80N > 785.22 N which validates the results and makes it safe to use 

4xM10 bolts.  
 

 

Figure 36 - Force-Deformation relation 

 

Checking for fatigue risk in the flange 
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                                                      (7) 

 

The obtained result shows that around 87.95% force will be taken by the flange which is good 

for the current design.  

        4.1.2 Transportation 

 

Stability and mobility are two important design parameters that need to be considered to ensure 

that the product meets the requirements. To achieve a high level of stability, the most feasible 

design is to have a floor lock base with non-slip rubber pads to create forceful resistance with the 

floor to immobilize the equipment especially while operating on the setup and performing 

different surgical operations. On the other hand, to ensure mobility of the setup, four swivels 

castors can be used to allow freely rotation of the setup about 360°, thus enabling the wheel to 

roll in any direction to make it possible to transport the setup.  
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A solution that combines both design functions is then used for the setup. This solution is based 

on having four leveling casters mounted on the bottom plate. These leveling casters are used to 

transform mobile transport units into stable worktops with ease. The leveling casters are foot 

activated, as illustrated in Figure 37. When the user steps on the paddle forcing the wheels to 

raise off the ground and the rubber pads will create forceful resistance with the floor to 

immobilize the equipment. 

 

 

Figure 37 - Leveling caster (Blickle Castors & Wheels Ltd.) 

       4.1.3 Lifting column 

 

The haptic device is mounted on a beam that is attached to the lifting column. To avoid welding 

or drilling on the lifting column, a special lifting column is then selected from the market to suit 

the design’s application. During the market analysis, a set of general requirements for the lifting 

column is set. These requirements can be narrowed down to the following: 

 Greater comfort with smooth and quiet operation 

 Low standby power consumption 

 Nice shape 

 Accessible sockets with accessories 

 Connectors on both sides with earthling 

 Greater design flexibility motor and outer tube location 

 Provided with mounting brackets. These brackets are usually used for placement of an 

extra actuator (tilt function, control box computer, etc.  

 

Figure 38 illustrates the mounting of the lifting column and the placement of the  motor. The 

control box is placed inside the lifting column to ensure that the workspace looks nicer.  

 

 

Figure 38- Positioning of the lifting column 
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To define the features of the lifting column, first, the forces acting on the setup are determined.  
  

 

Figure 39 - Free body diagram of the hanging masses and forces 

 

The input parameters required for estimating the forces required in the application are presented 

in Table 8. 

Table 8 - Parameters Value 

 Part name Weight/Force  [N] 

m1 
Primary monitor Screen 

One directional swivel connector 
91.23 

m2 Aluminum beam profile 80x40 15.11 

m3 

Mirror platform 

Mirror 

Display controller 

71.62 

m4 
Aluminum beam profile 80x40 

One directional swivel connector 
19.23 

m5 Secondary monitor screen 55 

m6 Haptic device 147.15 

m7 Mounting beam 58.9 

m8 Left handle 14.62 

m9 Right handle 14.62 

m10 
Aluminum beam profile 80x80 

Beam mounting bracket 
71.61 

F1 Force applied while operating 87.2 

Total 646.3 N 
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To measure the surgical drilling forces applied while drilling in human femurs, (MacAvelia and 

Salahi, 2012) performed an experiment to measure the surgical drilling force and torque in 

human versus artificial femurs. The experiment was performed using a CNC machine, uniconical 

holes were drilled in each specimen at 1000 rpm, 1250 rpm and 1500 rpm with a 3.2 mm 

diameter surgical drill bit. The obtained results show that the increasing spindle speed (1000 

rpm, 1250 rpm, and 1500 rpm), respectively, showed a range for human femurs (198.46N, 

180.66N, and 176.36N) and artificial femurs (87.26N, 82.26N, and 75.76N).  
 

Due to the fact that the forces needed to be applied on a real bone can reach around 198.46 N, it 

not realistic to assume that force to be applied on the haptic device. Instead, the maximum force 

applied while drilling on the artificial femur reached around 87.2N is considered as the applied 

force on the haptic device by the user as the worst case scenario. In reality, the maximum force 

that can be applied to the haptic device can reach around 20N maximum according to the haptic 

device manufactures.  

A safety factor of two is then considered before selecting the lifting column. After performing 

the market analysis to select the lifting column, LINAK DESKLINE DL2 column is selected. 

The lifting column is designed for a wide range of workstation applications and it is capable of 

lifting high loads up to 2500N. In addition, it has a robust design supported with great features 

such as speed is up to 20mm/s and a stroke length can reach 500mm±4. It has a low noise level. 

See Appendix C for more information about the technical data sheet of LINAK DESKLINE 

DL2. Some of the important characteristics of the lifting column are mentioned in Table 9. 

 

Table 9 - LINAK DESKLINE DL2 characteristics 

Dimension column 147 x 194 mm 

Installation height without the end plates 639mm±4 

Stroke length 500mm±4 

Dimension 8 mm end plate – 1 unit 160 x 244 x 8 mm 

Dimension 3 mm end plates Flush with the profiles 

Dynamic bending moment  

(at 100% stroke length) 

My+/Mx+ = 250 Nm 

My-/Mx- = 200 Nm 

       4.1.4 Frame structure 

 

The frame structure of the setup is designed using Aluflex aluminum profile. The design 

requirement for the frame structure is to have a stiff structure while using lightweight material to 

ensure weight reduction. Based on that, Aluflex aluminum profiles are assigned to the frame 

structure as illustrated in Figure 40.  

 

The frame structure is used to attach the primary monitor, the swivel joint connectors, mirror 

platform and the monitor arm for the secondary screen. The Aluflex profile structure makes it 

possible to attach easily other profiles together using inserts and accessories provided by 

Aluflex. In addition, M6 tapered screws are used to ensure the structure is stiff.  
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Figure 40 - Aluflex Aluminum Frame Structure 

 

Bending stress analysis is then performed on the frame structure. Aluflex web-based calculator is 

used and the calculated results are shown in Table 10 below. 
 

Table 10 - Bending stress analysis 

Aluflex aluminum 

profile 

Length 

[mm] 
Load Case 

Applied force 

[N] 

Bending 

Stress X-axis 

(N/mm²) 

Bending 

Stress Y-axis 

(N/mm²) 

Profile 8 80x40 light 

Nature anodized 

aluminum 

500 

 

 
 

91.23 5.5 2.62 

Profile 8 80x40 light 

Nature anodized 

aluminum 

150 

 

 
 

71.62 1.29 0.62 

 
The obtained bending stresses for both aluminum profiles is low compared with the maximum 

bending stress 195 N/mm
2
 that is specified by the profile properties specified by Aluflex data 

sheets. These results ensure that the frame structure is safe and at low risk of breaking.  

       4.1.5 Haptic device mounting 

 

The selected LINAK DESKLINE DL2 lifting column makes it possible to insert mounting 

brackets into the lifting column into the specified track before mounting the top/bottom plate. 

These mounting brackets are usually used for placement of an extra actuator, control box 

computer, etc. The mounting bracket is illustrated in Figure 41. These mounting brackets are 

mounted at the desired position using two screws to ensure that the mounting bracket is fixed at 

the desired location.  
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Figure 41 - Dimensions of the mounting bracket 

 

Next, a beam profile is designed and steel material is assigned to it. This beam is mounted with 

two M10 bolts with the mounting brackets. The haptic device is designed to have a pin with a 

diameter of 30 mm at the bottom and it is inserted on the beam profile as illustrated in Figure 42. 

The pin is used to ensure the haptic device is inserted in the desired location perfectly. 

  

 

Figure 42 - Haptic Device mounting 

 

In order to model the vibration characteristics of the beam, two different load cases are 

considered. 

The first case is when the user is applying vertically downward force on the haptic device and 

the second case is when the user is applying the force at 45º on the haptic device. 

 

The test results are simulated using finite element analysis with tetrahedral shaped elements. 

Static structure analysis is performed in ANSYS Workbench 17. 

 

Figure 43 - Meshing for the haptic mounting beam 
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Figure 44 - (a) The simplified geometry with the applied forces used in the analysis for case 1. (b) Total deformation 

 

In the static structure for the first case, the two holes for the M10 bolts are set as the fixed 

support and the weight of the haptic device is applied on the end of the beam as illustrated. A 

remote force is set as specified in Figure 44 considering the worst case scenario. The obtained 

results show the maximum deformation on the end of the beam reaches 0.021mm in which the 

system is considered safe and will not deform under the applied forces. 

 

 

Figure 45 - (a) The simplified geometry with the applied forces used in the analysis for case. (b) Total deformation 

 

In the second case, the fixed supports and the weight of the haptic device are applied at the same 

location as in the first case except for the remote force which is considered as when the user is 

applying the force at 45º on the haptic device as illustrated in Figure 45. The obtained results 

show the maximum deformation on the end of the beam reaches 0.026mm in which the system is 

considered safe and will not deform under the applied forces. 

  

(a) (b) 

(a) (b) 
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      4.1.6 Mirror platform 

  

In the first prototype, see Figure 17, the mirror is designed with dimensions of 550x670x6mm. It 

is noted that the primary monitor screen reflection on the semi-transparent mirror is taking only a 

small area. A new more ergonomic design of the mirror is then developed to meet only the 

reflected area of the primary monitor screen. As illustrated in Figure 46, the newly designed 

mirror is placed over the old semi-transparent mirror and it can be seen that the reflection of the 

primary monitor over the newly designed monitor.  

 

 

Figure 46 - New designed mirror placed over the old mirror 

 

A modular design for the mirror platform is then developed. A pre-defined mirror and platforms 

will be designed for different monitor sizes. Depending on the size of the primary monitor that 

will be used, the customer can select the mirror platform that fits their application. The mirror 

platform is illustrated Figure 47(a). The front shape of the mirror platform avoids sharps edges 

making if more ergonomic for the user while operating on the simulator.   

   

 

Figure 47 - (a) Mirror platform. (b) one direction mirror swivels joint (Ross TV Bracket) 

 

To ensure that the mirror platform can be adjusted into different angles, a one directional mirror 

swivel joint will be used, as illustrated in Figure 47(b). The mirror swivel joint will be locked 

horizontally using two adjustable screws that are fixed at the desired position and acts like a 

lockable hinge. 

  

(a) 
(b) 
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       4.1.7 Addition Features 

 

Additional components are added to the setup to make it easy for the user to operate on the setup. 

These features are handles for both transportation and support for drilling/sawing and covering 

the case for the computers and cables.  

 

Handle 
 

The transportation handle is designed to ensure secure transportation of the setup. The 

transportation handle is mounted to the bottom plate to ensure that the user doesn't push the 

lifting column in case of transportation. 

  

  

Figure 48 - (a) Handles. (b) Mounting of support handles 

 

A right and left handles can be mounted on sides of  the lifting column by the use of mounting 

brackets as illustrated in Figure 48.  

 

 

Covering Case 
 

The covering case is made of plastic is used to cover the electronic part of the setup. A computer 

case and Intel NUC computer are placed inside it and the main reason behind designing a 

covering case is to hide all the harness so the setup becomes safer.  

  

 

Figure 49 - Covering Case 

(a) (b) 



 62 

5 PROTOTYPING  

In this chapter, the manufactured parts and the final assemblies of the setup are presented.  

 

Different manufacturing methods are used to manufacture the final parts of the setup. Waterjet 

cutting is used to manufacture the mirror platform and the bottom stand from aluminum profiles. 

Water jet machines are used to give a rough shape to all the components and then the parts are 

refined using a lathe, drilling and filing processes.  3D printing is also used to print out the 

mirror and monitor swivel connector. All the prints are given using PLA filaments.  

 

After performing the analysis of the selected concept, manufacturing began through 

documentation of designs including part detail drawings and assembly drawings. 

 

Figure 50 and Figure 51 shows the manufactured prototype at its lowest and highest position 

respectively.  

 

 

Figure 50 - The setup at its lowest position  
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Figure 51 - The setup at its highest position 

 

Bottom stand 

The bottom stand of the setup is waterjet cut from aluminum sheet profile of 900x900x30 mm as 

illustrated in Figure 52.  

 

Figure 52 - Bottom stand including the caster wheels 
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Transportation  

Due to a delay in delivery of the levelling casters, a set of four rubber swivel plate casters with 

brake is used for the current prototype.  These swivel casters, see Figure 53, will be replaced 

with the leveling casters.  

 

 

Figure 53 - Caster wheels 

 

Mirror Platform 

The mirror platform model is simplified for manufacturing. Waterjet cutting is used to 

manufacture the mirror platform from aluminum sheet. A clearance of 2mm is added on sides of 

the inner part to make sure the mirror fits. The mirror is glued to the mirror platform using 

neutral cure silicone. 

 

  

Figure 54 - Manufactured mirror platform with the mirror inserted and glued 

 
Mounting bracket 
The mounting brackets that are inserted into the LINAK DESKLINE DL2 profile groove is 

illustrated in the Figure 55. The mounting brackets are tightened into the desired areas using a 

hex key (Allen key).  
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Figure 55 - Installation of the mounting bracket 

 

Haptic device Mounting 

 

The haptic device is mounted on a steel pipe that is attached to the mounting bracket with M10 

screw, see Figure 56. The inner pipe is drilled and threaded so a 10cm M10 screw is used to 

attach the beam to the mounting bracket. The designed beam for the haptic device, see Figure 42, 

is not used for the current prototype and it will be used once manufactured.  

 

Figure 56 - Attachment of  the haptic device on the lifting column 
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Figure 57- Mounting of the haptic device Sigma 7 

 
 

Frame Structure  
The Frame structure is made of Aluflex aluminum profile, see Figure 58. Right-angled 

connections are used to join the primary monitor and mirror platform beam into the main 

standing beam. T-slot nuts (inserts) are pre-fitted using the screw to the component to be secured 

and is interested into the profile groove and then tightened.  
 

 

Figure 58 - Frame Structure including the lifting column mounting plate 
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An aluminum mounting plate is used to attach the frame structure with the lifting column, see 

Figure 59. A 194x147x60 mm profile is used and a 4xM8 screw are used attach the lifting 

column bracket with the frame structure.  

 

 

Figure 59 - Lifting column mounting plate 

 
Secondary monitor attachment 

 

Due to a delay in the delivery of the monitor arm, another off the shelf monitor arm is used for 

the prototype. Since the monitor arm is shorter then desired, an Aluflex aluminum 8 80x40 

profile is mounting on the upper stand using right angled connections as illustrated in Figure 58. 

Another Aluflex Aluminum profile of dimensions 30x30 mm is used to mount the monitor arm 

on.  

  

 

Figure 60- Monitor arm attachment 
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Additional Features 
 
To ensure the wires stay at the desired location and make the setup looks nice, a 3D printed wire 

holders are used and mounted on the Aluflex profile. 
 

 

Figure 61 - Wire holder 

 

A holder for the 3D glasses is also 3D printed and inserted into the Aluflex profile, as illustrated 

in Figure 62.  

 

 

Figure 62 – A 3D glasses holder 

 

A transportation handle, see Figure 63, is manufactured from a circular pipe of diameter 30mm. 

  

 

Figure 63 - transporation handle 
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6 RESULTS  

In this chapter, the results obtained to verify the model using FEM are described and analyzed. 

In addition, the test results of the prototype is presented. 

6.1 Finite element model (verification) 
 

In order to model the vibration characteristics of the setup, three different cases are considered 

when the lifting column is at its highest position. All the test results are simulated using finite 

element analysis with tetrahedral shaped elements. Static structure and modal analysis are 

performed in ANSYS Workbench 17. 

 

 The first case is when the setup is in operating position where the wheels are raised off 

the ground floor and the rubber pads are in contact with the floor and the user is applying 

vertically downward force on the haptic device.  

 The second case is when the user applies the force at 45º on the haptic device while the 

setup is in operating position.  

 The third case investigates the natural frequencies when the four wheels are in contact 

with the ground and the setup is in transportation position.  

 

Geometry simplifications  
 

The setup is modeled based on the measurements of the actual parts from the detailed model and 

the simplified model is illustrated in Figure 64 (a). The bottom stand is made from steel and it is 

considered that the setup is in the operating mode so the pads of the leveling casters are mounted 

on the ground. Then an aluminum profile is designed that resembles the leveling casters with the 

same weight. Structural Steel material is assigned to the lifting column and the standing beam. 

The lifting column consists of rectangular profiles with two cross sections along their length. 

These two cross sections represent the fact that the lifting column is made of two hollow sliding 

columns. The actual dimensions of the lifting column can be seen in Appendix C.  

  

  

Figure 64 – (a) Simplified model. (b) Meshing for Case1 and Case 2 

(a) (b) 
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The upper part of the setup is made up of two different Aluflex aluminum profiles. The standing 

beam is of profile 8 80x80 light aluminum profile as with a cross section properties illustrated in 

Figure 65. The cross section properties are defined based on the values provided by the 

supplier’s product datasheet. (MB Building Kit System, 2012) 

 

 

Figure 65- Aluminum profile 8 80x80 

 

The beam profile for the primary monitor and mirror holder beam are made of Aluflex profile 8 

80x40 light aluminum with a cross section properties illustrated in Figure 66. (MB Building Kit 

System, 2012) 

 

 

Figure 66 - Aluminum profile 8 80x40 

 
Lastly, the secondary monitor holder is simplified with dimensions from the actual model and 

Aluminum Alloy material for it as illustrated in Figure 64 (a). 

 

Case 1: The first case considers the setup in operation mode. The wheels, in this case, are raised 

off the ground and the rubber pads are in contact with the floor; represented by a fixed boundary 

condition applied on the rubber pads’ surface connected to the floor. In addition, the user is 

applying force vertically downward on the haptic device. The simplified geometry with an 

applied force that is used in the analysis is illustrated in Figure 67.  
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Figure 67 - The simplified geometry with the applied forces used in the analysis of Case 1 

 

The obtained results show a maximum total deformation of 0.6997 mm found in the primary 

monitor beam as illustrated in Figure 68. The system is considered safe with this small 

deformation.  

 

Figure 68 - Total deformation 

 

A directional deformation post-processing is then performed in both X and Y axis. The results 

are shown in Figure 69. The directional deformation in X-axis reaches a maximum of 0.637mm 

at the primary monitor holder and a maximum value of 0.0142 in the Y axis at the same place. 

Based on the obtained results, the model is considered safe.  
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Figure 69 - (a) Total deformation in the X axis. (b) Total deformation in Y-axis 

 

Case 2: The second case considers the setup is in operation mode. The wheels, in this case, are 

raised off the ground and the rubber pads are in contact with the floor (fixed boundary 

condition). In addition, the user is applying the force at 45º on the haptic device. The simplified 

geometry with applied forces that is used in the analysis is illustrated in Figure 70.  

 

 

 

Figure 70 - The simplified geometry with the applied forces used in the analysis of Case 2 

 

The obtained results show a maximum total deformation of 0.62531 mm found in the primary 

monitor beam as illustrated in Figure 71. The system is considered safe with this small 

deformation. 
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Figure 71 - Total deformation 

 

A directional deformation post-processing is then performed in both X and Y axis respectively. 

The results are shown in Figure 72. The directional deformation in X-axis reaches a maximum of 

0.5569mm at the primary monitor holder and a maximum value of 0.1046 in the Y axis at the 

same place. Based on the obtained results, the model is considered safe.  

 

 

   

Figure 72 - (a) Total deformation in X-axis. (b) Total deformation in Y-axis 

 

Next, a pre-stressed Modal (natural frequencies and mode shapes) analysis is performed when 

the system is in operation position ignoring only the applied force by the user on the haptic 

device.  Modal analysis is used to determine the vibration characteristics of the setup. The first 

six modes are extracted and the results are plotted in this section.  
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Figure 73 - Modal Analysis for four different extracted modes 

 

The presented values of the mode shapes displacements cannot be interpreted directly as a 

physical deformation of the structure, and the obtained results from the modal analysis are only 

the frequency and the mode shapes shown in Figure 73.  

 

The following bar chart indicates the frequency at each calculated mode. The frequency of each 

calculated mode shows low values compared with that of the haptic device which is around 

1000Hz. The structure is considered safe in this case.  
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Figure 74 - Bar chart for the calculated mode frequencies 

 

Case 3: The third case investigates the natural frequencies when the four wheels are in contact 

with the ground and the setup is in transportation position, see  Figure 75.  Modal analysis is then 

performed to investigate the behavior of the structure when the four wheels are in contact with 

the ground. The lifting Column, bottom stand, and the upper stand is made of the same material 

as presented in the previous section. Meanwhile, the four wheels are made up of steel and Direct-

Sintered Silicon Carbide Ultrasic™ (SC-30) properties are assigned for the ground floor that is 

modeled in bonded contact with the setup in ANSYS workbench. These properties are as follow:  

 
 

Table 11 - Direct-Sintered Silicon Carbide Ultrasic™ (SC-30) properties (Coorstek, 2016) 

Properties Values 

Density 3.15 g/cm3 

Elastic Modulus, 20° C 410 (59) GPa (psi x 106) 

Poisson's Ratio, 20° C 0.21 
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Figure 75 – (a) Simplified model for Case 3. (b) Meshing for Case 3 

 

 

Figure 76 - The simplified geometry with the applied forces used in the analysis of Case 3  
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Next, Modal analysis is performed when the system is in transportation position excluding the 

applied forces by the user on the haptic device.  Modal analysis is used to determine the 

vibration characteristics of the setup. Six different modes are extracted and the results are shown 

in 

Figure 77.  

 
 

  

     

Figure 77 - Modal Analysis for four different extracted modes 
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The following bar chart indicates the frequency at each calculated mode. 

 

 

Figure 78 - Bar chart for the calculated mode frequencies 
 

The frequency of each calculated mode shows low values compared with that of the haptic 

device which is around 1000Hz. Comparing the results of natural frequencies from Case 3 with 

that from Case1 and Case2, it can be noted that the results slightly increased but the structure is 

still considered safe.  
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6.2 Testing of the prototype 
 

The medical simulator setup weights around 80kg with dimensions of 900x900x1620mm at the 

lowest position of the setup and 900x900x2100mm at the highest position of the setup. 
 

This prototype provides the user with flexibility to further optimize the location of the attached 

compononets to the setup based on their desired requiremnets. The 3D printed one-directional 

swivel connector for the mirror platform can be tilted upward up to an angele of 20 degrees. Its 

location can also be adjusted horizantally to the desired location and then fixed by tighting the 

screws. The one-directional swivel connector for the primary monitor is also 3D printed.  
 

 

Figure 79 - Optimization of the components location 

 

The tilting angles for the mirror platfom and the primary monitor screen are mesured using a 

digital angle meter with an accuracy of 1 degree. Their location is adjusted using the software of 

the haptic device in a way to determine the most accurate location of the gravity force.  

 

After adjusting the components of the setup, it is noted that the mirror pltform needed to be tilted 

upwards to ensure that the user don’t see their reflection on the mirror. The tilting angle of the 

mirror platform reached 17 degrees as illustrated in Figure 79. In addition, the primary monitor 

screen is tilted to an angle of 47 degrees with the horizantal plane.  
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7 DISCUSSION AND CONCLUSIONS 

This chapter presents a discussion of the results and the conclusions that are drawn during the 

Master thesis project. The conclusions are based on the analysis with the intention to answer the 

formulation of questions that is presented in Chapter 1.  

7.1 Discussion  
 

The dimensions of the manufactured prototype is between 165 cm and 210 cm. The bottom stand 

has dimensions of 900x900mm with a thickness of 30mm. These dimensions satisfy the 

requirement for the size of the setup. The total weight of the setup is estimated around 80kg. The 

lifting column provides stiffness and stability to the setup. In addition, it provides precise motion 

and low noise while adjusting the setup.  The speed of the lifting column can be controlled and it 

reaches a top speed of 20 mm/s. The stiffness of the setup has been tested by applying forces on 

the lifting column at its lowest and highest position respectively.   

 

To check if the setup provides good user experience, two different users were asked to operate 

on the setup. These users’ heights were 160cm and 195cm. Their feedback were recorded and the 

setup is then adjusted. The recorded feedbacks were about adjusting the location of the mirror 

platform and the location of the focal plane. The mirror platform is then relocated at a distance of 

49cm from the primary monitor screen. The distance between the semi-transparent mirror and 

the haptic device is 34cm. Then, the users tested the setup again and they were satisfied with the 

modifications performed.  

 

The final beam for the haptic device were delayed during manufacturing and it is replaced with a 

pipe that is attached to the lifting column by using mounting brackets as illustrated in Figure 56. 

The haptic device is only tested for determining the focal plane by the user. 

 

The 3D printed swivel connector for the primary monitor is not stiff enough which is due to the 

plastic material used for printing the swivel. One way to solve this issue is by ordering a metal 

swivel connector similar to the swivel connectors used in TV mounting applications.  

 

The leveling casters are replaced with a set of four rubber swivel plate casters with brake due to 

a delay in the delivery of the desired casters. This caused a limitation of time to test the setup 

properly.  

 

The setup is tested when the brakes are activated. The results show that the setup is still stiff and 

stable and the casters didn’t affect the overall stiffness of the setup even when applying forces on 

the setup in different directions. When the brakes are not activated, the setup is transported easily 

and it showed a stiff and stable behavior except for the primary monitor which is not stable due 

to the swivel connector that is made of plastic material.  

 

The results obtained from ANSYS model analysis for the setup are satisfactory. As stated before, 

static structure and modal analysis are performed on the setup. The analysis is performed on a 

simplified geometry of the actual model to make the model close to reality. Under different 

loading conditions, the results showed a small deformation in the static structure analysis for the 

setup that reached a maximum deformation value of 0.69 mm on the upper beam of the primary 

monitor screen. 
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In addition, the extracted frequency modes show low values compared with that of the haptic 

device which is around 1000Hz. Comparing the results of natural frequencies from Case 3 with 

that from Case 1 and Case 2, it can be noted that the results slightly increased but the structure is 

still considered safe. This is due to the condition considered in Case 3 where the wheels are 

considered in contact with ground floor, unlike the other two cases where the setup us mounted 

on rubber pads instead.  

7.2 Conclusion 

A generic hardware platform for medical simulation is developed by DevinSense to help doctors 

and medical students train on performing difficult surgeries before entering the stressful 

Operating Room. The project aimed to design a height adjustable setup for the medical 

simulator. For this purpose, two conceptual prototypes are manufactured and evaluated. The first 

conceptual prototype is developed to check if the setup provides a good user experience, to 

dimension the size of the components and to determine their location to set targets for the second 

prototype.  

 

The resulting product of the second prototype is a one leg-lifting column with aluminum profile 

mounted on the top of it. The semi-transparent mirror, secondary monitor, haptic device and 

additional features are mounted on the setup to deliver the desired functions. The second 

manufactured prototype is tested and the results are satisfactory and met the pre-specified 

requirements by the customer. The test results of the second prototype are promising where the 

height can be adjusted for users between 155 and 200 cm. In addition, the prototype provides 

stability and stiffness for the design while the setup is in operation mode as well as in 

transportation mode.  
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8 FUTURE WORK 

In this chapter, future work of the project and recommendations for a more detailed solution are 

presented. 

 

As this project is concluded, there is always scope for further improvement. Although the 

functionality of the concept was satisfactory, there are a lot of opportunities for design 

improvements. These improvements are listed as follow: 

 

 Generate installation instruction guide to ensure that the user can assemble/disassemble 

the setup easily.  

 Install the levelling casters and mount them on the current prototype. 

 Activating and engaging all of the four leveling casters to transform the setup into 

operating mode by stepping only on one paddle that can activates the four casters 

simultaneously rather than activating the paddles one by one. This can be performed by 

using a cam mechanism which allows mobility and stability.   

 Perform a rigid dynamic model to study the behavior of the setup when the caster wheels 

are in contact with the ground (transportation mode). This can happen by adding 

coefficient of friction to the ground.  

 Replace the plastic primary monitor swivel with a metal swivel to ensure the stability of 

the primary monitor while operating on the setup.  

 Develop packaging drawings of the setup in a way to fit the all the parts in transport 

boxes that are specified.  

 Testing to fit the setup in transport boxes. 

 Integrating a motor to control and adjust the primary monitor screen and the mirror 

platform automatically at the same time.  

 



 85 



 86 

9 REFERENCES 

Blickle Castors & Wheels Ltd. HRLK-PO 100G, EAN4047526216689  

http://www.blickle.co.uk/product/HRLK-PO-100G-872202 

 

Chen, D., 2008. Haptics for touch-enabled simulation and training. Patient Safety & Quality 

Healthcare, (pp. 32-35), www.dentsable.com/documents/documents/news_PSQH_July08.pdf 

 

Coorstek, 2016. DIRECT-SINTERED SILICON CARBIDE ULTRASIC™ (SC-30) 

MATERIAL PROPERTIES, UltraSiC™ SC-30, 

http://www.coorstek.com/materials/ceramics/carbides_UltraSiC.php 

 

DevinSense AB, 2014. DevinSense Display Solution Product list,  

http://www.devinsense.com/wpcontent/uploads/2014/09/DevinSenseProducts.pdf 

 

El Saddik, A., Orozco, M., Eid, M. and Cha, J., 2011. Haptics technologies: bringing touch to 

multimedia. Springer Science & Business Media. 

 

Ernst, M.O., Banks, M.S. and Bülthoff, H.H., 2000. Touch can change visual slant 

perception. Nature neuroscience, 3(1), pp.69-73. 

 

ForceDimension. Sigma.7 haptic device, 

http://www.forcedimension.com/products/sigma-7/overview 

Gottfarb, J., 2010. Implementering av ögonspårning i en virtuell arbetsbänk. Linköping 

University. 

 

Ji, W., Williams, R.L., Howell, J.N., and Conatser Jr, R.R., 2006, March. 3D stereo viewing 

evaluation for the virtual haptic back project. In Haptic Interfaces for Virtual Environment and 

Teleoperator Systems, 2006 14th Symposium on (pp. 251-258). IEEE. 

 

MacAvelia, T., Salahi, M., Olsen, M., Crookshank, M., Schemitsch, E.H., Ghasempoor, A., 

Janabi-Sharifi, F., and Zdero, R., 2012. Biomechanical measurements of surgical drilling force 

and torque in human versus artificial femurs. Journal of biomechanical engineering, 134(12), 

p.124503. 

 

MB Building Kit System, 2012. ITEM, the Comprehensive Catalogue, (pp. 30). 

http://www.testwebben.se/6668/Filer/PDF-Dokument/MB_Building_Kit_System.pdf 

 

Meng, X. and Zaidi, Q., 2011. Visual effects of haptic feedback are large but local. PloS 

one, 6(5), p.e19877. 

 

Richard S. Laskin, 1991. Total Knee Replacement, Springer-Verlag London, eBook ISBN 978-

1-4471-1825-1 

 

ROSS. TV Bracket Wall Mount Tilt & Swivel, Model Number Lcdst23-R0 

http://www.bunnings.com.au/ross-20kg-tilt-and-swivel-lcd-tv-wall-mount-bracket_p4360264 

 

http://www.blickle.co.uk/product/HRLK-PO-100G-872202
http://www.dentsable.com/documents/documents/news_PSQH_July08.pdf
http://www.coorstek.com/materials/ceramics/carbides_UltraSiC.php
http://www.devinsense.com/wpcontent/uploads/2014/09/DevinSenseProducts.pdf
http://www.forcedimension.com/products/sigma-7/overview
http://www.testwebben.se/6668/Filer/PDF-Dokument/MB_Building_Kit_System.pdf
http://www.bunnings.com.au/ross-20kg-tilt-and-swivel-lcd-tv-wall-mount-bracket_p4360264


 87 

S. Khan, “Design and optimization of parallel haptic devices design methodology and 

experimental evaluation,” Ph.D. dissertation, KTH, Stockholm, 2012.  

Stryker Instruments, 2010. System 6, Literature Number: 9100-001-026 Rev. 

http://www.isemexico.com/pdf/Stryker_System_6.pdf 

 

Tufts University, 2002. The Engineering Design Process, Medford, MA 02155, 

http://engineering.tufts.edu/ggs/designprocess.htm 

 

 

 

 

 

  

http://www.isemexico.com/pdf/Stryker_System_6.pdf
http://engineering.tufts.edu/ggs/designprocess.htm


 88 

APPENDIX A: PRODUCT DESIGN SPECIFICATIONS 

The appendix provides supplementary information about the product design specifications used 

for the conceptual model.   

Table -  Product design specification of the conceptual model 

Product name Model Product image Key features 

Primary 

Monitor 

Screen 

 

BenQ LCD 

Monitor 

Model ID: 

XL27720-B 

 

 

27"W LED 

Motion Blur Reduction 

Gaming-comfort Flicker-free 

Dimensions (HxWxD mm): 
548x642x273 

Net weight (kg): 7.5 

 

Semi-

transparent 

mirror 

 

 

 

 
 

Length: 550mm 

Width: 670 mm 

thickness: 6mm 

Weight: 5.5 kg 

Secondary 

monitor screen 

Iiyama ProLite 

T1732SR 

 

 
 

Diagonal 17”W 

Touch technology: Projective 

capacitive, multi touch (10 

compatible touch points) 

Activated by finger 

Dimension W x Hx D:  
387x342x202 mm 

Weight: 5.6 kg 

 

Haptic Device 

 

Off the shelf 

haptic device 

 

 
 

The input of the haptic device is 3 

degrees of freedom meanwhile the 

output is 6 degrees of freedom. 

 

 



 89 

  



 90 

APPENDIX B: QUALITY FUNCTION DEPLOYMENT 

The appendix shows the developed Quality Function Deployment QFD. QFD steps are applied 

to build the house of quality that is used to define the customer needs/requirements and translate 

them into specific plans to produce products to meet those needs. 
 

 



 91 

 

 

  



 92 
  



 93 

 



 94 

 



 95 

 

  



 96 

APPENDIX C: LINAK DESKLINE DL2 DATA SHEET 

The appendix provides supplementary information about LINAK DESKLINE DL1 product data 

sheet and the pricing of the selected column specifications.  
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Table – Purchased product specifications.  Single column DL2 with built in control box, mains cable  

and screws included. 

Type Article number Price SEK/pc 

Lifting column DL233CAF2500650 SEK 4400 

Mounting bracket for DL2 0578006 SEK 90 

Handset with display DPF1D00-012006 SEK 450 

Bracket for DPF 914757 SEK 4.50 

Complete set price with 2pcs of DL2 bracket SEK 5034.50 
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APPENDIX D: MATLAB SCRIPT 

The appendix presents the MATLAB script that is used for dimensioning the flanged joint.  

clear all 

clc 

%% Input Parameters 

  

A=545e-3;          % m 

B=380e-3;          % m 

C=345e-3;          % m 

D=290e-3;          % m 

E=260e-3;          % m 

F=484e-3;          % m 

G=508e-3;          % m 

H=1532e-3;         % m 

I=2047e-3;         % m 

J=2082e-3;         % m 

K=1300e-3;         % m 

L=737e-3;          % m 

M=602e-3;          % m 

  

Fa=73.575;          % N 

Fb=78.48;           % N 

Fc=98.1;            % N 

Fd=14.9112;         % N 

Fe=68.67;           % N 

Ff=150;             % N 

Fg=87.2;            % N 

  

%% Analyses  

  

% Moment around point O 

M=Fa*A+Fb*B+Fc*C+Fd*D+Fe*E+Ff*F+Fg*G; 

disp(['Moment around point O: ', num2str(M), ' Nm']) 

  

% Worst Case: Force on both point X and Y 

y=136e-3;  % m 

F=M/y; 

Fx=F/2; 

Fy=Fx; 

disp(['The force on Point X and Y are: ', num2str(Fx), ' N 

each']) 

  

% Calculating the stiffness of the screw 

Es=210e9;               % Pa 

L=38e-3;                % m 

di=8.38e-3;             % m 
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As=(pi*(di^2))/4;       % m^2 

Ks=((As*Es)/L); 

disp(['The stiffness of the screw is: ', num2str(Ks), ' 

N/m']) 

  

% Calculating the stffness of the flange 

Ef=69e9;               % Pa 

d=10e-3;                % m 

L1=8*d;                 % m 

Dhole=11e-3;            % m 

N=17e-3; 

Af=(pi/4)*((N+0.3*L1)^2-(Dhole)^2); 

Kf=(Af*Ef)/L; 

disp(['The stiffness of the flange is: ', num2str(Kf), ' 

N/m']) 

  

% Calculating the Pretension 

delta_Ff=(Kf*Fx)/(Ks+Kf); 

disp(['Delta Ff: ', num2str(delta_Ff), ' N']) 

  

% Calculating the risk of fatique in the screw 

Fatique=delta_Ff/Fx*100; 

disp(['The load that will be taken by the flange ', 

num2str(Fatique), ' %']) 
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APPENDIX E: BILL OF MATERIALS BOM 

The appendix lists the parts that are manufactured including the material and processes used.  

 

Figure – Explode view of the setup with ballons 
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Table – Bill of Materials 

Item 

Number 
Quantity Part Name Description 

1 1 Aluflex profile 80x80x1000  

2 1 Aluflex profile 80x40x500  

3 1 Aluflex profile 80x40x300  

4 1 LINAK DESKLINE DL2  

5 1 Haptic Device mounting beam  

6 1 Bottom Stand  

7 4 Leveling casters HRLK-PO-100G-872202-214 

8 1 Mirror Platform  

9 1 Mirror  

10 1 One directional swivel connector  

11 1 Mirror Swivel connector  

12 1 Monitor arm  

13 1 Transport handle  

14 1 Right handle  

15 1 Left handle  

16 4 Right-angled joint connection  

17 1 Display controller  

18 6 Mounting bracket  

19 24 T-slot nut  Inserts 

20 16 M6x50 ISO metric screws AS 1427  

21 16 M6 Hex Nut  AS 1474 

22 2 M8x70 ISO metric screws AS 1427 

23 4 M10x1.25  Hexagon Domed cap nuts 

24 4 M10x30 ISO Metric hexagon bolt AS 1110  

25 2 Flat metal washers AS 1237-8 

26 4 M6x30 ISO Metric screws AS 1427 

27 1 Caps for profile 80x80  

28 1 Caps for profile 80x40  

29 4 M5x16 ISO Metric Screws AS 1427 

30 4 M5 ISO Metric hexagon nuts AS 1112 

 


