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Abstract 
 

Epilepsy procedures are in need of robotic solutions to perform electrode placing on the 

patient brain as human error is too high and this may cause surgical complications or 

errors in reading the data from the electrodes in post-operation. On the present day 

robotic-assisted-surgery for epilepsy requires a large amount of time and resources, and 

this project brings a study on low-cost solutions to surgical robots in the field of electrode 

placing and performs a first batch of robotic tests to have as reference for other studies or 

projects that may be interested in the capabilities of these solutions. With three built and 

modified robots and by means of mathematical positioning procedures for joint chains, 

known as inverse and direct kinematics, we perform an experiment to find the error of 

positioning the robot into a certain point. The outcome of these error results is quite high, 

if we consider them in the surgery environment, but present a first dataset of errors to 

take as reference and provide a first iteration of robots that can be further improved to 

reduce these errors. 
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1. INTRODUCTION 
 

 

Throughout the last years, robotics has been making a place into the medical fields. From 

fully operational robots that allow for multiple types of surgical procedures (like 

DaVinci) to more specific robots like Ion designed for one specific task. Among one of 

these tasks, there are robots capable to place electrodes on the brain to help patients with 

epilepsy. 

Epilepsy was defined in 2015 as a disorder of the brain that according to the International 

League Against Epilepsy (ILAE) may be defined by one of the next [1]: 

1. Two or more unprovoked (or reflex) seizures occurring in more than 24h apart.  

2. One unprovoked (or reflex) seizure and a probability of further seizures similar to 

the general recurrence risk (at least 60%) after two unprovoked seizures, 

occurring over the next 10 years.  

3. Diagnosis of an epilepsy syndrome.  

A seizure can be defined as an uncontrolled electrical activity in the brain. This electrical 

activity can filter to any locomotive or mental process, thus leading the person affecting 

it to have physical convulsions, minor physical signs, thought disturbances, or a 

combination of symptoms. These symptoms may be accompanied by a disorientation or 

loss of awareness and/or control of bowel or bladder function [2].  

For what is known, at least 50 million people suffer from epilepsy over the world and 

70% of those are treatable. Only in Spain every year there are between 12.400 and 22.00 

new cases [3]. Most of these treatments rely on placing electrodes on the brain to locate 

the areas that provoke the seizures.  

Electrode placing for epilepsy (or other kind of neurological problems), require big 

precision and sometimes the angle to place the electrodes in the stereotactic space is not 

straightforward. That’s why robots are used to minimize this problem as they make the 

implantation efficiency increased due to the automated movement of the robotic arm 

platform [4]. One example of robotic arm used for this kind of task is ROSA developed 

by Medtech.  
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ROSA robot arm is used in the Sylvius Project done by Galgo Medical in collaboration 

with Hospital del Mar. This project aims to give a normative atlas of the organization of 

the language functions and its disorders on the brain, in order to improve neurosurgery 

and planification of it. 

The planning on an electrode placement procedure follows the following (in the case of 

the Sylvius project): 

 

Illustration 1. Clinical workflow of electrode placing procedure within the Sylvius project. 

 

Table 1. Surgery robots for neurological operations [5] 

On the table above, we can see some of the robots that are used for neurological operations 

like electrode placement. The amount of DOF do not go down below 4 DOF as it would 

restrict the operation capabilities of it. As we can see, most of them are controlled through 

a supervisor but only 4 of them are commercially used. 
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1.1 Statement of the Problem  

 

Surgery procedures have been applying new technologies as soon as they are available in 

order to reduce the human error and provide new tools and methods to approach to 

different injuries or illnesses.  

 

Nowadays robotic-assisted surgery is becoming increasingly common in surgical 

procedures because they increase the accuracy provided by the human and reduces the 

complications that can come from the operations. One of the most used robotic systems 

for surgery is “da Vinci” which was introduced 16 years ago [6]. 

 

There are 2 problems in robot-assisted surgery. One of them is that these robots are too 

expensive (2,600,000 for a Da Vinci System plus the cost for the maintenance and training 

[7] some years ago) and make the cost of operation higher than a standard surgery without 

robotics implemented (about 2700$ per patient [8]). Despite this, due to the reduced 

complications in post-operation, this makes the total cost of care lower. 

 

 

Table 2. Cost increment due to Robot-assisted surgery in surgical procedures done on 2007 [8] 

 

In the table above, we can see that the laparoscopic operation costs when including a 

robot were increased from 200$ to 20,000$ in some of the procedures. For the 20,000$ 

this may be arguably wrong in terms of total cost of care, but for the small increases of 

cost, it is well worth for the health sector. The other problem with these surgical robots is 

that the surgeon needs to be trained and the time needed to make an operation may 
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increase if there is need of room-preparation (setting the robot and all the hardware into 

the Operation Room) [7]. 

 

Although all these problems, surgical Robots are evolving at a steady pace, and they are 

becoming quite common in the health-care market. So, there is an increasing need of 

improving the control of these robots, be it by designing new controlling algorithms or 

by improving its hardware, to provide better service to the patients. 

 

1.2 State of the Art of surgical robots 

 

Although the objective of the project is aiming into the low-cost robotic surgery, there 

are nowadays plenty of solutions depending on the budget range. That’s why in this case 

a quick look over some of the actual robots on all ranges will be made. 

HIGH COST 

1.2.1 ROSA 

ROSA is a robot developed by MedTech SAS. It is the latest generation of neurosurgical-

assisted-robots for stereotactic surgery. It offers planning, registration and guidance 

workflow procedures. This robot is used inside the Sylvius System framework. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Illustration 2. ROSA promotional image. 
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1.2.2 Da Vinci 

Intuitive is a medical technology company founded in 1995 that developed a robotic-

assisted system called Da Vinci. This is the most widely known robot in medical surgery 

and nowadays is the most used for laparoscopic procedures with around more than 

3,000,000 made. The cost of this robot goes up to US2$ million. As per 2007, “9 out of 

350 (2,6%) of the procedures were unable to be completed robotically” [9], it is to be 

assumed that this rate has decreased over the years, as better components and/or better 

software is developed. 

 

Illustration 3. Da Vinci robot making a test procedure [10] 

 

1.2.3 Ion 

Also made by Intuitive, this robot is designed for doing biopsy in the peripheral lung. It 

uses “fiber optic shape-sensing technology” [11] to provide a precise manoeuvrability to 

reach difficult zones, all considering the airflow of the patient during the procedure. It 

provides a camera of the tip of the catheter to warn the robot operator on what’s ahead. 

No price is reported anywhere and as per the date of this project, no real-operations has 

been made as it is still in late-stage development. 
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Illustration 4. Ion promotional images. From what is seen in the promotional images, the catheter is fully flexible on 

all its length. [11] 

 

1.2.4 REVO-I 

REVO-I is a surgery robot much alike the Da Vinci mentioned earlier but developed by 

Meerecompany (Korea). This robot performed its first human clinical trials on 2017 and 

commercialized on March 13, 2018 [12].  They claim that although being cheaper than 

its counterpart Da Vinci (700,000$ [13]), it brings all the capabilities as those of Da Vinci. 

Studies on porcine denote that REVO-I lacks range of motion in the needle driver [14]. 

 

1.2.5 ALF-X 

ALF-X is a robot developed by TransEnterix used for minimally invasive surgery with a 

cost of around 1,5$ to 2$ million dollars. The main advantage of this system is its 

movability and adaptability to fit reduced spaces, thus making it viable for smaller 

hospitals. 
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Illustration 5. ALF-X system is composed of at least 3 robotic arms to operate 

 

LOW COST 

1.2.6 FlexDex 

 

FlexDex is a pseudo-robotic arm developed by FlexDex Surgical. Although not an 

entirely robot arm, it could be understood as an extension of one as it uses robotics to 

evolve the laparoscopic grasper. The idea behind it is that the end-effector of the grasper 

emulates the movement of the surgeon’s hand and wrist to reach more precisely the areas 

where a traditional laparoscopic grasper can’t reach. 

 

Illustration 6. FlexDex design resembles a laparoscopic grasper, but the controlled at the 

beginning allows the end-effector to move freely in a gimbal way 

1.2.7 PoLaRS 

 

PoLaRS (Portable Laparoscopy Robot System) is a robot made by Surge-on medical 

company that aims to bring a low-cost 7 DOF robot arm that is controlled by another 3 

DOF arm [15]. This robot arm is designed to be portable and easy to install in most 

hospitals thus making it viable for hospitals with low-budget. No real procedures are 
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stated for the time being and price is not listed but is to be expected much lower than 

those listed on the High Cost. 

 

Illustration 7. PoLaRS uses 2 robots, one for the main procedure and the other for the operator. 

1.2.8 MeArm 

 

The MeArm robot is a project that tries to bring an affordable robot to any person, be a 

child or a teacher. Their aim is to use the less amount of product, and low-cost servo 

motors (but with signal), to produce an accurate home-build robot which by default can 

be controlled with a remote controller. 

 

The approach of MeArm is to get people into robotic engineering and science overall, 

while giving the opportunity to iterate this robot through self-made code, as it can be 

easily modified and connected to any device, be it by pins or by USB. 

 

 

Illustration 8. MeArm robot. Its dimensions are small enough that can be portable 

to any place and can be controlled through a raspberry Pi. 
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1.2.9 RAVEN II 

Raven is an open source surgical robot from Applied Dexterity designed for minimally 

invasive laparoscopic surgery. It has 7 DOF and it is intended to facilitate collaborative 

research on advances in surgical robots. In an experiment they prove they can remove 

100 fragments with comparable robustness as a human, but the execution time is 2-3 times 

slower[16]. 

 
Illustration 9. Raven II robot, as can be seen, it is quite a simple robot in aesthetics terms, but it had one DOF more 

than DaVinci. 

 

1.3 Contribution  

 

The main contribution of this project is making a study of low-cost robotics into the robot-

assisted-surgery field for electrode placement. We are trying to acquire knowledge by 

doing a research and design project that can be meaningful to other projects such as the 

Sylvius project. We are studying the capabilities of low-cost robots in a low-cost 

environment by building or modifying existing robots and applying methods that allow 

us to move into a certain position each of those robots. Finally, we are giving the results 

and interpreting it to offer some solutions to improve it further. 
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1.4 Objectives 

 

The main objective of this project is to gain knowledge and analyse a cost-effective 

solution for Robotic-Assisted-Surgery for epilepsy (electrode placement) in order to 

provide data to other projects such as Sylvius by Galgo Medical, which may be interested 

on different robot arm architectures. We will do various iterations, trying to improve in 

each one a different aspect such as: precision, mobility and cost.  So, the main objectives 

are: 

• Build and test 3 different low-cost robotic platforms 

o OWI 535 with modifications 

o MeArm 

o BCN3dMoveo 

• Compute forward and inverse kinematics to each one of them. 

• Make a working communication code to be able to move the robot as desired. 

• Connect with a surgical planning system to be able to do simulated procedures 

• Integrate a tracking solution 

• Compute precision and feasibility of control for each one and see if there is 

improvement between all 3 platforms. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

11 

2. MATERIALS AND METHODS 

 

For each robot that we will build we will try to extract the following measures: 

• Positioning error 

• Build cost (time & money) 

• Viability in real-world operations. 

To do that, we first need to introduce what we will be using in order to achieve a better 

understanding of the experiment that we will be conducting. 

 

2.1 Direct & Inverse Kinematics 

2.1.1 Direct Kinematics 

Forward Kinematics (Also known as direct kinematics) refers to the use of kinematic 

equations to know the position of the end effector (in our case the tip of the robot), by 

using known values of the robot position such as joint angle and joint length. 

 

The most common method to do this, is using de Denavit-Hartenberg convention to define 

joint and link matrices. This convention assumes that the Z axis is positioned along the 

axis of rotation of the joint, and the X axis is positioned along the length of the joint. The 

Y axis follows the rule of the right hand as convention. The convention always uses the 

previous joint as a base frame to compute these parameters. In the image below can be 

seen the different parameters that take part in the transformations. 

 

 

Illustration 10. Representation of 2 links with all the possible parameters involved in a Denavit-

Hartenberg convention [17] 
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This convention allows an ease of use system to apply forward kinematics by using 

transformation matrices and known parameters. Each link has a transformation defined 

by the following: 

 

         [𝑍𝑖] =  𝑇𝑟𝑎𝑛𝑠𝑍𝑖(𝑑𝑖)𝑅𝑜𝑡𝑍𝑖(𝜃𝑖)    and      [𝑋𝑖] =  𝑇𝑟𝑎𝑛𝑠𝑋𝑖(𝑎𝑖,𝑖+1)𝑅𝑜𝑡𝑋𝑖(𝛼𝑖,𝑖+1) 

 

           𝑇𝑟𝑎𝑛𝑠𝑍𝑖(𝑑𝑖) = [

1 0 0 0
0 1 0 0
0 0 1 𝑑𝑖
0 0 0 1

]       𝑅𝑜𝑡𝑍𝑖(𝜃𝑖) =  [

cos 𝜃𝑖 −sin 𝜃𝑖 0 0
sin 𝜃𝑖 cos 𝜃𝑖 0 0
0 0 1 0
0 0 0 1

] 

 

𝑇𝑟𝑎𝑛𝑠𝑋𝑖(𝑎𝑖,𝑖+1) = [

1 0 0 𝑎𝑖,𝑖+1
0 1 0 0
0 0 1 0
0 0 0 1

]  

 

𝑅𝑜𝑡𝑋𝑖(𝛼𝑖,𝑖+1) = [

1 0 0 0
0 cos 𝛼𝑖,𝑖+1 −sin𝛼𝑖,𝑖+1 0

0 sin 𝛼𝑖,𝑖+1 cos 𝛼𝑖,𝑖+1 0

0 0 0 1

] 

 

The total transformation applied in each step is the result of computing the product 

between 𝑍𝑖 and 𝑋𝑖. This will give us the position of the end effector. 

[𝑇] =∏[𝑍𝑖][𝑋𝑖]

𝑛

𝑖=1

 

 

• 𝑑𝑖  is the normal between the two Z axis to consider. If they are parallel, this 

parameter becomes a free variable. Usually in robotic systems, they try to simplify 

this by making all the joints parallel thus making the translation matrix for Z the 

Identity Matrix. 

• 𝜃𝑖   is the rotation angle that we have to rotate Z axis to align the X axis to its new 

direction. 

• 𝑎𝑖,𝑖+1 is the distance from the previous Z axis to the next Link Z axis.  

• 𝛼𝑖,𝑖+1 is the rotation that must be applied to the X axis to bring the new Z axis into 

position. This rotation is non-existent in 2D environments and for robotic or when 
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parallel Z axis are used, usually there’s only one rotation that’s used to bring the 

3D motion into the robot. 

Most robots (and the ones that we will use), make the 3D rotation at the first axis where 

there’s still no joint at all, so usually, the first 2 links are in the same position but with a 

different rotation, so the equation becomes much simpler. Taking this into account, we 

can rearrange some of the equations: 

• 𝑑𝑖  becomes 0, as we will use parallel Z axis, and the first Z axis rotation, will 

happen on the same plane. 

• 𝛼𝑖,𝑖+1 is only applicable on the first joint. 

 

𝑇𝑟𝑎𝑛𝑠𝑍𝑖(0) = 𝐼                 𝑅𝑜𝑡𝑋1 (
𝜋

2
) =

[
 
 
 
 
1 0 0 0

0 cos
𝜋

2
−sin

𝜋

2
0

0 sin
𝜋

2
cos

𝜋

2
0

0 0 0 1]
 
 
 
 

=  [

1 0 0 0
0 0 −1 0
0 1 0 0
0 0 0 1

] 

 

The rest of the transformations become a translation over X axis and a rotation over Z 

axis: 

 

𝑇𝑖 =  𝑇𝑟𝑎𝑛𝑠𝑋𝑖(𝑎𝑖,𝑖+1)𝑅𝑜𝑡𝑍𝑖(𝜃𝑖) =   [

cos 𝜃𝑖 −sin 𝜃𝑖 0 𝑎𝑖,𝑖+1
sin 𝜃𝑖 cos 𝜃𝑖 0 0
0 0 1 0
0 0 0 1

] 

 

 

2.1.2 Inverse Kinematics 

 

Inverse Kinematics (from now on IK) refers to the procedure of recovering the angle of 

each joint to position the end effector in a desired location (even pointing in a unique 

way). Although there are many ways to solve the IK problem, the most used methods rely 

on iterative operations. We will discuss two of the methods used for it, as are the ones 

that will be trying to use. 
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2.1.2.1 Cyclic Coordinate Descent 

 

The Cyclic Coordinate Descent method (from now on CCD), uses minimization to 

achieve the desired position. This method tries to bring the end effector to the normal 

between the joint and the desired point. 

 

 

Illustration 11. CCD IK chain. The normal between the ith link and the end-effector is turned along the perpendicular 

axis of the joint to make this normal coincident with the target normal. [16] 

CCD computes the normal between each joint and the Target point (starting from the last 

joint), and rotates the nth joint, to bring the end-effector to the normal. When it iterates 

through all the joints, it starts again the loop from the last joint, until the target or a certain 

amount of iterations is reached. 

 

This algorithm doesn’t consider the physical superposition of its links. This brings lots of 

non-viable real-world solutions that must be prevented by computing a mid-step collision 

procedure before accepting the joint rotation. 

 

As for now, there are lots of new algorithms that take CCD as reference but are not 

applicable to this project. Some of them are: 

• Circular Alignment Algorithm [18] 

o Faster than CCD, but needs that each link has the same length 

o Cannot make large angle rotations 

o Prevents physical link overlapping. 
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• Target Triangle Algorithm [19] 

o If conditions are ideal (no need of a large rotation), it doesn’t need to 

iterate multiple times, and can achieve target on a single iteration. 

o Prevents physical link overlapping. 

 

2.1.2.2 Inverse Jacobian 

 

The inverse Jacobian is a method in which we find the angular velocities that produce the 

movement desired to reach a point. To get to it first we must use Direct Kinematics. 

 

 

 

Illustration 12. Representation of 2 links and the parameters used for Jacobian matrix. 

In this particular 2D problem (applicable to a 3D problem) we can find 𝑟𝐴 and 𝑟𝐵 with the 

following: 

𝑟𝐴 =  {
𝑙1 cos(θ1)

𝑙1 sin(𝜃1)
0

}      𝑟𝐵 = {
𝑋𝐵
𝑌𝐵
𝑍𝐵

} {
𝑙1 cos(θ1) + 𝑙2 cos(θ1 + θ2)

𝑙1 sin(θ1) + 𝑙2 sin(θ1 + θ2)
0

} 

 

If we derive it, we can find the velocities of each one. As 𝑟𝐵 already includes 𝑟𝐴 and the 

first link angles, it is unnecessary to compute the velocity of 𝑟𝐴. 

 

𝑣𝐵 = {

𝑑𝑋𝐵
𝑑𝑌𝐵
𝑑𝑍𝐵

} =

{
 
 

 
 
𝛿𝑋𝑏(θ1, θ2)

𝛿θ1
 𝑑θ1 + 

𝛿𝑋𝑏(θ1, θ2)

𝛿θ2
dθ2

𝛿𝑌𝑏(θ1, θ2)

𝛿θ1
 𝑑θ1 + 

𝛿𝑌𝑏(θ1, θ2)

𝛿θ2
dθ2

0 }
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We can decompose this as a matrix multiplication: 

 

 

[

𝑑𝑋𝐵
𝑑𝑌𝐵
𝑑𝑍𝐵

] =  

[
 
 
 
 
𝛿𝑋𝑏(θ1, θ2)

𝛿θ1
 +  

𝛿𝑋𝑏(θ1, θ2)

𝛿θ2
𝛿𝑌𝑏(θ1, θ2)

𝛿θ1
+ 
𝛿𝑌𝑏(θ1, θ2)

𝛿θ2
0 ]

 
 
 
 

[
𝑑θ1
𝑑θ2
0

]             →               𝑑𝑃 = 𝐽𝑑θ 

 

 

Where 𝑑𝑃 is the infinitesimal movement of the point,  𝐽 is what we define as Jacobian 

and 𝑑θ is the infinitesimal movement of the angle. If we now take the derivative with 

respect of time, we will find how the system moves (as per direct kinematics). 

 

𝑑𝑃

𝑑𝑡
= 𝐽

𝑑θ

𝑑𝑡
               →                𝑣𝑝 = 𝐽

𝑑θ

𝑑𝑡
  

 

If we now just take the inverse of the Jacobian: 

 

𝑑θ

𝑑𝑡
=  𝐽−1𝑣𝑝  

 

That means that if we know the angle configuration of each link and the link velocities, 

we can know what angular velocities produced the movement. This is called the Inverse 

Jacobian, and it’s the solution to the Inverse Kinematics problem. 

 

As per robotics, small iterations on the movements of the angles are used so that we can 

compute the Jacobian a certain amount of times and reduce the possible error occurring 

on the real-world. The overview of an IK inverse Jacobian procedure is like the following: 

1. Find the joint configurations in which the links position themselves to reach the 

target. 

2. Compute the change in rotations that make each link reach the prior configuration. 

3. Compute the Jacobian to find the infinitesimal angular movement to make. 
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2.2 Robotic Planning 

 

To provide an auto-sufficient robot environment, we can use an open library called Robot 

Operating System (from now on ROS) and connect it with another application called 

Move IT, that allows the user to plan a set of robot movements. 

2.2.1 Robot Operating System 

ROS is a framework that provides a tool to create robot applications in an abstract way 

(without hardware, drivers and such). This Operating System is run either on Ubuntu or 

Debian systems (Linux based).  Nowadays, the last stable version is ROS Melodic 

Morenia. The main drawback of ROS is that it is primarily not designed as a real-time 

framework, although it can be used with external libraries. 

ROS filesystem level comprises the stored data that can be found on the Hard Drive. The 

most important data on this level are the following: 

• Packages/Metapackages and its manifests: These are the main unit for organizing 

the software on ROS. 

• Messages: They define how are the structure of messages between nodes. 

• Services: They define the Request-Response data structures on communications. 

2.2.1.1 ROS Computation Graph Level  

ROS computation Graph level is where ROS defines the peer-to-peer communication 

between all the processes found inside ROS. 

The main item inside these levels are Nodes. Nodes are small modules that are focused 

on controlling a single thing of the robot, may it be the communication within two servos, 

or the 3D viewing of the robot, so all the things that ROS can do, can be found to be 

tweaked individually. 

To communicate between nodes, messages are used. These messages are defined types 

when it requires a special communication and simple primitive types (like integers or 

Booleans) when there is not required a complex process. 
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2.2.1.2 ROS Community Graph Level 

Lastly ROS has the ROS Community level which comprises all the community activity 

as ROS heavily relies on the cooperation between the community to keep ROS evolving. 

This includes the repositories system, distributions, forums, etc… 

2.2.1.3 Building a Robot 

As per the project, one important thing is being able to represent our Robot in the virtual 

world. ROS allows to build and model robots from scratch using an XML file type called 

URDF. This modelling allows to adjust the connection between all elements and how 

they behave with each other. 

Building a robot only requires 2 main XML tags: 

• Link → The shape and characteristics of a determinate piece 

o A link is not restricted as a single geometry object, but all this geometry 

will move as one. 

o It has 2 main sub tags which give it shape (<geometry>) and color 

(<visual>). 

• Joint → Tag to define the joint that connects 2 or more links. 

o Has 3 types of connections: fixed, revolute and prismatic. 

o Needs to define a parent-child relation between 2 links (who will control 

the other)  

 

Illustration 13. OWI 535 sketch, side view. The red square marks the code on the right side. The code reflects the 

first yellow part seen at the bottom 
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One of the strong points of URDF, is that it can be used with a lot of other software. So, 

it is important to build a URDF file as precise as possible and define the limits of each 

joint correctly to avoid future collisions. To avoid these, software like Gazebo (included 

in the ROS installation) allow to interact with the URDF file, showing the robot in the 3D 

world (like Illustration 10) with a fully implemented physics simulator thus making a 

visible tool to check collisions or possible limitations on the robot movement. 

2.2.2 Move IT! 

 

Move IT is a robot planning software build on top of ROS that provides certain features 

that can be used for an interaction with real-world robots. It is an evolution of the 

arm_navigation software built within ROS [20] and enables further capabilities that are 

not on the base features of ROS. These features are: 

• Motion planning → Describe a set of positions for the robot to achieve. 

• Embedded Inverse Kinematics → Move IT has its own Inverse kinematics code 

embedded. 

• Forced trajectories → Move IT allows to bypass the IK code and force a certain 

movement of a link. 

• Collision checking → Move IT does a collision checking procedure of its own 

limits and can read data from sensors to avoid collisions with things outside the 

robot itself.  

To make Move IT work, an URDF file is needed, and it must be as precise as possible to 

the real-world model if the planning is meant to go to a robot. 

 

Illustration 14. The architecture of MoveiT! relies on a user interface using Rviz 
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2.3 Experiment 
 

On this section, we will introduce some of the devices or software that we used for this 

project. 

 

2.3.1 NDI AURORA 

 

NDI Polaris is a device used in medical environments that uses markers to extract the 

position of it. These markers can be by reflective materials captured by the tracker or 

done by IR emitting markers, both systems are reliable enough and it has an error of about 

0,35mm RMS [21]. The system is comprised then by these 2 items 

• Polaris Vicra: 

A device that emits small pulses of IR light that is used to establish the position of the 

markers that are inside the tracking field.  

 

 

Illustration 15. The image depicts NDI Polaris tracking area.  

For our experiment we do not need much space to perform the experiment, as we are only 

interested in the final position of the robot which we expect to be close enough to the 

reference, so the tracking area capabilities of Polaris Vicra are enough for us. 
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• Passive Markers 

These are markers with specific shape, in which each of the tips of the markers have a 

small reflective ball, that is used by the Polaris Vicra (the tracker) to establish the central 

position of the marker. On illustration 12 it can be seen 2 of the markers. 

• IR Markers 

The same principle as before, but these markers emit IR light directly to the tracker to 

establish their position. 

 

2.3.2 Open IGT Link 

 

Open IGT /stands for, Open Network Interface for Image-Guided Therapy), provides a 

solution to import any kind of data coming from any tracker, in our case NDI Aurora, to 

pass it to a surgical navigation software such as 3D slicer. Open IGT Link is coded under 

C/C++ and has 3 main features: 

• Tracking 

• Imaging 

• Control 

Of these 3 we will only use the tracking part, that is the one that helps to communicate 

with 3D Slicer. 

2.3.3 Software Setup 

 

For all the experiment procedures we used an Ubuntu PC, which was then connected to 

the Arduino or to the raspberry PI 3. The software we used for this communication was 

developed by us, in which we had a GUI that controlled each of the methods inside our 

codes in python. The following image shows a schematic of how the communication 

works between all our software. 
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Illustration 16. Communication workflow between all the devices set on our environment 

First part of the Tracker GUI 

 

Illustration 17. First part of Tracker GUI (in blue in Illustration 13),  for Tracking and motor positioning 

The image above depicts the GUI used for making the experiments, in the following order 

from top-left to bottom-right: 

1. NDI Aurora data retriever (Tracking): 

This module allows us to gather the data that is currently being posted with ROS so the 

trackers can be rendered and read from the GUI. 

 

1 

2 
3 

4 
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2. Robot-arm Selector: 

This module allows us to select among one of the three robots made for this project. In 

the case of OWI 535, we need also to put a button, so python can connect with Arduino 

(as depicted in illustration 13). 

3. Direct Kinematics movement: 

This module allows us to perform the robot movement using Direct Kinematics 

calculation. In the case of OWI and MeArm, we set manually the 4 joint positions and we 

press Recalculate so that the GUI displays the theoretical position that we should 

achiever. When pressing Move Joints the GUI sends to python the desired angle position 

of each motor. 

4. Inverse Kinematics movement: 

This module works much as the previous one but executes the IK code within python 

with the position set in the GUI, so the python code has to compute the optimal angles to 

reach that position. 

This first part of the GUI is able to launch 2 of the shared methods between the 3 classes 

that we have established in the python code, which is one to read joints and one to move 

the joints to the desired position. It also allows us to send directly the joint angles to see 

if we improve precision (with the theoretical target computed once the angles are 

introduced. 

Second part of the Tracker GUI 

 

Illustration 18. Second part of tracker GUI. The 3D viewer imports the data from the Polaris Vicra to show how the 

tip is positioned in our world in respect of the reference tracker. 

Position of the reference 

tracker (in real world) 

Interpreted position of the 

Tip marker 
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The second part of this GUI allows us to interpret the data from the tracker in a 3D viewer 

(see Illustration 15). Although by the end of this project is not fully done, the idea is that 

all the robots in our environment are displayed and can be tracked simultaneously. As 

seen in the image, there is a Green Cone that is the position of the tip of the marker in our 

real world. In the image below, there can be seen the read data that gives us that position. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 ANOVA Test 

 

ANalysis Of VAriance (ANOVA) test is a method used for variance analysis between 

different data sets under different circumstances. In our case it fits our experiment as it 

allows a clear comprehension of the errors between the 3 different robots that we will 

test. Through this test we will see if the robot iterations that we make, accomplish our 

hypothesis of error decrease. 

To make an ANOVA test, we must compute the Sum of squares between groups of each 

data set. In our case, each data set is the errors produced by each robot. To compute this 

we use the following formula: 

∑(𝑑𝑎𝑡𝑎𝑖 −𝑚𝑒𝑎𝑛𝑑𝑎𝑡𝑎)
2 

Illustration 19. Read data imported from the trackers. The data named “StylusTipToReference” is 
the one that is rendered on the GUI. 
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Then we compute the Sum of squares within groups (SSW), which is the sum of the 

previous calculations we made. If we consider 𝑟 the number of robots, and 𝑖 the number 

of samples in our data, SSW would be the following: 

𝑆𝑆𝑊 =∑∑(𝑑𝑎𝑡𝑎𝑖𝑟 −𝑚𝑒𝑎𝑛𝑑𝑎𝑡𝑎𝑟)
2

𝑖

0

𝑟

0

 

 

Then we do the same calculations but taking all the samples from our robots as one single 

data set. This is called Total Sum of Squares (SST). Finally, we compute the Sum of 

Squares between groups (SSB). This is computed by subtracting the mean computed in 

each data set, with the mean computed on the data set containing all samples and we 

squaring it. Then we add all them together and multiply them by 5: 

𝑆𝑆𝐵 =∑(𝑚𝑒𝑎𝑛𝑑𝑎𝑡𝑎𝑟 −𝑚𝑒𝑎𝑛𝑑𝑎𝑡𝑎)
2 × 5 

Finally, we have to compute the factor: 

𝐹 = 

𝑆𝑆𝐵
𝐷𝑂𝐹𝑠𝑠𝑏
𝑆𝑆𝑊
𝐷𝑂𝐹𝑠𝑠𝑤

 

To compute this, we need to know the Degrees of Freedom of SSB and SSW. These two 

are computed with the following: 

𝐷𝑂𝐹𝑠𝑠𝑏 = 𝐺𝑟𝑜𝑢𝑝𝑠 − 1                    𝐷𝑂𝐹𝑠𝑠𝑤 = 𝑆𝑎𝑚𝑝𝑙𝑒𝑠 − 𝐺𝑟𝑜𝑢𝑝𝑠 

 

Considering that our test will be running in 3 robots, our 𝐷𝑂𝐹𝑠𝑠𝑏 = 2. Then we look up 

on the F-distribution table, considering that 𝑑𝐹1 is 𝐷𝑂𝐹𝑠𝑠𝑏  and 𝑑𝐹2 is 𝐷𝑂𝐹𝑠𝑠𝑤. 
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Table 3. F-Distribution table with 0.01 confidence. When doing an ANOVA test, we must look up on the table with 

the values extracted from the Factor. 

 

If the value of F, lands outside the critical value extracted from the table, the null 

hypothesis will be rejected. 
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2.3.5 Environment & Procedure 

 

Environment 

 

The method of evaluation for our robots will be based on the error between a target 

position to be achieved, and the real position achieved by using Inverse Kinematics.  

To do this, we will put our robot into a fixed position and we will build a 3D measurement 

space.  

We will use POLARIS, which is a device built by NDI that uses reflective scanning to 

search for an object and track its position with the least error possible. With Open IGT 

Link, we will receive the data from POLARIS and interpret it so that it gives us the real 

position (In this project we will not be considering the digital error that this device or 

method may produce). 

 

 

Illustration 20. NDI Polaris tracker prepared for giving the real position. We are using 2 passive markers to extract 

the position from each one and between them. 

With Open IGT Link we can view the tracking in a live manner with software like 3D 

slicer. With all this set up, we will then proceed into sending through code the desired 

position to achieve. Once the robot has reached the desired position, we will extract the 

theoretical positioning sent through code, and the real data extracted from Open IGT Link 

and POLARIS. 
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Through this extracted data we will compute the error produced by each robot and repeat 

the procedure until we reach a stable median. These results will then be compared through 

each robot and perform an ANOVA test with the hypothesis that each iteration of the 

robot, has proven to better in terms of error result than the previous ones. 

 

• OWI 535 Setup: 

The setup of this environment was made setting the OWI 535 on top of a paper marked 

with 2D space variables (which correspond to X and Y of our test). In the image below 

can be seen the robot that its position needs to be tracked, and the Polaris tracker. All the 

tests will be done with OWI 535 beginning from the zero position. 

 

 

                 Illustration 21. OWI 535 Environment setup. This position is our consideration of 0. 

• MeArm Setup: 

The setup of this environment was finally made using an Ethernet connection between an 

Ubuntu PC and a raspberry PI 3. To do this we set up a local network (as UPF firewall 

restricted our connection needs). Then we connect the servos as displayed in the image 

below, considering that the negative power source, must be directed to the 9th pin of the 

raspberry. 
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Illustration 22. Servo connection to the raspberry. The raspberry allows for a signal to be outputted through the 

GPIO pins. 

Procedure 
 

The experiment procedure follows the next workflow: 

 

Illustration 23. Experiment Workflow 

This workflow is repeated as many times as number of tests to do. The reason behind 

extracting the data in two ways, is because the final position using the tracker was most 

of the time erroneous by a long margin or too hard to interpret (as the relative positions 

varied if the tracker was moved from the previous experiment). Finally, the data from the 

tracker was not used as it is preferable to use a data set extracted one way and not 

combined. 
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3. RESULTS AND DICUSSION 

 

3.1 Building OWI 535 and modifying it 

 

OWI 535 is a Robotic Kit that costs in the range of 45-60 €. This kit is designed for kids 

mainly, but it is largely used as a framework in which to build different application for 

robots. The specifications for the robot are the following: 

 

Weight 570 g 
Wrist Motion 

Range 
120° 

Lifting Capacity 100 g 
Elbow Motion 

Range 
300° 

Dimensions 

22,86 cm Length 

Base Motion Range 

(Shoulder) 
180° 16 cm Width 

38,1 cm Height 

  Base Motion Range 270° 

Table 4. OWI 535 technical specifications from base construction. 

 

Illustration 24. OWI 535 promotional picture vs Modified OWI 535 for this project. 
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The control of this robot is totally manual through a set of levers that control each of the 

DC motors. This presents 2 fundamental problems into our scope. We want to build a 

first iteration that is capable to manage Inverse Kinematics and can move by itself. 

The first step to make this happen is adding some sensing into the robot so it will  know 

its own position at any given time. DC motors only have positive and negative wiring, so 

there is no position signal (or step). To add some sensing, we attached 10K potentiometers 

to each rotation axis, so when the robot moves each joint, the corresponding 

potentiometer changes its value.  

 

 

Illustration 25. Potentiometer positions from Rear, Front, and both sides. Each potentiometer is marked for the 

motor they sense. 

 

3.1.1 Modifying the OWI 535 

 

To have the sensing capability we need now an Arduino UNO with an Adafruit 

Motorshield which will bring us the following: 

• No need of external protoboard for the potentiometers (as it provides 6 arrays of 

positive/negative/signal) 

• Capability of sending power to the DC motors separately. 

• Capability to attach a power supply, as DC motors need at least 9V to be able to 

bring the joints up, due to the lack of batteries (not using the ones of OWI 535 by 

4 

1 
2 

3 

4 

2 

1 

3 

2 

4 
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default), and the increase on weight by the potentiometers and the wires (and a bit 

of drag due rigidness of wiring). 

 

Illustration 26. Adafruit Motorshield connection schematic for this project. 

 

Upon connected to the Arduino we can use the following commands to control the motors 

and now its positioning: 

• analogRead(X) → To read the potentiometer value of X. 

• setSpeed(X) → To set the speed to the motor (amount of current), from 0 to 255. 

• run(FORWARD/BACKWARD) → To tell the motor to operate Forward or 

backward. 

If coded correctly (see addendum) we can achieve a close behaviour to that of a stepper 

motor, by making the motor run at the lowest possible speed, while maintaining the power 

needed to lift each joint. If we add this low speed with short spans of time (10 

milliseconds) we have a small step, so the error produced by code is minimized greatly. 

 

3.1.2 Applying IK through Arduino communication 

 

The next step is to provide an Inverse Kinematics operation. To do so, we make public 

the Serial port of the Arduino so it will be able to communicate to a python code that 

computes the IK chain. To do so, we build up a chain of communication between Arduino 

Analogic ports 0-5 

+/- Motor 4 

+/- Motor 3 

+/- Motor 1 

+/- Motor 2 
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and the PC (or the raspberry) so they can send each other the information when required. 

These are the following (in order): 

• Python demands Angle configuration of the joints, sends a "Joint Petition" to 

Arduino, and waits until a signal is received. 

• Arduino receives the "Joint Petition" and computes its own angle configuration 

by reading the potentiometer values and mapping them into a given set of angles. 

When computed, sends through Serial the angles in [𝜃1, 𝜃2, 𝜃3, 𝜃4] format (array). 

• Python recovers the data and moves procedurally each motor to the designed 

angle (which will be controlled by the position of the potentiometers). 

• Upon ending, it sends back another petition to request the position of the Joints, 

so we can see the “theorical” error that the movement has produced. 

 

3.1.3 Coding the Arduino UNO and python 

 

Coding the OWI 535 required 2 main components as described previously, the Arduino 

Code and the Python Code. We will describe some of the most important functions of 

each code. 

ARDUINO 

• Conversion from potentiometer value to angle value. 

This part of code allows to pass the information in the right format to the python code. 

As our system is all hand-made, the values in which the potentiometers were set, is quite 

arbitrary thus there is a heavy need to map the values between 2 sectors. In order to give 

more precision to the positioning, it was decided to divide the angles in two parts, the 

positive part and the negative one. In this way the mapping was done between a smaller 

pool and gave a precision boost. The following code is the method to do this. 



 

 

 

35 

 

 

 

 

 

 

 

Illustration 27. Potentiometer value to Angle pseudocode. For each of the potentiometers, the value is mapped into 

the representative angle 

 

• Conversion from incoming angle value to potentiometer value. 

Much like the previous code but inverted, it is necessary for when the python code sends 

the desired angle position of each motor. It just computes the reverse function of the 

previous one to obtain the potentiometer values and store it in the constructor class. 

 

Illustration 28. This pseudocode parses the data that has come from the serial, and extracts the 

interpretation of the potentiometer value 

 

• Motor movement. 

This code is replicated 4 times, one for each motor present in the OWI 535. This function 

had to be as precise as possible. To do so, we recover the data several times before and 

after executing a “motor step” to increase reliability in the sensing. Depending on the 

value read of the potentiometer, it compares it against a fixed potentiometer value which 

ALGORITHM I 

 

Input: Arduino Analog pins as pins 

 Potentiometer Zero positions as M0 (array) 

Output: Angle values as Theta (array) 

Procedure 

1: for each pin in pins do 

2:  potvalue of pin  read pin value 

3: for each motor in M0 do 

4:  map potvalue(motor) into Theta(motor) 

End procedure 

ALGORITHM II 

 

Input: String Serialdata as  angles   

Output: Potentiometer values to achieve as pot 

Procedure 

1: parse angles and Store each angle_value in Values. 

2: for each angle_value in Values do  

3:  pot[angle_value]  Map angle_value into potentiometer value. 

End procedure 
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represents the zero position of that motor, then moves backwards or forward for a short 

period of time (10 ms or 20 ms depending on the motor’s need).  

 

Illustration 29. Motor movement code. First it checks the margins of the potentiometer. Then executes a forward or 

backward instruction depending on the pot value 

 

• Serial interpretation: 

This last piece of code ensures that our communication stays alive and it is capable to 

understand the instructions coming into the serial from the python code. 

 

 

 

 

 

 

 

 

 

Illustration 30. Interpretation code. This code parses the first word coming from the serial and executes one of the 

aforementioned functions. 

ALGORITHM III 

 

Input: potentiometer value as Pot 

 desired potentiometer value as Position 

 Analog pin of the correspondent potentiometer as pin 

Output: Desired moviment into a certain direction of a motor 

Procedure 

1: while Pot < Position or Pot > Position 

2:  if Pot < Position 

3:   move motor forward (clockwise) 

4:  if Pot > Position 

5:   move motor backwards (counter-clockwise) 

6:  read potentiometer value from pin 

End procedure 

ALGORITHM IV 

 

Input: Serial data string as char_chain 

OWI535 motors as motors. 

Output: One of the methods from the code 

Procedure: 

1: read first string of char_chain as n 

2: if n == getJoints 

3:  do Algorithm I 

4: if n == moveJoints 

5:  do Algorithm II 

6:  for each motor in motors 

7:   do Algorithm III(motor) 

End procedure 
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PYTHON 

 

• Constructor 

In the constructor method we specify the DH parameters that are needed to compute the 

Inverse Kinematic chains. Also, we set up all the functions required to compute the 

matrices internally and build up the link distribution of the robot. 

 

 

Illustration 31. Constructor of the Robot Object which contains all the logic needed to move and communicate.. 

 

• Joint movement 

To move the joints, we just need to start a serial command called “getJoints” that Arduino 

will interpret to execute the Algorithm I. While Arduino is computing the joints, the 

python code remains listening the Serial until any data arrives. One problem we found 

there, is that python needs to have a clear data stream through serial or it crashes 

randomly, that is why there is a try catch to prevent the code failure.  

 

Once the Arduino angles are received on python, it splits them by a comma delimiter and 

builds up an internal angle array, that will be then used by the Inverse Kinematics to chain 

to minimize the movement necessary to reach the point desired 
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Illustration 32. readJoints pseudocode function of the python code. It executes several other functions not explained 

that are mostly matrix operations to do the transformations explained in the IK section. 

• Inverse Kinematics computing: 

 

This code executes the Inverse Jacobian operation to extract the angles needed to reach 

the target destination. The max_tries parameters indicate the number of movements that 

it will take to achieve the desired position. As per the OWI 535, this parameter is set to 

1, as the precision of the position depends on the Arduino code and there is nothing to do 

on the python end to improve the precision in the scope of this project. The code below 

shows the first steps into initializing the IK movement, the later code comprises a while 

loop on the tries that executes the distance to the target from the end effector and takes 

steps towards it to reduce it. 

 

 

 

 

 

 

 

 

 

 

 

Illustration 33. Inverse Kinematics pseudocode to reach the target built on python code. 

Read Joints ALGORITHM 

 

Input: OWI or MeArm robot 

 Data from serial as d 

Output: Angle configuration of the robot as Q 

Procedure: 

1: send joint petition 

2: if (d without data) 

3:  do nothing  

4: else parse d and assign values to Q   

End procedure 

Read Joints ALGORITHM 

 

Input: Angle configuration as An 

 Error threshold as t 

Output: Robot moviment on each iteration 

Procedure: 

1: get angle configuration 

2: while (distance to target > t) 

3:  get angle configuration 

4:  for each joint in robot 

5:   compute angle to minimize 

6:   Move joint to angle to minimize 

End procedure 
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3.1.4 Problems and solutions found in building and modifying it 

 

The OWI 535 is a sturdy robot but has its drawbacks. One of them is the few spaces it 

has in order to attach the potentiometers. The procedure of attaching each potentiometer 

was the following: 

• Base Potentiometer → Attached it on top of the 2nd motor, as it is the one that will 

be moving due to the first motor. We had to print a blue structure in order to have 

enough height to be at the same level as the potentiometer trim. Then with a 

Dremel we cut a bit of steel, so it could fit in that trim. This procedure had a 

drawback, so the joint can’t move as backwards as it could before the 

modification. 

 

Illustration 34. 1st potentiometer installation. This installation restricted the movement of the base 

• Shoulder Potentiometer → Attached to the side of the 2nd motor, on the joint that 

is moving due to its rotation. As the motor is fixed, it will produce a rotation on 

the joint, so the steel attached to the base and to the potentiometer trim will remain 

fixed too, producing a change on the potentiometer when the 2nd motor is working. 

 

Illustration 35. 2nd potentiometer installation 
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• Elbow Potentiometer → Attached to the side of the 3rd motor. This is the sturdiest 

installation of all 4 potentiometers as it has the lengthiest steel bar, so it produces 

slow variations on the potentiometer. Like the Shoulder potentiometer, this one is 

installed in the end of the 2nd joint, so when the 3rd motor rotates, the joint remains 

still, and the potentiometer changes the value. And like the Base potentiometer, 

we had to print another support in order to attach the steel bar. 

 

Illustration 36. Installation of the 3rd potentiometer. 

• Wrist Potentiometer → Attached to the rotation axis of the gripper. This is the 

most weak and non-reliable potentiometer as there were no viable points to make 

the potentiometer sensing stable. By the end of the project this potentiometer has 

already fallen out and the re-installation is not much reliable. 

 

 

Illustration 37. Installation of the 4th potentiometer 

 

For the hardware part, the only thing left is the Arduino-Adafruit component, which we 

had to solder a set of 15 pins to the board so we could attach the potentiometers, which 

were soldered previously into a small non-conductive perf board. 
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3.2 Building a 3D MOVEO 

BCN 3D Moveo is a printable 3D robot developed by the UPC. For this project we 

decided to use their robot as a framework to test our hypothesis of low-cost robots. The 

main objective with this robot is to make a first iteration, so anyone can try to replicate 

this project and improve it further. 

 

 

This robot comprises 6 Degrees of freedom, which are the following: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first and the fourth rotations are along the axis of the joint direction (in terms of DH 

parameters), the other 3 rotations are along the Z axis of the joint, and the last one is the 

gripper which is a placeholder for now, for a posterior evolution of the project.  

Illustration 38. Promotional vs first iteration of BCN3D Moveo 

X 

Y 

Z 

Illustration 39. Joint rotation on each sector 



 

 

 

42 

The specifications of this robot are the following: 

 

Degrees of Freedom 6 

Rotation Axis 4 on Z 2 on X 

Nº of stepper-motors 6 and 1 Servo 

Nº of printed pieces 39 

Estimated cost 850 € 

Table 5. BCN 3D Moveo build specifications 

 

To build the robot we need the following components: 

 

Table 6. Hardware needed for the 3D Moveo robot. 
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3.2.1 Printing the BCN3D Moveo 

 

Printing the BCN3D Moveo required an extensive amount of time on this project. To do 

so we used the stl files find in their Github and imported them on the ULTIMAKER 

CURA. This software allows us to modify the parameters in which the printing will be 

done and provides the user with the ability to modify the model itself. 

 

 

Illustration 40. ULTIMAKER CURA Interface 

In order to print the pieces, we have to consider some factors: 

• Piece weight → Each piece must be light enough so that the motors will not face 

heavy lifting, this means that the top-most pieces must be as light as possible as 

those will not carry the weight of the other ones. 

• Sturdiness/Rigidness → The pieces must be strong enough to withstand the 

pressure of the following pieces of the chain. That means that the bottom-most 

piece, will be affected by more weight than the top-most, thus forcing us to make 

those pieces more resistant. 

These factors are heavily tied to a printing property called Infill, which is the amount of 

PLA that will fill the interior of the pieces. Having more infill means that the piece will 

be stronger and heavier. As a general rule, we applied less infill (10-15) to the top-most 
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pieces and applied more infill (20-25) to the bottom-most pieces. There were some 

exceptions for the gripper, as it should sustain a high torque grip. 

 

On the Annex there can be seen a table that shows the approximate parameters we used 

for each piece, the printing was done according then to the amount of time it took, the 

final weight and the amount of PLA we had available.  

 

3.2.1 Technical Specifications 

 

- Stepper Motor Specifications: 

The following values on the table specify the capabilities of each Stepper-Motor installed 

in our BCN3D MOVEO. The motors are placed in installation order (considering that the 

last 2 stepper motors are Nema 17. 

Stepper Motor Nema 23 
Nema 17 

Planetary 
Nema 14 Nema 17 

Step angle 1,8º 1,8º 1,8º 1,8º 

Positional Accuracy ± 5% ± 5% ± 5% ± 5% 

Voltage 4.2 V 2.8 V 5.4 V 5.4 V 

Allowed current 3.5 A 1.68 A 0.8 A 1.3 A 

Torque 3.0 Nm 2 Nm 18 Ncm 22 Ncm 

Table 7. Specifications for the Stepper-motors used in the BCN3D Moveo. 

 

3.2.2 Problems and solutions found in building the BCN3D Moveo 

Building this robot has carried a lot of problems, and some of them, as per end of project  

day, have not been solved yet. Some of these problems have overcome the scope of the 

project and made finishing this robot inviable. We will discuss first the solved problems 

and leave for the end the problems that are not. 

• Longer than expected printing times 

Although printing does not require much supervision, it requires larges amount of time. 

The first problem encountered in printing was that all the printings took about 20%-40% 
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more time than what was predicted by the software, depending on how large the piece 

was. This would not be much of an issue if we consider the smaller pieces. Which would 

mean that the piece “T4M1” would go from 19 minutes to 23, but a piece like “2M1” 

took 2 days and 10 hours to print. 

• Printing errors 

3D printers are not known for their reliability, and this proved true for the printings made 

for the project. Fortunately, this happened mostly on the smaller pieces, and only one of 

the large ones “3M2” suffered from a failure, that could be recovered later doing what is 

known as a “sink into bed” procedure. 

• Finding the supplies needed  

A lot of the parts needed from this project had to be bought from outside Europe and 

some of them had to be re-ordered due to not being delivered. This caused an elongation 

in the assembly of the robot and some steps of the assembly required those pieces. Also, 

the shipments of most of the supplies ranged up to 30 days of delivery. 

• Printing and part dimensions 

Upon finishing the printing procedure of all the robot, several errors in the models were 

found: 

- The most common error were smaller holes than what was to be expected, so if 

an M3 Fastener was needed, usually it implied some grinding work on each of the 

holes to be able for it to pass. 

 

Illustration 41. Grinded out pieces from one of the printed parts. 

- The next problem was smaller pieces than expected to be able to fit the ball 

bearings or the fasteners. They needed to be trimmed out in order to fit all three 

ball bearings. An example can be seen below. 
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Illustration 42. Ball Bearings trying to fit into a printed part 

This took a lot of time to grind out and each piece had at least from 1 to 3 imperfections 

that had to be taken off in order to build the robot. 

• Trimming out the rod bars 

Although not much of a problem itself, it turned to be a time-consuming task, as each bar 

was 8mm diameter and 5 of them were needed. It took about 40 to 50 minutes each bar 

to be cut out, and then some 20 minutes more to take out the imperfections and remove 

any dangerous item. 

 

Illustration 43. Trimming the steel rod bars with a Dremel. 
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3.3 Experiment results 

 

The following section describes each of the experiments and the individual conclusions 

of each one, in which the error result is shown. On the end a result comparison between 

the two experiments (MeArm and OWI 535) is displayed. 

 

3.3.2 OWI 535 Results & Conclusions 

On the following table the results of 10 tests, are displayed.  The last 3 test results are 

with the following specifications: 

- T8: 0º on Base joint. 

- T9: 0º on Elbow joint 

- T10: 0º on Shoulder joint. 

Test nº Target Position (cm) Reached position (cm) Error (ε) (cm)  ε - x̅ 

 x y z x y z   

T1 18.5 -8.2 17.4 16.5 -9 17.7 2.174 -0.264 

T2 20.2 4.3 3.9 19.1 3.9 4.2 1.208 -1.23 

T3 18.1 -8.1 28.9 14.9 -6.8 29.3 3.477 -0.961 

T4 25 1.3 16.3 22.6 1.3 18 2.941 0.503 

T5 18.7 5 12.8 16.7 5 13 2.009 -0.429 

T6 18.8 -3.3 11.3 16.8 -3.3 11.4  2.002 -0.436 

T7 26.7 -7.7 11.8 24.7 -7.1 14 3.033 0.595 

T8 27.9 0.0 12.1 25.6 -0.1 14.5 3.325 0.887 

T9 20.4 2.9 9.7 18.5 3.2 9.7 1.923 -0.515 

T10 22.3 -6.4 7.3 20.3 -5.3 7.4 2.284 -0.154 

Table 8. OWI535 Test results. All values represented in cm 

 

 

 

➢ Mean Error: 2.438 

➢ Median: 2.229 

➢ Variance: 0.506 

➢ Standard deviation: 

0.712 

 

➢ Variance: 0.506 

➢ Standard deviation: 0.712 
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                 Table 9. OWI 535 Scatter plot of Test Errors with the red line as the mean error 

 

• OWI conclusions: 

Considering the distance error produced by the OWI, we expected it to be far more 

inaccurate. Except for a few tests, it seems that most of the error comes from the X axis 

computing. This can be mostly produced by two factors: 

- The distance to the tip was wrongly measured in our initial setup. Although this 

changes the X computing directly, it can affect the Y and Z measurements. 

- As our gripper remains opened through all the tests, our measurement may deviate 

by a whole 0.5 to 1 cm due to our own human error. 

 

3.3.3 MeArm Results & Conclusions 

On the following table the results of 10 tests, are displayed.  The last 3 test results are 

with the following specifications: 

- T8: 0º on Base joint. 

- T9: 0º on Elbow joint 

- T10: 0º on Shoulder joint. 
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Test nº Target Position (cm) Reached position (cm) Error (ε) (cm)  ε - x̅ 

 x y z x y z   

M1 9.5 0 14 9.5 -0.1 14.2  0.223 -1.792 

M2 7.6 -2.2 6.5 7.8 -2.7 6.3  0.574 -1.441 

M3 5 3.5 10.5 5.6 4.3 9 1.802 -0.210 

M4 6.6 -4.7 4.9 5.9 -5.9 4.5  1.445 -0.570 

M5 8.1 1.3 10.4 10.2 2.4 11.8  2.753 0.738 

M6 8.7 4.8 4.6 11.5 7 6.2 3.903 1.888 

M7 9.4 5.2 12.3 11.5 2.5 13.3 3.563 1.548 

M8 6.8 0 11.7 8.1 -0.1 12 1.338 -0.667 

M9 8.6 -2.6 11.3 7.5 -3.5 7.7 3.870 1.855 

M10 10.1 -6.8 11.5 10.7 -6.7 11.8 0.678 -1.337 

Table 10. MeArm Test results. All values represented in cm 

 

 

 

 

             Table 11. MeArm Scatter plot of Test Errors with the red line as the mean error 

 

• MeArm conclusions: 

Our initial look out on MeArm made us think that this low-cost robot would be far more 

accurate than OWI 535. When testing it, we found out that, as we couldn’t control the 
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➢ Mean Error: 2.015 
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servomotors in a more efficient way, they were moving with too much strength and each 

joint movement produced a slight movement on the other rotation axis, thus producing a 

greater error than expected. 

 

3.3.4 BCN3D Moveo 

Despite the efforts in trying to make it functional, by the time this project is delivered, 

there are some pieces that are missing due to error in the buying procedure or simply by 

the elongated delivery time. 

Also, the amount of workload that it required to print and assemble each piece (as 

described in 3.2.2), made this final step of the project non-viable. In the coming weeks 

after this project is done, the final pieces will be reaching our lab and hopefully in two 

months we can have the results of this robot and extend the analysis of the error in this 

project scope. 

 

Illustration 44. BCN Moveo 3D final construction on the end project date. 
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3.3.4 Results comparison 

Error: 

If we take a quick look at the results from both working experiments, we can see that their 

error is quite similar. 

Data OWI 535 MeArm 

Mean error 2.438 2.015 

Median 2.229 1.624 

Variance 0.506 1.994 

Standard deviation 0.712 1.412 

 

We can see clearly that MeArm has better precision but lacks in terms of repeatability as 

its standard deviation is very high. On the other hand, we can see that OWI has less 

precision (although not much), but its repeatability is high enough to be considered far 

better than MeArm.  

 

 

Table 12. Error boxplot between MeArm and OWI. Median marked with a line and mean with an X.  
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In the above Boxplot, we can see that although the mean error and median of the MeArm 

are lower than its counterpart the deviation and variance of it is too much, being it a 

difference of almost 4cm between the lower and higher value. 

 

Considering that this amount of error is produced by the hardware itself, we can conclude 

that MeArm will not have much room of improvement without a tweak on the hardware. 

On the other hand, OWI535 can still have lots of improvement into the code, and this 

error can be reduced, and the spreading of this can be further reduced by lowering the 

threshold on the potentiometer positioning (although this may cause a slight increase in 

positioning time). 

 

Time & Cost: 

MeArm can be bought officially from Mime Industries for 35 to 70 € but there are plenty 

of 3D printed repositories which you can print if one has a 3D printer, which would reduce 

the cost only to the printing material and the servomotors (roughly a total of 25 €). The 

building time of it can be completed in less than an hour. 

 

OWI 535 can be bought for 52 €, and the cost of all the modifications ascends up to 

another 50 €. The building time in this case is far superior than the MeArm, but given the 

error results, it is clearly worth (considering that there may be better ways to sense the 

motor movement, thus improving precision). 

 

BCN3D Moveo cost went up to 890 € and the build time exceeded 1 month. It is to be 

expected that this build time would be further reduced when doing a 2nd batch. 

 

Viability in real-world operations: 

It is clear that none of the 2 tested robots would fit in the real-world surgical operations 

in their current state, as an error of 2 cm may cause severe damage on the patient. With 

further improvements, OWI 535 may be reduced to < 1cm of error, which would be still 

too much to consider. As stated, we cannot talk about BCN3D Moveo for now. 
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4. Conclusions 

 

In this work we took a glimpse at what type of surgical-oriented-robots there are in the 

market and what low-cost options are available. 

We built three low-cost robotic platforms: 

- OWI 535: A modified version of a child robotic Kit. 

- MeArm: A small project for research. 

- BCN3D Moveo: A printed robot developed by the UPC. 

We computed the Forward and Inverse kinematics for 2 of the robots, OWI 535 and 

MeArm. And by delivery time we could not apply the same kinematics to the BCN3D 

Moveo, but hopefully in the foreseeable future, this can be implemented. 

Due to not being able to communicate each robot with ROS, it was not possible to connect 

ROS with MoveiT! in order to a surgical planning system. But we managed to 

interconnect all the robots within a same framework as a first step to implement MoveIt!. 

We did integrate a simple tracking solution using NDI POLARIS, ROS and Open GTI 

Link, this can be further developed to include a greater 3D space and improving its 

accuracy on the render. 

Finally, we computed the error and the feasibility of control of the 2 built robots, OWI 

535 and MeArm. They proved to be accurate enough as an initial prototype, and they 

have a large margin of improvement, either by code or by hardware. For the OWI 535 it 

proved to be more reliable in terms of repeatability than the MeArm counterpart. On the 

other hand, MeArm proved to be more accurate in some cases than the OWI. 

Considering these results, we can affirm that for surgical environments, these two robots 

wouldn’t fit in this iteration. There’s still to be seen how viable 3D Moveo can be, but 

our expectation for it are confident that we will have less than 1 cm of error. Hopefully 

someone can take this project and analyse this. 
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4.1 Personal evaluation 

 

This project has brought me much more interest in the robotic area and has given a new 

perspective into how complicated building a robot from scratch can be, especially in the 

3D printing area, as it is a technology still in its first steps. 

 

Considering the results, although bad for a surgical operation, it would be good to analyse 

how viable it can be in 3rd world countries. Further iterations of this project can achieve 

communication through IP (internet) thus making remote operations possible at a low-

cost environment (A 850 € robot and an internet connection). I think that this could be 

given a deep research and really accomplish something useful and viable in the real world 

in the years to come. 

 

4.2 Further work 

 

This first batch of robots proved to be inadequate for medical purposes and there’s still 

margin of improvement. All three robots have margin of improvement, but still OWI 535 

and MeArm will reach an unavoidable hardware wall that makes them unusable in these 

situations. For this reason, we think that BCN 3D Moveo is the way to follow: 

 

First, the main objectives of this project could be finished. That is the implementation 

with ROS and with MoveIt!, so that we can have an autonomous robot working by itself.   

 

Second, we could reprint some of the BCN3D Moveo parts to resemble more a surgical 

robot. That is printing a catheter type end, instead of the gripper. 

 

Finally, we have still margin of improvement on the BCN3D Moveo part. There are many 

implementations that can be put into this project to improve the precision and feasibility 

of the movements. To list a few this would be: 

 

- Movement optimization considering the step degree of the stepper-motors. We 

have to take into account that each motor may have an error of up to 1,799º 

- Trying out other IK methods not contemplated in this project. 



 

 

 

55 

Bibliography  
 

[1] R. S. Fisher et al., ILAE Official Report: A practical clinical definition of epilepsy, 

Epilepsia, vol. 55, no. 4, pp. 475–482, 2014. 

 

[2] Megiddo, I., Colson, A., Chisholm, D., Dua, T., Nandi, A., & Laxminarayan, R. 

(2016). Health and economic benefits of public financing of epilepsy treatment in India: 

An agent‐based simulation model. Epilepsia, 57(3), 464-474. 

 

[3] García, R. G. R., Núñez, A. C. G., García, A., & Sánchez, S. (2009). Informe FEEN 

sobre la epilepsia en España. 

 

[4] Hughes, G., Vadera, S., Bulacio, J., & Gonzalez-Martinez, J. (2013). Robotic 

placement of intracranial depth electrodes for long-term monitoring: Utility and 

efficacy. Cleveland Clinic. 

 

[5] Faria, C., Erlhagen, W., Rito, M., De Momi, E., Ferrigno, G., & Bicho, E. (2015). 

Review of robotic technology for stereotactic neurosurgery. IEEE reviews in biomedical 

engineering, 8, 125-137. 

 

[6] Cimon, K., & Pautler, S. (2011). Robot-assisted surgery compared with open surgery 

and laparoscopic surgery: clinical effectiveness and economic analyses. 

 

[7] Conger, K. (2017, October 24). Robot-assisted surgery for kidney removal associated 

with longer operating times, higher cost. Retrieved from 

http://med.stanford.edu/news/all-news/2017/10/robot-assisted-surgery-for-kidney-

removal-linked-to-longer-times.html 

 

[8] Barbash, G. I., & Glied, S. A. (2010). New technology and health care costs—the case 

of robot-assisted surgery. New England Journal of Medicine, 363(8), 701-704. 

 

[9] Borden, J. L., Kozlowski, P. M., Porter, C. R., & Corman, J. M. (2007). Mechanical 

failure rate of da Vinci robotic system. The Canadian journal of urology, 14(2), 3499-

3501. 

 

[10] Da Vinci robot at Southmead Hospital ‘operates’ on clementine. (2013, June 20). 

Retrieved from https://www.bbc.com/news/av/uk-england-bristol-22984317/da-vinci-

robot-at-southmead-hospital-operates-on-clementine 

 

[11] Ion by Intuitive. (n.d.). Retrieved from https://www.intuitive.com/en/products-and-

services/ion 

 

[12] REVO. (2018, March 13). Retrieved from http://revosurgical.com/#/main.asp 

 

[13] Min-ho, J., Eil-chul, K. (2016, April 24). Retrieved from 

http://www.koreatimes.co.kr/www/news/nation/2016/06/668_203240.html 

 

[14] Kim, D. K., Park, D. W., & Rha, K. H. (2016). Robot-assisted partial nephrectomy 

with the REVO-I robot platform in porcine models. European urology, 69(3), 541-542. 

 

http://med.stanford.edu/news/all-news/2017/10/robot-assisted-surgery-for-kidney-removal-linked-to-longer-times.html
http://med.stanford.edu/news/all-news/2017/10/robot-assisted-surgery-for-kidney-removal-linked-to-longer-times.html
https://www.bbc.com/news/av/uk-england-bristol-22984317/da-vinci-robot-at-southmead-hospital-operates-on-clementine
https://www.bbc.com/news/av/uk-england-bristol-22984317/da-vinci-robot-at-southmead-hospital-operates-on-clementine
http://revosurgical.com/#/main.asp
http://www.koreatimes.co.kr/www/news/nation/2016/06/668_203240.html


 

 

 

56 

[15] PoLaRS: The new portable surgical robot. (n.d.). Retrieved from https://www.surge-

on.nl/robotic-surgery/ 

 

[16] Kehoe, B., Kahn, G., Mahler, J., Kim, J., Lee, A., Lee, A., ... & Goldberg, K. (2014, 

May). Autonomous multilateral debridement with the raven surgical robot. In Robotics 

and Automation (ICRA), 2014 IEEE International Conference on (pp. 1432-1439). IEEE. 

 

[17] Denavit–Hartenberg parameters. (n.d.). Retrieved from 

http://www.wikiwand.com/en/Denavit–Hartenberg_parameters 

 

[18] Kinematics (Advanced Methods in Computer Graphics) Part 4. (n.d.). Retrieved 

from http://what-when-how.com/advanced-methods-in-computer-graphics/kinematics-

advanced-methods-in-computer-graphics-part-4/ 

 

[19] Song, W., & Hu, G. (2011). A fast inverse kinematics algorithm for joint 

animation. Procedia Engineering, 24, 350-354. 

 

[20] Chitta, S., Sucan, I., & Cousins, S. (2012). Moveit![ROS topics]. IEEE Robotics & 

Automation Magazine, 19(1), 18-19. 

 

[21] Wiles, A. D., Thompson, D. G., & Frantz, D. D. (2004, May). Accuracy assessment 

and interpretation for optical tracking systems. In Medical Imaging 2004: Visualization, 

Image-Guided Procedures, and Display (Vol. 5367, pp. 421-433). International Society 

for Optics and Photonics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.surge-on.nl/robotic-surgery/
https://www.surge-on.nl/robotic-surgery/


 

 

 

57 

ANNEX 
 

Printing time and weight depending on the infill parameter. 

Annex 1. Printing times of the BCN3D Moveo. This time was heavily increased when executing the print 
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Arduino OWI 535 Code commented 

 

Global variables of the code established 
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Method to go from potentiometer values to the angles that this position represents. 

 

 
 

Inverse method from previous one. Goes from read angles to potentiometer value 

representation. 
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Helper function to parse the information coming through Serial, and positioning the 

MeArm to the Zero position (according to our Denavit-Hartenberg parameters) 

 

 
 

 

The following function is replicated 4 times for each motor present in OWI535 
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Arduino setup and loop function. The setup sets the serial baud rate to 9600 (to enable 

communication with the most common devices). The loop function is used as a Serial 

listener and launches certain methods depending on what is received as first command. 
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Python code 

 

• Constructor of OWI 535 as an example of Illustration 29. 

 

 
 

• Read Joints code from the Algorithm in Illustration 30 
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• IK code from Illustration 31 
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