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Abstract 
 
Sending a man in space is extremely dangerous. In order to continue the space 
exploration, robots have to be used. Designed properly, robots can handle any kind of 
operations in deep space. But in space there is no support such as an after-sale service. 
That is why their conception must be as perfect as possible to satisfy many tests. This 
is also the case of the ERA (European Robotic Arm). Its operations must be tested on 
the ground. But since forces acting at ground level are different than in space (e.g. 
gravity), the ERA must be in such position (the Iron Bird project) so that the target that 
it wants to reach must be brought by another robot. This other robot is called ERICA 
(Era Iron-bird CLU hArdware simulation). The goal of this project is to make the 
mechanical conception of the ERICA. 
 
The project was carried out in four parts. The first consisted in gathering information 
about the ERA in order to establish the requirements. The second was a pre-conception 
part. The third consists in explaining the research that had been made to choose the 
proper design of the ERICA. In the fourth part, the mechanical and electrical 
conception is presented. 
 
The ERICA is a gantry system where the payload is a gimbal holding a target. That way, 
the 6 degrees of freedoms of the ERA are achieved. The gantry system is provided by 
LinMotion and the motors by Maxon. The electronic parts are attached to the gantry at 
different places. A frame surrounds the working envelope so that the CLU (Camera and 
Lightning Units) can be fixed on it as well as protective plates against the CLU’s laser. 
 
Keywords: mechanical conception, ERA, robot, gantry, gimbal
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1 Introduction 

1.1 Purpose 

Sending an astronaut to space is extremely dangerous. The space environment is 
hostile. Gravity, neutral particles, vacuum, plasma, micrometeoroids, space debris and 
radiation can be lethal. But how can human continue the space exploration without 
taking a too big risk? The answer to this question is: robots. Designed properly, they 
can be able to handle every type of missions in deep space.  

This is the case of the ERA (European Robotic Arm) which is made to ensure the 
maintenance of the ISS. The ERA can be driven automatically from the ground. Another 
problem with space is that there is not any after-sale service there. Which means that 
all of the elements sent to space must be perfect and tested on the ground so that no 
technical problem would ever happen. 

It also includes the operations and the proximity mode which has the purpose to reach 
base points and targets on the ISS. The Iron Bird project is in charge of that. But because 
gravity interferes with the tests on the ground, another robot must bring the target to 
the ERA to complete the operations. This robot is called ERICA. 

The purpose of this document is to specify the Preliminary design for ERA Iron Bird 
CLU Hardware Simulator (ERICA) used for hardware testing of the proximity mode 
approach procedure of ERA [1]. 

1.2 Acronyms and abbreviations list 

CLU Camera and Lightning Units ( [2]) 

BP Base Point 

DOF Degrees Of Freedom 

EE End Effector ( [2]) 

ERA European Robotic Arm, ( [2]) 

ERICA ERA Iron Bird CLU hardware simulator, ( [1]) 

EVA Extra Vehicular Activity 

GF Grapple Fixture 

GS Gantry System 

HRE Human and Robotic Exploration 

ISS International Space Station 
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1.3 Definitions 

Operator Person operating ERICA 

Payload Object attached to the Platform 

Platform Moving end effector of ERICA 

Target ERA proximity target, part of the CLU subsystem placed next to the BP ( 
[2]) 

1.4 References 

 

[1]  M. Krainski and P. Y. Girardin, ERICA Requirements Document, 2016.  

[2]  Airbus Defence & Space, “Flight Operations Manual and Procedures,” 2016. 

[3]  Maxon motor, 2017. [Online]. Available: 
http://www.maxonmotor.com/maxon/view/content/index. [Accessed 2017]. 

[4]  Faulhaber, 2017. [Online]. Available: https://www.faulhaber.com/en/global. 
[Accessed 2017]. 

[5]  Parker Hannifin, HMR-Linear Drive Driving the future, Kaarst, 2014.  

[6]  Parker Hannifin, Parker Automation Controller Intelligent Multi-Axis Motion 
Controller, Kaarst, 2014.  

[7]  Parker Hannifin, PSD1 Parker Servo Drive Standalone Servo Drive and Multi-axis 
Servo System, Kaarst, 2014.  

[8]  Parker Hannifin, SMB/SMH Series Low inertia Servo Motors, Kaarst, 2013.  

[9]  LinMotion BV, LINEAIRMODULE LME Lineairmodules met 
tandriemaandrijving en THK geleidingen, Veenendaal, 2011.  

[10]  T. Megson, Aircraft Structures for Engineering Students, Oxford, 2007.  

[11]  S. H. Dan Zenkert, “Instruction for computer labs,” Stockholm, 2013. 

[12]  FreeCad, “Introduction page,” [Online]. Available: https://www.freecadweb.org/. 

[13]  NTN SNR, SNR your guide to linear modules, Annecy, 2014.  
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2 Presentation 

2.1 The agency 

2.1.1 The ESA 

The ESA is a European agency born in 1975 and is composed by 20 countries. The 
purpose of such agency is to create programmes in the space field, to coordinate the 
different European space agencies, elaborate an industrial policy for spaces programs 
and provide a good cooperation between the Member States. 

2.1.2 The ESTEC 

The ESTEC is the largest ESA establishment where all the ESA projects are born, 
prepared and tested. The projects deal with science, telecommunications, satellite 
navigation, Earth observation, space exploration and human space flight. Around 2500 
people are working on this site. 

2.1.3 The current main projects 

The ESA is very proud of some current projects. There is the Gaia project whose purpose 
is to create a map of our galaxy. Lisa Pathfinder is the first step of a project capable of 
measuring the gravitational waves. The Bepicolombo mission includes a satellite that 
will observe Mercury. ExoMars wants to test a landing system on Mars in order to send 
there a rover. The Rosetta mission ended recently and has studied the surface of the 
Comet 67P. 

2.2 The project 

2.2.1 The department 

The department where the work has been done is HRE. It is in charge of everything 
related to the ISS, ExoMars and Moon missions for example. 

2.2.2 The ERA 

2.2.2.1 Presentation of the ERA [2] 

The ERA is a robotic arm built by Airbus that will be installed on a Russian module of 
the ISS. It will be launched in 2017. Because EVA are not very convenient, the purpose 
of the arm is to carry out the maintenance of the ISS from the ground or the inside of 
the station.  The arm has 7 degrees of freedom and composed by a wrist, a shoulder, 
two EE and an elbow as presented in Figure 2-1. 
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Figure 2-1: the joints of the ERA 

It moves from a place to another thanks to programmes called missions prepared on 
the ground so that the astronaut intervenes just a few. The places where the EE can be 
grappled have a target. The arm has two major modes: the free mode and the proximity 
mode. In free mode, the arm moves from a coordinate to another and the distance 
between the EE and a target is superior to 1.5m. Below this distance, the proximity 
mode is used and the camera (CLU) on the EE uses the target to reach the final 
coordinate and the ISS. In Figure 2-2, the disposition of the base point with the target 
next to it. The base point is the place that the ERA must reach. 

 

Figure 2-2: The base point with the target 

The proximity operation is done by an active loop. First, there is the target recognition: 
3 consistent clusters must be found. Then, the control algorithm, in the ECC, finds the 
location of the target and is able to give the good telemetry data to the joins. The EE is 
known at the good final destination if the CLU observes three identical circles with the 
good size as illustrated in Figure 2-3. 
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Figure 2-3: Target cluster topology in proximity control loop  

This is also the performances of the CLU that gives the limit envelope of the ERICA. 
The envelope is 1500 x 1000 x 1000 mm3. 

The ERA can be driven by three entities: CPC, IMMI and EMMI. The CPC represents 
the team on the ground on the Russian side. The IMMI is the computer used from the 
inside of the ISS. Figure 2-4 shows how is displayed the information on the IMMI 
screen. 

 

Figure 2-4 : Functional organization of the IVA-MMI screen 

The EMMI is a console used by the astronaut from the outside of the ISS. Figure 2-5 
shows the front panel layout of the EMMI. 

 

Figure 2-5 : EMMI Front Panel Layout 



     

Degree Project in Space Technology     

 

 

 

6 
 

In Figure 2-6, you can find how the four entities can command the joins to move. The 
ECC is the computer on the arm. Except EMMI’s commands, every command passes 
through the ECC.  

 

Figure 2-6 : ERA command flow 

Regarding the data circulating inside the arm, everything goes at the end to the CPC 
and then to the ground segment. Figure 2-7 illustrates the ERA data flow. The ground 
segment is the infrastructure on the ESA side. Then the data go to the MCC and are 
stored in the OLMS.  
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Figure 2-7: ERA data flow 

2.2.2.2 The Iron Bird 

The ERA is a fully automated arm. It means that a programme will do everything. The 
astronaut would be here just to stop the operation if a problem is detected. But the ERA 
team wants to make sure that the programmed operations work correctly before 
implementing them on the ERA. So those operations must be tested before on the 
ground with another ERA. The problem is that gravity should not occur in those tests. 
The conditions have to be as close as possible to the arm working environment.  The 
Iron Bird project must find a solution to this problem. Only proximity mode is tested. 

What is proposed now is to disassemble some joints so that they can move without the 
influence of gravity. But in that configuration the EE cannot move thanks to the arm. 
The chosen solution is to let the EE be fixed, take out the CLU and create a robot that 
will make the target move in order to simulate the movement of the EE. This robot is 
called ERICA. 

2.2.2.3 The ERICA 

The ERICA (Era Iron-bird Camera) is in charge of moving the target in the 6DoF in 
front of the CLU in proximity mode. To do so, it takes the telemetry data from the ERA 
to know exactly where the target should be. It still does not exist and this master thesis 
helps to design it. Figure 2-8 shows the frame of reference. 
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Figure 2-8: ERICA’s frame of reference 

3 The master thesis 

3.1 The team 

The team is composed of three people. Sarmad Aziz is the responsible of the ERICA 
project and my supervisor. Mateusz Krainski is a YGT (Young Graduate Program) who 
is responsible of designing the software part of the ERICA.  The author of this report, 
Pierre-Yves Girardin has been hired by the ESA as a trainee to make the mechanical 
conception of the ERICA. Dr Gunnar Tibert is the trainee’s supervisor at KTH. 

3.2 The title 

The purpose of this master thesis is to make the complete mechanical conception of the 
ERICA.  

3.3 Organisation and software 

Two meetings per week are organised at the ESTEC to show the updates of the project. 
One is for the complete ERA team and one is with Mr Aziz and Mr Krainski. A report of 
the work is sent every two weeks to Dr Tibert.  

As a conception software, Freecad is used. Python is the language used to code every 
necessary algorithm. 

4 Pre-conception 

4.1 The requirements [1] 

When a project about creating an object starts, the first step is to establish the 
requirements that it has to fulfil. Information needed to be collected in order to achieve 
that task. The ERA project includes a training program displayed through a number of 
presentations. The main interesting aspects for the ERICA were how the ERA 
communicates the telemetry data and how the CLU uses the target to lead the EE. For 
the rest, the octopus diagram, in Figure 4-1, explains very well which topics have been 
dealt with. 



     

Degree Project in Space Technology     

 

 

 

9 
 

 

Figure 4-1: Octopus diagram 

FP1: The maintenance of the ERICA is done by the operator 
FP2: The ERICA ensures the safety of the operator 
FP3: The ERICA must be safe for the environment 
FP4: The ERICA has a design taking into account the environment 
FP5: The ERICA has a design taking into account its performances 
FP6: The performances of the ERICA must be verified 
FP7: The ERICA must be safe for the environment 
FP8: The operator can use the ERICA through the environment 
FP9: The payload of the ERICA is driven by the environment 
FC1: The ERICA must be very reliable 
FC2: The ERICA must be safe even for itself 
FC3: The ERICA must have good performances 
FC4: The operator knows how to use the ERICA 
 

At the beginning, the requirements have been written depending on the performances 
of the CLU. To sum it up, the ERICA is a 6 DOFs robot able to move a target in an 
envelope of 2000 x 1500 x 1500 mm3. This volume is calculated thanks to the CLU. The 
working envelope looks like in Figure 4-2. 

 
Figure 4-2: Shape of the working area of the CLU 

Due to some conception troubles, it has been considered that the rotations can be done 
in range of [-180; 180] degrees. The precision of the movements is 0.5 mm in 
translation and 0.1 degree in rotation. The translation speeds are between 2.5 mm/s 
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and 30 mm/s. In rotation, the speeds are from 0.8 mrad/s to 20 mrad/s. The 
acceleration must be 10 mm/s2. The ERICA must include a protection against the laser 
radiations of the CLU as well as the support of this CLU and all the hardware to control 
the robot. The frequency of the telemetry data is 20 Hz. The ERICA must work in an 
office horizontally. 
 

4.2 The PERT 

Knowing all the requirements, the tasks have been listed and ordered with a PERT 
diagram. To be organised in time, a Gantt diagram has been drawn.  

4.3 The Gantt diagram 

The project must last one year and the design review must be done after 6 months of 
work which means at the end of February 2017. The project starts with a pre-conception 
part. Then the design concept is chosen and made. In parallel, the mechanical assembly 
is done as well as some parts of the software. The control part is coded when the tests 
start. The project will be done in August 2017 when the tests are over and all the 
documents written. The Gantt diagram is presented in the appendices 8.1. 

4.4 The software architecture 

The software architecture is presented in Figure 4-3. The data extractor takes out the 
data we need to drive the ERICA. The conversion tool ensures that the extracted data 
can be used. The control platform drives the motors. The safe mode shuts down the 
every motor in order to ensure the security of the user or to avoid the ERICA to be 
damaged. The safety related software decides whether a situation is dangerous or not. 
The self-test function allows the ERICA to make some tests to ensure that everything 
works correctly. 
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Figure 4-3: Software architecture 

5 Choice of design 

Once the pre-conception part has been done, a main design must be found to make the 
conception of the ERICA. 

5.1 Main ideas 

The ERICA must be able to achieve three degrees of rotations and three degrees of 
translations. 

5.1.1 Achieving a translation 

The existing systems able to translate a payload are gantry system, lift table, platform 6 
axes or delta platform for example as shown in Figure 5-1. 
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Figure 5-1: A gantry system, a lift table, a 6-axis platform and a delta platform 

The gantry system is the simplest of all of them. It deals with every translation 
independently. To perform the translations, a belt or a screw driver is used.  
 
The lift is a complex mechanism able to achieve one translation. The vertical translation 
is considered here. It allows the payload to be for a long time (hours) at the same 
position. It is composed of many joints and a strong structure.  
 
The platform 6 axes is a parallel robot with six actuators that allows the payload to move 
in 6 DOFs. It is for example used for flight simulators. It works vertically. 
 
The delta platform robot can achieve the three different translations. It has three 
actuators. It is able to move the payload very quickly. The payload must be very light. 
This kind of robot is used in the food industry for example. It works vertically. 

5.1.2 Achieving rotations 

The existing systems able to rotate a payload are the 6 axes platform, the gimbal and 
the gyroscope as shown in Figure 5-2. 
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Figure 5-2: A 6 axis platform, a gimbal and a gyroscope 

The gyroscope is usually used as a sensor to detect the angular position of the payload. 
But by implementing motors on its structure, it can be transformed as a system able to 
achieve three rotations. It needs three actuators. 

The payloads of gimbal are principally cameras. By controlling the three rotating 
actuators the cameraman can obtain softer displacements. The structure is smaller than 
for the gyroscope and can carry small payloads.  

5.1.3 Conclusion on the main design 

The ERICA must be as simple as possible and holds only a small target. The range of 
displacements for a 6-axis platform and for the delta platform is limited. To fulfil the 
requirements, the system would be extremely big. The lift table is not necessary since 
there is only a target to move and the gyroscope looks like a gimbal with a bigger 
structure. 

The ERICA will be a gantry system whose payload is a gimbal with a target. 

5.2 Quotation of a gantry system 

A gantry system is composed of linear axes and motors. Some companies would furnish 
the ESA with those elements. In a first place, potential suppliers able to deliver a 
complete kit have been contacted. How to check that what they propose fulfils the 
ERICA’s requirements?  

5.2.1 The choice of the motor type 

According to the requirements, the system must control the position of the target. Two 
types of motors can achieve that: servomotors and stepper motors.  
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Briefly, a servomotor is a brushed or a brushless motor coupled with a sensor for the 
position feedback. It also requires a servo-drive to complete the system. The drive uses 
the feedback sensor to precisely control the rotary position of the motor. This is called 
closed-loop operation. For example, Figure 5-3 describes the performance of the 
ECmax 22 283837 (a servomotor) depending on torque and speed [3]. The motor is 
able to keep a constant high torque for big range of rotation speeds. 

 

Figure 5-3: Servomotor performance  

A stepper motor is a brushless motor but the number of electromagnets here has an 
impact. The motor moves from one magnet to another and does not reach any other 
position. So the number of magnets defines the number of positions that the motor can 
reach. Regarding the performances, for a model equivalent to ECmax 22 283837, 
Faulhaber proposes the Series AM1524 [4]. According to Figure 5-4, the torque slightly 
drops with the speed. 

 

Figure 5-4: Stepper motor performance 

The requirements regarding the maximum and minimum linear speeds are 30 mm/s 
and 0.1 mm/s. It means that there is a ratio of 300 between the two linear speeds. 
Controlling a low speed is problematic. The motors must work correctly from 10 rpm 
to 3000 rpm at the minimum.  

For such a range of speed, the stepper motor cannot hold a constant torque. For this 
reason, only servomotors are considered for this project. 



     

Degree Project in Space Technology     

 

 

 

15 
 

5.2.2 The choice of the actuator type [5] 

The linear actuators are chosen according to a theory explained by Parker [5]. A linear 
actuator must resist to five types of loads: two forces (Fz and Fy) and three moments 
(Mx, My and Mz). Those are described in Figure 5-5. 

 
Figure 5-5: Loads on a linear actuator 

First, each load must be lower than its respective maximum permissible load. But it 
must also respect the condition T≤1, where T is the maximum permissible load for 
linear drives subjected to multiple loads. Equation (5-1) explains how to calculate T. 

𝑇 =
𝐹𝑦

𝐹𝑦𝑚𝑎𝑥
+

𝐹𝑧

𝐹𝑧𝑚𝑎𝑥
+

𝑀𝑥

𝑀𝑥𝑚𝑎𝑥
+

𝑀𝑦

𝑀𝑦𝑚𝑎𝑥
+

𝑀𝑧

𝑀𝑧𝑚𝑎𝑥
 

( 5-1 ) 

Fy: the force on the y axis (N) 
Fz: the force on the z axis (N) 
Mx: the moment on the x axis (Nm) 
My: the moment on the y axis (Nm) 
Mz: the moment on the z axis (Nm) 
𝐹𝑦𝑚𝑎𝑥: the maximum permissible force on the y axis (N) 
𝐹𝑧𝑚𝑎𝑥: the maximum permissible force on the z axis (N) 
𝑀𝑥𝑚𝑎𝑥: the maximum permissible moment on the x axis (Nm) 
𝑀𝑦𝑚𝑎𝑥: the maximum permissible moment on the y axis (Nm) 
𝑀𝑧𝑚𝑎𝑥: the maximum permissible moment on the z axis (Nm) 
 

5.2.3 Meeting with potential suppliers 

The potential suppliers LinMotion, Hepcomotion, Eriks, VarioDrive and Axis Stuifmeel 
have been contacted. They have asked to fulfil the following requirements: 

 Payload: 500 x 500 x 500 mm3, the weight of 3 motors + 10 kg for the structure 

 Working envelope: 2 m for x, 1.5 m for y and 1.5 m for z [1] 

 Options to drive motors from a PC (with or without a converter) 

 Same motors 

 Precision: 0.5 mm and 0.1 degree 

 Max-Min speed: 30 mm/s and 20 mrad/s and 2.5 mm/s or 0.8 mrad/s 

 Acceleration: max 10mm/s2 
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5.2.3.1 The criterion 

Each suppliers have been evaluated according the following criterion: the type of linear 
actuators, the type of motors, the price of the brake, the weight of the motor, the drives, 
the time of delivery, the time of reparation, the maintenance, the help in the 
calculations, the price and the support. This leads to the Table 5-1. 

 

Table 1: Companies propositions 

5.2.3.2 The method to compare 

The goal now is to pick a supplier depending on the Table 5-1. A comparing tool is used 
for each criterion, as shown in Table 5-2. Each company is compared to one another 
and a grade going from 0 to 3 is accorded to the best one between the two compared. 
Then there is a total of grades for each company per criteria. 

 Motor 
weight 

Delivery Reparations Maintenance  Price Support 

Coeff 2 3 1 1 5 4 

Table 2: List of coefficients 

Company HepcoMotion Eriks VarioDrive Atro Controls

Linear actuator Screw driven Belt driven external belt driven Belt driven belt driven

Motors No
Stepper motor 

closed loop *6
servo motors*3 Servo motor*6 servo, x different , 3 motors

Brake price / / 150e 150e brake for everybody

Weight motor no low (<3kg)
high ( from 6.23 to 8 

kg)
low (1 to 2kg)

Drives/ Controllers no ethernet, controller
ethernet+matlab, 

drives

Drives + controller 

(1600e), ethernet
drives

Delivery 5-6weeks 6-8 weeks 6 weeks
3-4 weeks (motors), 

3 days (drives)
4 weeks 4-5weeks

Repair 7 days 1 week 1/2 days 3 days of delivery 1/2 days 1 week

Maintenance 200 cycles none none none 

Calculation for us none 1 week 1week and half 1 week and half

Budget 10k 21K 20K 16266

Support
training assitance 

technical
assistance, advice 

training assitance 

technical

Ensure the system 

works+ training 

assitance technical

asistance + training, test 

THK/LinMotion+ SEW Eurodrives

14969

1 week

2/1 time a year

150 euros 150 euros 

10 000 21 000 20 000 
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This total is then multiplied by a coefficient chosen depending on the importance of the 
criteria according to Table 2. Every total is summed up and the company with the 
highest score is selected. 

5.2.4 Results 

The total of scores is shown in Table 5-3 below. VarioDrive is then selected. 

 HepcoMotion Eriks 
SEW 

EURODRIVE+ 
LinMotion 

VarioDrive 
Astro 

Controls 

Total 3 40 36 76 24 
Table 3: Total scores per company 

5.2.5 The VarioDrive design 

The company VarioDrive uses components manufactured by Parker [5] [6] [7] [8]. 
Parker proposes a solution with: 

 4 linear actuators 

 servo motors with their cables 

 servo drives with their cables 

 A controller with its cables 

5.2.5.1 Mechanical part [5] 

The mechanical part is composed with 4 linear actuators, six motors. Three are 
necessary for the gantry and three for the gimbal. For a question of maintenance, it has 
been imagined that the same motors of the gantry system would be used for the gimbal 
as well. The main design is shown in Figure 5-6. 

 
Figure 5-6: Parker design 
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The X axis is made with a double axis system. The reference of the products is 
HMRS15B050-1500-0000000A2 with an effective stroke of 2000 mm. It is a compact 
ball screw actuator. The frame size is 60mm.  
 
For the Y axis, there is only one actuator. Since it has to handle the loads of the z axis 
and the gimbal, the linear actuator is bigger. The reference of the products is 
HMRS11R050-1000-0000000A2 with an effective stroke of 1000 mm. It is a compact 
ball screw actuator. The frame size is 110 mm.  
 
For the Z axis, there is only one actuator. Since it has to handle only the loads of the 
gimbal, the linear actuator is the same as for the x axis. The reference of the products is 
HMRS11R050-1000-0000000A2 with an effective stroke of 1000 mm. It is a compact 
ball screw actuator. The frame size is 110 mm.  

 
Figure 5-7: Shape of HMRS type of actuator from parker 

 
According to the Parker documentation [5], the mass of each actuator can be deduced.  

𝑚𝑡𝑜𝑡 = 𝑚0 + 𝑚𝑐 + 𝑠𝑡𝑟𝑜𝑘𝑒 x 𝑚𝑚𝑡 
( 5-2 ) 

where 
𝑚𝑡𝑜𝑡 = total mass per actuator (kg) 
𝑚0= weight of actuator without the stroke (kg) 
𝑚𝑚𝑡= weight of actuator per 1 meter (kg/m) 
stroke = stroke (m)  
 
Considering an acceleration of the system of 10mm/s2, that the centre of gravity of the 
payload is in the middle of the box and its mass is 15 kg, L can be calculated for each 
axis. The Z axis is on the extreme left or right position on the Y axis and the payload is 
at its highest position on the Z axis. 
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 T (maximum 
permissible load) 

ERICA z 
axis 

0.25 

ERICA y 
axis 

0.33 

ERICA x 
axis 

0.39 

Table 4: L quantities depending on the axes 

L is always below 1. The actuators are well dimensioned for this application. 
 
The motor is a SMH60 servomotor with an absolute multiturn encoder and a planetary 
gear (10:1). Figure 5-8 illustrates it. The input supply is 1/3 x 230 VAC [7]. The motor 
is installed on one axis. For the Z axis, this motor is also equipped with a brake. It allows 
the carriage to keep its position if the power is shut down.  
 

 
Figure 5-8: SMH60 motor from Parker 

The size of the motor is 100 mm for a mass of 1kg. A small remark here consists in 
saying that if this motor is used on the gimbal (because it is preferable that all the 
motors are the same), the structure of the gimbal must be very strong and have a big 
volume. The size and the weight of the gear box are not even considered here. 

5.2.5.2 The control of the ERICA [8] 

There is one driver per motor. The servo drivers have the reference 
PSD1SW1300B1100000. The input supply is 1/3 x 230 VAC. The cycle of time is 500 
µs. The driver is connected to the controller through a EtherCAT cable. All the 6 servo 
drivers are connected to the controller. The controller has the reference PAC320-
MWN21-3A. The controller is linked to a computer via an Ethernet TCP/IP cable. The 
controller is led by the software Parker Automation Manager (PAM) run by a computer. 
The programming language is IEC61131-3.  
Figure 5-9 shows how the network is displayed. Added to it, there is a power supply to 
provide the energy to the controller and the drives. 
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Figure 5-9: Hardware architecture of Parker’s concept 

5.2.5.3 The price 

The price is explained through the quotation received. 
X-as:  
1 PARKER linear unit type HMRS15B050-1500-0000000A2 included servomotor type 
SMH60 (with integrated absolute multiturn encoder)  
                [HMR]  : HMR-Series High Moment Rodless Linear Actuator  
                [S]          : Ballscrew Driven  
                [15]        : Profile Width = 150 mm  
                [B]          : Basic Profile with Ball Bearing Guide / IP20 without Cover  
                [05]        : 5mm Pitch Ballscrew (with plane drive shaft)  
                [0]          : Standard Carriage  
                [1500]   : Ordered Stroke Length = 1500 mm  
                [0]          : Without Home Sensor  
                [0]          : Without Limit Sensors  
                [0]          : Mounting Position of Limit Sensor - N/A (no sensors)  
                [00]        : Without Gearbox  
                [A2]       : Mounting Kit for Motor Types - SMx60-8/11, MH56-5/11, NX2  
Y-as:  
1 PARKER linear unit type HMRS11R050-1000-0000000A2 included servomotor type 
SMH60 (with integrated absolute multiturn encoder)  
                [HMR]  : HMR-Series High Moment Rodless Linear Actuator  
                [S]          : Ballscrew Driven  
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                [11]        : Profile Width = 110 mm  
                [R]          : Reinforced Profile with Ball Bearing Guide / IP20 without Cover  
                [05]        : 5mm Pitch Ballscrew (with plane drive shaft)  
                [0]          : Standard Carriage  
                [1000]   : Ordered Stroke Length = 1000mm  
                [0]          : Without Home Sensor  
                [0]          : Without Limit Sensors  
                [0]          : Mounting Position of Limit Sensor - N/A (no sensors)  
                [00]        : Without Gearbox  
                [A2]       : Mounting Kit for Motor Types - SMx60-8/11, MH56-5/11, NX2  
Z-as:  
1 PARKER linear unit type HMRS11R050-1000-0000000A2 included servomotor type 
SMHA60 (with integrated failsafe brake and absolute multiturn encoder)  
                [HMR]  : HMR-Series High Moment Rodless Linear Actuator  
                [S]          : Ballscrew Driven  
                [11]        : Profile Width = 110 mm  
                [R]          : Reinforced Profile with Ball Bearing Guide / IP20 without Cover  
                [05]        : 5mm Pitch Ballscrew (with plane drive shaft)  
                [0]          : Standard Carriage  
                [1000]   : Ordered Stroke Length = 1000mm  
                [0]          : Without Home Sensor  
                [0]          : Without Limit Sensors  
                [0]          : Mounting Position of Limit Sensor - N/A (no sensors)  
                [00]        : Without Gearbox  
                [A2]       : Mounting Kit for Motor Types - SMx60-8/11, MH56-5/11, NX2  
1 Controller/driver module type ACS  CMba3A04E3N400WNNNNN  
Type, Basic Performance  
Number of built-in drives (85Vac-265Vac)           3  
Current rating of built-in drives (cont/peak)      5/10A  
Total number of feedback channels       4  
Absolute encoders type              EnDAT  
Number of Absolute encoders interface             3  
3 Powercable 5 m 
3 Feedback cable 5 m  
 
What is important to notice is that the total price is EUR 16 500 with only three motors. 

5.2.5.4 Conclusion 

The Parker (VarioDrive) design gives a precise idea of what it can be expected from a 
company. But there are several problems: 
 

 This design is too expensive and the ERICA is far from being complete 

 This design takes too much place (2.5 x 1.5 x 1.8 m3) 

 The controller is not needed and cannot be taken off according to VarioDrive 

 The voltage demanded for the motors and drivers is very high 
 

After this set of negotiations, this design gives a more precised idea of what it can be 
expected. But there are too many problems so that the design must be more elaborated. 
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5.3 Presentation of concepts 

A more elaborated concept must be established. It should not have the problems found 
in 5.2.5.4. 

5.3.1 A gantry with lenses and mirrors 

The previous design took too much space. In order to reduce the working area, an 
optical system has been imagined. 

5.3.1.1 Presentation of the idea 

The ERICA must be able to move the target in 6DoF and has to be quite small. In the 
gantry concept, the ERICA was very long and high. The idea here is to trick the camera 
in order to make the target smaller without a long distance. A basic telescope has been 
imagined as shown in Figure 5-10. The telescope is composed of two lenses. The first 
one is a convergent lens and the second a divergent one.  By increasing the distance 
between the two lenses, the size of the image from the second lens can become smaller. 
That would replace the translation on the x axis. Here a sketch of the system. The green 
arrow represents the target and the black one its image through the black lens.  

 
Figure 5-10: Lenses notations 

The three rotations are ensured by a gimbal. The problem is now to provide two more 
translations (y and z axis). The target cannot be moved in front of the lenses because 
Gauss conditions would not be respected anymore (thin lenses and rays concentrated 
in the middle of the lenses). So, it has to be achieved after the system of lenses with two 
mirrors. Figure 5-11 fully describes the system.The rotations of the mirrors translate 
the final image. 
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Figure 5-11: Description of the lenses + mirrors idea 

The final problem, is that the position of the image of the second lens changes 
depending on the distance between the first two lenses. Changing the position of the 
image has an impact on its size for the camera. To prevent this phenomenon from 
happening, a third lens able to move on the x axe follows the image and projects it to 
the infinite. It means that the position of the focal point coincides with the position of 
the image through the second lens. There are seven actuators in this system : 5 
rotations, 2 translations. 
 

5.3.1.2 Theory 

In order to be able to use lenses, it is essential to know the location and size of the 
generated image. Figure 5-12 shows how to build an image with a convergent lens. With 
a divergent lens, everything is the same except that F’ and F are switched. 

 
Figure 5-12: Theory about rays through a lens 

To get the position of the image, the conjugation relation is used. 

𝑂𝐴̅̅ ̅̅ ′ =
𝑂𝐹′̅̅ ̅̅ ̅ x 𝑂𝐴̅̅ ̅̅

𝑂𝐹′̅̅ ̅̅ ̅ + 𝑂𝐴̅̅ ̅̅
 

( 5-3 ) 

For the size, a simple Thales relation works. 



     

Degree Project in Space Technology     

 

 

 

24 
 

𝐴′𝐵′̅̅ ̅̅ ̅̅

𝐴𝐵̅̅ ̅̅
=

𝑂𝐹′̅̅ ̅̅ ̅

𝑂𝐹̅̅ ̅̅
 

( 5-4 ) 

So after the first lens, the first image is generated. To have the second image, the first 
image becomes the objet for the second lens and the calculations can be repeated. 

5.3.1.3 Results 

Studying only the lenses system, the following relation comes up. 

𝑂2𝐴2
̅̅ ̅̅ ̅̅ ̅ =

𝑓2̅(𝑂2𝑂1
̅̅ ̅̅ ̅̅ ̅ +

𝑓1̅𝑂1𝐴̅̅ ̅̅ ̅

𝑓1̅ + 𝑂1𝐴̅̅ ̅̅ ̅)

𝑓2̅ + 𝑂2𝑂1
̅̅ ̅̅ ̅̅ ̅ +

𝑓1̅𝑂1𝐴̅̅ ̅̅ ̅

𝑓1̅ + 𝑂1𝐴̅̅ ̅̅ ̅

 

( 5-5 ) 

𝐴2𝐵2
̅̅ ̅̅ ̅̅ ̅ =

𝑓2̅
𝑓1̅𝐴𝐵̅̅ ̅̅

𝑓1̅ + 𝑂1𝐴̅̅ ̅̅ ̅

𝑓2̅ + 𝑂2𝑂1
̅̅ ̅̅ ̅̅ ̅ +

𝑓1̅𝑂1𝐴̅̅ ̅̅ ̅

𝑓1̅ + 𝑂1𝐴̅̅ ̅̅ ̅

 

( 5-6 ) 

Where 
𝑂1 is the centre of the first lens 
𝑂2 is the centre of the second lens 
𝐴2is the image of 𝐴 through the two lenses 
𝐵2is the image of 𝐵 through the two lenses 
𝑓1 is the focal length of the first lens 
𝑓2 is the focal length of the second lens 
 
Implementing that in python gives Figure 5-13 where 𝛥 is 𝑂1𝑂2

̅̅ ̅̅ ̅̅ ̅ and 𝑥 = 𝐴𝐹̅̅ ̅̅  
Beta, yaw and roll are the three angles that represent the three rotations 
 

 
Figure 5-13: Image of the target seen through the optical system 
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The three squares represent the three circles of the target. 
 

 
Figure 5-14: Position of the lenses and images on the optical axe 

The 4 parameters which influence the performance of the system are 𝛥, 𝑥, 𝑓2𝑎𝑛𝑑 𝑓1 . This 
gives the positions of the lenses as shown in Figure 5-14. They need to be determined. 
But the first results state that the target must be far from the first lens (𝑥 > 0.5m ) in 
order to obtain approximately ( [2]) three identical circles. Otherwise, the circle in the 
middle is far bigger than the other one. 

5.3.1.4 The accuracy on the x translation 

From the relations seen before, 𝛥 can be deduced. 

𝑂1𝑂2
̅̅ ̅̅ ̅̅ ̅ = 𝑓2 −

𝑓1(𝑓1 + 𝑥)

𝑥
−

𝑓2𝑓1
𝑥

∗ 𝛾 

( 5-7 ) 

where 
𝑥 = 𝐴𝐹̅̅ ̅̅  

𝛾 the magnification 
𝐴2𝐵2̅̅ ̅̅ ̅̅ ̅

𝐴𝐵̅̅ ̅̅
 

The accuracy of our system is 0.5 mm.  The magnification of the camera is: 

|𝛾𝑐| = |
𝑓𝑐
𝑥𝑐

| 

( 5-8 ) 

where  
𝛾𝑐 is the magnification of the camera 
𝑓𝑐  is the focal length of the optical system of the camera 
𝑥𝑐 is the distance between the target and the camera 
Then the difference of magnification for a different of distance in front the camera is 
deduced. 

|𝛥𝛾𝑐| = |𝛾𝑐(𝑥𝑐 + 𝛥𝑥) − 𝛾𝑐(𝑥𝑐)| = |𝑓𝑐
𝛥𝑥

𝑥𝑐(𝑥𝑐 + 𝛥𝑥)
| 

( 5-9 ) 
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The lens system must be able to have the same performance. 
Or  

|𝛥𝑂1𝑂2
̅̅ ̅̅ ̅̅ ̅| = |

𝑓2𝑓1
𝑥

𝛥𝛾𝑐| → |𝛥𝛥| = |
𝑓2𝑓1
𝑥

𝑓𝑐
𝛥𝑥

𝑥𝑐(𝑥𝑐 + 𝛥𝑥)
| 

( 5-10 ) 

It is easy to notice that the accuracy of 𝛥 decreases with 𝑥𝑐. So it reaches its minimum 
for 𝑥𝑐 = 1.5m. With some rough parameters min(𝛥𝑂1𝑂2

̅̅ ̅̅ ̅̅ ̅) = 10−7m. The minimum 
accuracy reachable by our suppliers is 0.05mm. This concept cannot be done. 

5.3.2 An improved gantry system with a gimbal 

Improving the concept of the previous gantry is then envisaged. 

5.3.2.1 A smaller gantry 

By running some operations, it has been discovered that the ERA works by translating 
itself axis by axis. So, the ERA brings the target on the axe of the CLU and then brings 
it closer to the EE. It means that the working area does not depend only on the CLU and 
is slightly reduced. Figure 5-15 shows the look of the real working area. 

 

Figure 5-15: Working area of the EE in the proximity mode 

   

Before the proximity mode is used, there is the free mode. The free mode has the 
responsibility to bring the target in the axe of the lens system of the CLU at maximum 
1.5 m. But running several operations, it has been observed that the proximity mode 
starts in a range of +/-10mm for the Y and Z axis. But, once the EE grabs a payload, the 
target on the payload is not used anymore and the CLU looks for another target. In this 
configuration, there is an offset of +150 mm on the Z axis and 500 mm on the X axis. 
To sum it up, the useful working area is 2000 x 200 x 350 mm3 [2]. 

5.3.2.2 A cheaper gantry 

The concept proposed by VarioDrive is very expensive. The ideas to reduce the price 
are: 

 Taking out the controller 
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 Using smaller motors 

 Using several suppliers and assembling everything by ourselves 

5.3.2.2.1   Choice of new suppliers 

 

From the last meetings with the companies, only LinMotion proposed a system without 
any motors. Plus, their system has the advantage to be very cheap. For the motors, 
Maxon has been contacted and proposes very small and light motors (200 g for a length 
below 100 mm with the gear box). It means that it would be easy to install them on the 
gimbal. 

5.3.2.2.2 The new quotation of a gantry by LinMotion [6] 

The new quotation is presented by the Table 5. 
 

Linear axis LME060-
SHS20-320-1600H 

 €  1583  1  €        1583  X axis with 
motor 

Linear axis 
LME060ST-SHS20-
320-1600H 

 €  1290  1  €        1290  X axis without 
motor 

Limit switches *2  €     124 6  €          744  Sensors 

Fastening strips  €        10 20  €           200  Adapters 

Connection 
LME60/LME60 

 €       80 2  €            160  X Y connectors 

Linear axis LME060-
SHW27-320-400H 

 €  1202  2  €    2404  Y and Z axis 

Table 5: LinMotion’s quotation 

The total is 6385 euros. 
 
The rest is presented in the appendix 8.2. The total size of the ERICA would be 3500 x 
1200 x 1400 mm3. What is important to notice is that the maximum peak torque that 
must deliver the motor is 2.931 Nm on the Z axis. The second highest torque is on the 
X axis: 2.094 Nm. The design imagined is close to the one proposed in Figure 5-16. 
Instead of having only one X axis, two are envisaged where only one would support a 
motor. It means that the second one is not an actuator. 
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Figure 5-16: LinMotion’s design 

The other big change is that the gimbal is estimated to weight 5 kg maximum. It is 
justified because the motors could weight 0.2 kg. Considering a structure made of 
aluminium, the total maximum weight should be around 2 kg. The T value (permissible 
load) for every axis can be calculated. 
 

 T  

ERICA z axis 0.10 

ERICA y axis 0.25 

ERICA x axis 0.037 
Table 6: T quantities on the LinMotion design 

All of the T are below one according to Table 6. Then, the Maxon motors can be chosen. 

5.3.2.2.3 Choice of the right motors [3] 

First the requirements must be stated. For the gimbal, the peak torque is calculated so 
that the motor should be able to turn 1 kg at a distance of 0.4 m. The range of speed 
comes from the requirements of the ERICA as well as the accuracy position. For the 
gantry system, a brake is at least needed for the Z axis. The rest has been calculated by 
LinMotion to respect the speed range of 30 mm/s and 20 mrad/s for an accuracy of 0.5 
mm. 
 
Gimbal: 
Peak torque 0.4 Nm 
Min. Speed 0.8 mrad/s = 0.00764 rpm 
Max. Speed 20 mrad/s = 0.191 rpm 
Position accuracy 0.1 degree (on the front of the gearbox). 
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Gantry system: 
Brake 
Peak torque Z axis 2.931 Nm 
Peak torque X axis 2.094 Nm 
Min Speed=0.00492 rpm 
Max. Speed = 0.059 rpm 
Peak Speed = 10.588 rpm 
Position accuracy 0.4 degree (on the front of the gearbox). 
 

The method to choose the motors 
The method consists in, first, finding the highest gear ratio so that a gear box can be 
chosen.  

𝑁𝑚𝑎𝑥 

𝑁𝑜𝑢𝑡 
= i𝑚𝑎𝑥 

( 5-11 ) 

Where  
𝑁𝑚𝑎𝑥 is the maximum speed of the gear box (rpm) 
𝑁𝑜𝑢𝑡 is the maximum output speed needed (rpm) 
i𝑚𝑎𝑥 is the maximum gear ratio 

 
The gear box can be selected knowing that its gear ratio must be below  η𝑚𝑎𝑥 and its 
maximum continuous torque above the peak torque of the system. 
 
Once the gear box is known, the motor is selected by finding the maximum torque that 
it must provide to the gear box. 

𝐶𝑝𝑒𝑎𝑘

i𝑔𝑒𝑎𝑟  η
= 𝐶𝑚𝑜𝑡 

( 5-12 ) 

where 
𝐶𝑝𝑒𝑎𝑘 is the peak torque of the system (Nm) 

i𝑔𝑒𝑎𝑟 is the gear ratio of the selected gear box 

η is the efficiency of the gear box 
𝐶𝑚𝑜𝑡 is the maximum torque that the motor can provide (Nm) 
 
For the motor, a brushless motor would be preferable. The system will often maintain 
the motors in the same position. Such utilisation would damage a brushed motor. The 
motor must have the same diameter as the gear box previously selected. Its nominal 
torque must respect this relation: 𝐶𝑛𝑜𝑚 > 𝐶𝑚𝑜𝑡 . For the case of the Z axis, the motor 
must be able to receive a brake on it. 
 
To find the driver, the maximum power demanded by the motor must be calculated. 
 

𝐶𝑚𝑜𝑡𝑁𝑜𝑢𝑡 𝜋/30 = 𝑃𝑚𝑜𝑡 
( 5-13 ) 

 
Where 
𝑃𝑚𝑜𝑡is the maximum power asked by the motor (W) 
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The last point is to find the power supply for the motor. The current and voltage are 
calculated. 

𝐶𝑚𝑜𝑡

𝐶𝑐 
= I 

( 5-14 ) 

 
𝑁𝑜𝑢𝑡 i𝑔𝑒𝑎𝑟

𝑁𝑐
= 𝑉𝑠 

( 5-15 ) 

 
𝐶𝑚𝑜𝑡 𝑁𝐶𝑔

𝑁𝑐
= 𝑉𝑐 

( 5-16 ) 

 
𝑉𝑠 + 𝑉𝑐 = 𝑉𝑡𝑜𝑡 

( 5-17 ) 

 
Where 
𝐶𝑐 is the torque constant of the motor (Nm/A) 
𝑁𝑐 is the speed constant of the motor (rpm/V) 
𝑁𝐶𝑔 is the speed/torque gradient (rpm/Nm) 

I is the current (A) 
𝑉𝑠 is the voltage for the speed (V) 
𝑉𝑐 is the voltage for the torque (V) 
𝑉𝑡𝑜𝑡 is the total voltage (V) 
 
The 3 options 
Three options are then available: six same motors, 3 same motors for the gantry and 
three same motors for the gimbal and 1 motor for the Z axis and 5 same motors. 
 

 Option 1: six same motors 

o Gantry system 

The axis that needs the highest torque is the Z axis.  The motor for the gantry system 
would work for the gimbal. The first parameter to take into account is the highest speed. 
With it, the highest gear ratio can be deduced. 
 

i𝑚𝑎𝑥1 = 756 
 
The gear box must be able to deliver 2.931 Nm which is the maximal torque. The Maxon 
product 166955 Gp32C fits. It has a gear ratio of 531:1 (331776/625) for an efficiency of 
60%. The maximal torque that must furnish the motor is then 18.23 Nm. 
 

𝐶𝑚𝑜𝑡1 = 9.22 mNm  
 
With the same kind of diameter (32 mm), the smaller motor with a brake is the 272768 
Ecmax30  40W 24V. Its nominal torque is 33.8 mNm. It is far more needed. To find the 
driver, the maximum power demanded by the motor must be calculated. 
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𝑃𝑚𝑜𝑡1 = 3.25 W  

 
In that case, the 390003 EPOS2 24/2 is enough. This is the smaller driver. Now, the 
features of the power supply must be calculated. 
 

𝐼1 = 0.379 A  
𝑉𝑠1 = 14.28 V 
𝑉𝑐1 = 1.39 V  

𝑉𝑡𝑜𝑡1 = 15.66 V  
 
The power supply 24V/1A is enough. 
 

o Gimbal 

The calculation is the same but here the motor is already known. It is just important to 
know what would be the maximal torque, the current and the voltage necessary for this 
torque. 
 

𝐶𝑚𝑜𝑡1𝑔𝑖𝑚𝑏𝑎𝑙 = 1.26 mNm  

𝐼1𝑔𝑖𝑚𝑏𝑎𝑙 = 0.0395 A  

𝑉𝑡𝑜𝑡1𝑔𝑖𝑚𝑏𝑎𝑙 = 0.447 V 

 
It can be seen that for this case, the motor is over dimensioned for the gimbal and for 
every axis of the gantry system. The motor weights 0.19 kg and its gear box 0.22 kg for 
a total length of 148.4 mm. The total weigh is estimated at 0.45 kg with the brake and 
the encoder. 
 

 Option2:  Three same motors for the gantry and three same motors for the 
gimbal 

For the gantry system, the set of elements described before will be used. But this motor 
is over dimensioned for the gimbal. Let us find an optimal one for the gimbal. 
 
  

i𝑚𝑎𝑥2 = 62827 
 
The highest gear ratio is 62827. Basically, it means that we do not have any limitations. 
The gear box must just be able to provide the 0.4 Nm (max torque). The gear box 
409316 Gp16c 0.6 Nm with a gear ratio of 4592:1 (14348907/3125) is chosen. 
 

𝐶𝑚𝑜𝑡2 = 0.1477 mNm 
 
With the same diameter, the motor 283825 Ecmax16 5 W 12 V fits. This is the smallest 
Ec motor. Then, the maximum power needed is deduced. 
 

𝑃𝑚𝑜𝑡2 = 8.00 mW  
 
In that case, the 390003 EPOS2 24/2 is enough. Now, the features of the power supply 
must be calculated. 
 

𝐼2 = 0.312 A 
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𝑉𝑡𝑜𝑡2 = 2.25 V  
 
In term of potentials and currents, the power supply 24V/1A is enough. The difference 
with the Ecmax30 set is made regarding the weight. The Ecmax16 5 W 12 V set weights 
100g and its total length is 65.3 mm. 
 

 Option3: 1 motors for the Z axis and 5 same motors 
o For the gantry 

The motor for the Z axis would be the Ecmax30 set presented in the first solution. Then 
considering the remaining actuators, the highest torque is 2.094 Nm for the X axis. 
 

I𝑚𝑎𝑥3 = 62827 
 
The highest gear ratio is 62827. Basically, it means that we don’t have any limitations. 
The gear box must just be able to provide the 2.094 Nm (max torque). The gear box 
GP22HP with a gear ratio of 850:1 (531441/625) is chosen. 
 

𝐶𝑚𝑜𝑡3 = 5.03 mNm  
 
With the same diameter, the motor Ecmax22 fits. Then, the maximum power needed is 
deduced.  
 

𝑃𝑚𝑜𝑡3 = 2.32 W  
 
In that case, the 390003 EPOS2 24/2 is enough. Now, the features of the power supply 
must be calculated. 
 

𝐼3 = 1.04 A  
𝑉𝑡𝑜𝑡3 = 5.53 V  

o Gimbal 

Here the performances of this Ecmax22 motor for the gimbal. 
 

𝐶𝑚𝑜𝑡3𝑔𝑖𝑚𝑏𝑎𝑙 = 0.96 mNm  

𝐼3𝑔𝑖𝑚𝑏𝑎𝑙 = 0.200 A  

𝑉𝑡𝑜𝑡3𝑔𝑖𝑚𝑏𝑎𝑙 = 0.273 V 

 

The power supply 24V/2A is enough. It can be seen that for this case, the motor is over 
dimensioned for the gimbal. The motor weights 0.083 kg and its gear box 0.091 kg for 
a total length of 87.4 mm. The total weigh is estimated at 0.2 kg with the brake and the 
encoder. 
 
Comparison of the options 
Table 7 sums up the situation. 
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 weight of the set 
on gimbal (g) 

length of the 
set on the 

gimbal (mm) 

Number of 
types of 
motors 

 Price of 
the € 

Option 1 450 148.4 1 4491.66 

Option 2 100 65.3 2 4163.43 

Option 3 200 87.4 2 2828.39 
Table 7 : Motors summary 

The set is made by considering only the gearbox, the motor, the encoder and the brake 
when it is needed. The driver is not included in that calculation. 
 
The option 3 has the advantage to be the cheapest one with still a small weight and 
length. This set is selected. 
 
Adding the drivers and he necessary cables, according to Table 8, the total price is 
5473.31 euros. 
 

mmc EPOS2 24/2 
€     

345.18 
6 

€        
2,071.08 

Drivers 

mmc EPOS2 24/2 
motor cable 

€        
37.21 

6 
€            

223.26 
motor cable 

mmc EPOS signal 
Kabel (L 3m) 

€        
37.21 

6 
€            

223.26 
signal cable 

mmc EPOS2 USB 
type A-mini B cable 

€        
21.22 

6 
€            

127.32 
USB cable 

Table 8: Price of the driver elements 

5.3.2.3 The price of the LinMotion gantry with Maxon motors 

The total price for a gantry with 6 motors is 11,858.31 euros. The difference with the 
previous price, for the Parker design, is 4,641.69 euros and three motors.  

5.3.2.4 Design of the gimbal 

Now that the motors are known, the conception of the gimbal can start. 

5.3.2.4.1  Presentation 

The gimbal is the system of the ERICA that will provide the three rotations along the X, 
Y and Z axis. The gimbal is then composed 4 sub-systems, called 1, 2, 3 and 4. 4 is the 
sub system with the target and 1 is fixed to the gantry. The following figure describes its 
kinematic chain. A first picture (Figure 5-17) of how it must look like concretely is 
shown. 
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Figure 5-17: Gimbal’s kinematic chain 

The size of the target is known as well as for the motors. The material used to make the 
rest is aluminium. What is missing are the pieces needed and their dimensions. The 
design review lists all of the pieces needed to make the gimbal. There four pieces that 
need to be conceive by ourselves. The major hypothesis is to consider every piece made 
of straight beams as shown in Figure 5-18.  

 

Figure 5-18: Gimbal’s structure made of simple beams 

The colours allow us to make the distinction between the subsystems. Each sub-system 
is composed with several beams according to Table 9. 
 

Colours Sub-system Name of beams 

Green 4 4.1, 4.2 

Blue 3 3.1, 3.2, 3.3 

Red 2 2.1, 2.2 

Yellow 1 1.1 
Table 9 : Beams composing the sub-systems 

Each beam is described in Figure 5-19. 

The gimbal is tested in several positions. The displacements are calculated in 8 different 
positions at the end of each beam. The difference of elastic displacements must be 
below 0.5 mm or 0.0017 rad.  
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Figure 5-19: Situations computed 

A finite element method implemented in an optimisation algorithm is used to calculate 
the dimensions. 

5.3.2.4.2 The theory of the FEM 

The pieces are assimilated as beams as shown in Figure 5-20. The buckling is neglected 
since neither a or b are thin. The weight of the beam on itself in not considered. The 
beam is fixed at his edge and b is its height, a its thickness and L its length. The beam 
is made of aluminium with E=70000 MPa and ν=0.3. 

 

Figure 5-20: Description of a beam 
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This beam is now imagined composed with nodes so that the i-th element is composed 
of two nodes i and i-1. Those two nodes have 12 degrees of freedom: three forces and 
three moments per node. Two nodes are considered. The total vector of displacements 
is 𝑢 and 𝑄 is the total vector of loads. 
 
𝑢𝑒 = (𝑢𝑖−1, 𝑣𝑖−1, 𝑤𝑖−1, 𝜃𝑖−1, 𝜑𝑖−1, 𝛾𝑖−1, 𝑢𝑖 , 𝑣𝑖 , 𝑤𝑖, 𝜃𝑖 , 𝜑𝑖, 𝛾𝑖)

𝑡  is the displacements 
𝑄𝑒 = (𝑋𝑖−1, 𝑌𝑖−1, 𝑍𝑖−1,𝑀𝑋 𝑖−1, 𝑀𝑌 𝑖−1, 𝑀𝑍 𝑖−1, 𝑋𝑖, 𝑌𝑖, 𝑍𝑖 , 𝑀𝑋 𝑖, 𝑀𝑌 𝑖, 𝑀𝑍 𝑖)

𝑡 is the load vector 
 
where 
X is the load along the x axis (N) 
Y is the load along the y axis (N) 
Z is the load along the z axis (N) 
𝑀𝑋 is the moment along the x axis (Nm) 
𝑀𝑦 is the moment along the y axis (Nm) 

𝑀𝑧 is the moment along the z axis (Nm) 
u is the displacement along the x axis (m) 
v is the displacement along the y axis (m) 
w is the displacement along the x axis (m) 
𝜃 is the displacement angle along the x axis (rad) 
𝜑 is the displacement angle along the x axis (rad) 
𝛾 is the displacement angle along the x axis (rad) 
 
 
The stiffness matrix that links those vectors is 𝐾𝑒 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝐸 𝐴

𝐿
0 0 0 0 0

𝐸 𝐴

𝐿
0 0 0 0 0

0
12 𝐸 𝐼𝑧

𝐿3 0 0 0
6 𝐸 𝐼𝑧

𝐿2 0 −
12 𝐸 𝐼𝑧

𝐿3 0 0 0 −
6 𝐸 𝐼𝑧

𝐿2

0 0
12 𝐸 𝐼𝑦

𝐿3 0
−6 𝐸 𝐼𝑦

𝐿2 0 0 0 −
12 𝐸 𝐼𝑦

𝐿3 0 −
6 𝐸 𝐼𝑦

𝐿2 0

0 0 0
𝐺 𝐽

𝐿
0 0 0 0 0 −

𝐺 𝐽

𝐿
0 0

0 0
−6 𝐸 𝐼𝑦

𝐿2 0
4 𝐸 𝐼𝑦

𝐿
0 0 0

6 𝐸 𝐼𝑦

𝐿2 0
2 𝐸 𝐼𝑦

𝐿
0

0
6 𝐸 𝐼𝑧

𝐿2
0 0 0

4 𝐸 𝐼𝑧

𝐿
0 −

6 𝐸 𝐼𝑧

𝐿2
0 0 0

2 𝐸 𝐼𝑧

𝐿
𝐸 𝐴

𝐿
0 0 0 0 0

𝐸 𝐴

𝐿
0 0 0 0 0

0 −
12 𝐸 𝐼𝑧

𝐿3 0 0 0 −
6 𝐸 𝐼𝑧

𝐿2 0
12 𝐸 𝐼𝑧

𝐿3 0 0 0 −
6 𝐸 𝐼𝑧

𝐿2

0 0 −
12 𝐸 𝐼𝑦

𝐿3
0

6 𝐸 𝐼𝑦

𝐿2
0 0 0

12 𝐸 𝐼𝑦

𝐿3
0

6 𝐸 𝐼𝑦

𝐿2
0

0 0 0 −
𝐺 𝐽

𝐿
0 0 0 0 0

𝐺 𝐽

𝐿
0 0

0 0 −
6 𝐸 𝐼𝑦

𝐿2 0
2 𝐸 𝐼𝑦

𝐿
0 0 0

6 𝐸 𝐼𝑦

𝐿2 0
4 𝐸 𝐼𝑦

𝐿
0

0 −
6 𝐸 𝐼𝑧

𝐿2
0 0 0

2 𝐸 𝐼𝑧

𝐿
0 −

6 𝐸 𝐼𝑧

𝐿2
0 0 0

4 𝐸 𝐼𝑧

𝐿 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

( 5-18 ) 

Where 
E is the young modulus (Pa) 
𝐼𝑧is the inertia moment along the z axis(m4) 
𝐼𝑦is the inertia moment along the y axis(m4) 

G is the shear modulus (N/m2) 
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J is the torsional constant (m4) 
A is the cross section area (m4) 
L is the length of the beam (m) 
J is the mass moment of inertia (kg m) 
 
So that 

𝑄𝑒 = 𝐾𝑒 𝑢𝑒 
( 5-19 ) 

 
There is a stiffness matrix per pair of nodes. In order to consider more nodes, the 
stiffness matrix must be assembled as the following picture suggests it. The following 
figure explains how the assembly is made for three nodes.  

 
( 5-20 ) 

Where 
𝐾𝑒12 is the stiffness matrix for the node 1 and 2 
𝐾𝑒23 is the stiffness matrix for the node 2 and 3 
 
This operation is repeated as many times as there are nodes considered. Let us consider 
n nodes. The stiffness matrix composed of the other stiffness matrices (here 𝐾𝑒12, 
𝐾𝑒23,…, 𝐾𝑒 𝑛−1 𝑛)  is named K. There is same process for Q.  This is this equation that 
must be solved. 
 

𝑄 = 𝐾 𝑢 
( 5-21 ) 

Then, looking at this relation, it appears that, according to the boundary conditions for 
the first node, 𝑢1 = 𝑣1 = 𝑤1 = 𝜃1 = 𝜑1 = 𝛾1 = 0. All of the loads are known except the 
ones on the first node. The vector of the known loads is called 𝑄𝑠.  
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( 5-22 ) 

 
The previous equation can be simplified to: 
 

𝑄𝑠 = 𝐾𝑠 (𝑢2, … , 𝛾𝑛)𝑡 
( 5-23 ) 

 
and 
 

(𝑢2, … , 𝛾𝑛)𝑡 = 𝐾𝑠
−1𝑄𝑠 

( 5-24 ) 

 
This equation gives us all of the deformation of the beam depending on the loads 
applied to it [9].  

5.3.2.4.3 Optimisation of the dimensions  

In this problem, the limit deformations are known which is not the case of the 
dimensions of the gimbal’s beams. The maximum variation between two extreme 
positions must be below 0.5 mm or 0.0017 rad at the last node of the beam. This 
algorithm must be implemented with an optimisation code. The function fmin is used 
in python. In the gimbal’s beams, the lengths are known as well as the thickness or the 
height. The Table 10 describes it. The already known dimensions are either imposed by 
the geometry of the gimbal itself or by the size of the motors that must be able to be 
fixed on it. 
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Piece Length (mm) Height (mm) Thickness (mm) 

4.1 218 43 / 

4.2 53 43 / 

3.1 86 43 / 

3.2 125.5 43 / 

3.3 114.5 43 / 

2.1 105.5 / 5 

2.2 97.7 / 5 

1.1 180 / 5 
Table 10: Incomplete dimensions of the beams 

Depending on that an optimisation class have been coded. The function to minimise is  
 

𝑓(𝑎) = [
0.0005

𝑠
− |𝑢𝑛(𝑎)|]2 + [

0.0005

𝑠
− |𝑣𝑛(𝑎)|]2 + [

0.0005

𝑠
− |𝑤𝑛(𝑎)|]2 + 

[
0.0017

𝑠
− |𝜃𝑛(𝑎)|]2 + [

0.0017

𝑠
− |𝜑𝑛(𝑎)|]2 + [

0.0017

𝑠
− |𝛾𝑛(𝑎)|]2 

( 5-25 ) 

or 

𝑓(𝑏) = [
0.0005

𝑠
− |𝑢𝑛(𝑏)|]2 + [

0.0005

𝑠
− |𝑣𝑛(𝑏)|]2 + [

0.0005

𝑠
− |𝑤𝑛(𝑏)|]2 + 

[
0.0017

𝑠
− |𝜃𝑛(𝑏)|]2 + [

0.0017

𝑠
− |𝜑𝑛(𝑏)|]2 + [

0.0017

𝑠
− |𝛾𝑛(𝑏)|]2 

( 5-26 ) 

Where 
s is a coefficient 
 
With s=2 so that the variation is below 0.5 mm or 0.0017 rad. The structure of the 
algorithm is presented in Figure 5-21. 
 

 
Figure 5-21: Structure of the code calculating the dimensions of the gimbal 

where 
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le is the length of one element 
nelem is the number of elements 
ndof is the number of DOF 
q is the distributed load (N/m) 
qt is the distributed torque (Nm/m) 
 
The running file calculates every dimension for every beams depending on the position 
[10]. It starts with 4.2, because the features of the target are known. Then the maximum 
thickness or height is selected. The centre of gravity is found and the mass of the beam 
is known. The loads applied on the next piece can be deduced. The calculation goes 
respectively by 4.1, 4.2, 3.1, 3.2, 3.3, 2.1, 2.2 and 1.1.  
 

5.3.2.4.4 Results 

The results are presented in Table 11. 
 

Piece Length (mm) Height (mm) Thickness (mm) 

4.1 218 43 2.56 

4.2 53 43 0.875 

3.1 86 43 1.75 

3.2 125.5 43 1.69 

3.3 114.5 43 1.49 

2.1 105.5 5.12 5 

2.2 97.7 5.43 5 

1.1 180 5.68 5 
Table 11: Complete dimensions of the beams 

It can be seen that the calculated dimensions are small. Because of machining concerns, 
the dimensions will all be higher than the one calculated. The gimbal will be stiff enough 
to respect the requirements. 

5.4 The choice 

The Parker design proposed the gantry, with three motors, three drivers and one 
controller. The LinMotion and Maxon design includes a gantry, six motors and six 
drivers. The Parker concept costs 16500 euros when the LinMotion+Maxon one is at 
11,858.31.The LinMotion+Maxon concept is more complete and cheaper. This concept 
has been selected. 

6 Design review 

The design review section presents all of the mechanical parts of the ERICA. The 3D 
conception has been achieved on FreeCad [12]. 

6.1 Electronics design specification 

6.1.1 Motors  

The proposed solution requires two types of motors. Brushless EC-max 22 motor with 
GP 22 HP planetary gearhead and type M encoder have been selected to driver the 
gimbal, x and y axes. Combination is shown in Figure 6-1: Ecmax22 combination. 
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Figure 6-1: Ecmax22 combination 

A bigger motor, EC-max 30, with GP 32 C planetary gearhead, HEDL encoder and AB 
20 brake has been selected to run the Z axis. It requires both higher torque and a brake, 
which is impossible to mount on a smaller motor. Combination is shown in Figure 6-2. 

 

Figure 6-2. EC-max 30 combination 

6.1.2 Motor drivers 

To control the motors, the EPOS 24/2 digital positioning controller (Figure 6-3) has 
been chosen. It provides both speed and position control of the motor. Maxon Motor 
provides a C++ library for most of common operating systems to use it and a Windows 
configuration application. It is possible to automatically tune the motor’s PID regulator 
as well as to tune it manually. The driver has few digital outputs and inputs available 
with the functionalities of general purpose I/O, limit switches or brake. It can be 
connected to the computer via USB. The driver can be supplied 9-24 V and provides 
maximum current of 2 A. 

 

Figure 6-3. EPOS 24/2 positioning controller 

Unfortunately, the driver itself cannot provide enough current, for the brake to work, 
thus Z axis controller will be connected to a relay, which will control the brake on the 
motor. Every driver requires 6 additional terminal blocks with which it will be 
connected to the power supply, limit switches and, as for the Z axis, to the relay 
controlling the brake. 
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6.1.3 Computer 

The ERICA Main Computer is the main computing unit. To utilize this function, an Intel 
NUC computer, shown in Figure 6-4, has been chosen. It was chosen due to its high 
computational capabilities associated with low cost. The computer is powered by a 
separate power supply, so its operations are not interrupted when power is cut from the 
motors. 

 

Figure 6-4. Intel NUC5PGYH 

6.1.4 USB hub 

Motor Drivers will be connected via an industrial 7-Port USB2.0 hub (Figure 6-5). 

 

Figure 6-5. Selected USB hub. 

6.1.5 Limit switches 

The limit switches were chosen with the advice of LinMotion. Though the company 
furnishes us them. They are 2 sensors per actuator. Which means that a total of 12 
sensors is needed. They are PNP NC inductive sensors. Their goal is to detect the end 
of the stroke on both sides for every actuators. Figure 6-6 shows the special mount 
provided by LinMotion. They can operate within 10-35 V. 

 

Figure 6-6. Limit switch provided by LinMotion 

 

6.1.6 Emergency switches 

If an Emergency Switch is pressed, it disconnects Motors and Motor Drivers from 
supply voltage and turns on brakes on Motors, causing ERICA to stop. Two simple, off-
the-shelf switches will be used. One will be a stand-alone device placed on the operator’s 



     

Degree Project in Space Technology     

 

 

 

43 
 

desk (Figure 6-7 left). The second one will be embedded in the protective casing of 
ERICA (Figure 6-7 right).  

                  

Figure 6-7. Emergency switches 

6.1.7 Power supply 

The component, shown in Figure 6-8, provides power for the motors. A 24 V power 
supply, with output current of 2.5 A has been chosen. As shown in section 5.3.2.2.3 
Choice of the right motors, the total power consumption by the motors will be 14.85 W.  

 

Figure 6-8. Power supply 

6.1.8 Wiring 

The length of the motor cables must be below 3 m. It means that the drivers must be 
installed next to the actuators. Though, an energy chain, Figure 6-9, is needed in order 
to bring the USB and power supply cables to the drivers. 

 
Figure 6-9: 3D conception of the e-chain 

To link the drivers and the power supply to the motors, terminal blocks are necessary. 
48 terminals blocks are required. 
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6.1.9 The relay 

The motor of the Z axis on the gantry system has a brake. The relay ensures the link 
between the driver, the power supply and the brake so that when the power is shut 
down, the brake works. 

6.1.10 Electronic schematic 

The electric schematic, shown in Figure 6-10, links all of the elements introduced 
before. 
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Figure 6-10: Electric schematic 
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6.2 Mechanical design specification 

6.2.1 Overview of the system 

Its components are: 

 Gantry System, 

 Gimbal, 

 Support for the CLU, 

 Protective enclosure. 

The Gantry System (GS) allows the Target to move in translation motion, the Gimbal is 
mounted on the last link of the GS and adds 3 rotational degrees of freedom to the 
system. The protective enclosure is also a frame on which the GS with the Gimbal, the 
CLU and additional electronics are mounted together. 

6.2.2 The Gantry System 

The Gantry System is provided by LinMotion with additional parts which are to be 
manufactured. An overview drawing is presented in Figure 6-11. 

 

Figure 6-11. Gantry System overview 

Below there is a detailed description of linear actuators used. Such configuration is 
needed due to working envelope requirements.  

6.2.2.1 The X axis 

The X axis is composed of one linear axis (LME060-SHS20-320-2100H-000/000), 
one linear axis (LME060ST-SHS20-320-2100H), two limit switches (PNP NC) and 20 
Fastening strips (LME060). 
Linear axis LME060-SHS20-320-2100H-000/000: 

 Profile: The linear axis has an aluminium 60 x 60 mm2 profile. 
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 Guiding: The guidance takes place by an outer linear ball rail type SHS20 with 2 
runners with caged ball technology. The runners have inner-, side- and endseals. 
At both sides of the table section, a grease nipple for lubrication is mounted. 

 Drive system: The movement takes place by a belt type 32-HTD5M. 

 Technical details:  

o total length : 2590 mm, 

o stroke length (incl. safety) : 2100 mm, 

o table length : 320 mm, 

o allowable dyn. working load : 850 N.  

Linear axis LME060ST-SHS20-320-2100H: 

 Profile: The linear axis has an aluminium 60 x 60 mm2 profile. 

 Guiding: The guidance takes place by an outer linear ball rail type SHS20 with 2 
runners with caged ball technology. The runners have inner-, side- and endseals. 
At both sides of the table section, a grease nipple for lubrication is mounted. 

 Drive system: No drive system. 

 Technical details:  

o total length : 2590 mm, 

o stroke length (incl. safety) : 2100 mm, 

o table length : 320 mm, 

6.2.2.2 The Y axis 

The Y axis is composed of one linear actuator (LME060-SHW27-320-400H-000/000) 
and two limit switches (PNP NC) . 
 
LME060-SHW27-320-400H-000/000: 

 Profile: The linear axis has an aluminium 60 x 60 mm2 profile. 

 Guiding: The guidance takes place by an outer linear ball rail type SHW27 with 
2 runners with caged ball technology. The runners have inner-, side- and 
endseals. At both sides of the table section, a grease nipple for lubrication is 
mounted. 

 Drive system: The movement takes place by a belt type 32-HTD5M. 

 Technical details: 

o total length : 890 mm, 

o stroke length (incl. safety) : 400 mm, 

o table length : 320 mm, 

o allowable dyn. working load : 850 N. 

6.2.2.3 The Z axis 

The Z axis is composed with one linear actuator (LME060-SHW27-320-400H-
000/000) and two limit switches (PNP NC). 
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LME060-SHW27-320-400H-000/000: 

 Profile: The linear axis has an aluminium 60 x 60 mm2 profile. 

 Guiding: The guidance takes place by an outer linear ball rail type SHW27 with 
2 runners with caged ball technology. The runners have inner-, side- and 
endseals. At both sides of the table section, a grease nipple for lubrication is 
mounted. 

 Drive system: The movement takes place by a belt type 32-HTD5M. 

 Technical details:  

o total length : 890 mm, 

o stroke length (incl. safety) : 400 mm, 

o table length : 320 mm, 

o allowable dyn. working load : 850 N. 

6.2.2.4 Adapters 

There are three types of adapter: the one between each motor and the three axes, the 
one between the Z and Y axis and between the X and Y axis. LinMotion provides the 
portal connection LME60/LME60 between the X and Y. Below are presented technical 
descriptions of YZ adapters, motor adapters and driver adapters which are connected 
to motor adapters. 

The mechanical design of the two YZ adapters has been presented in Figure 6-12. 
Elements marked as A are the connectors to axis tables, B marks a connection to the Z 
axis, C is a connector for the energy chain and D is a small cut for the motor adapter. 
Those parts will be manufactured at ESTEC from aluminium.  

The design required two different types of motors, as described in section 5.3.2.2.3, 
which means two different axis adapters. They have been presented in Figure 6-13. 
Holes marked A are used to connect the adapter to the axis, B are used to connect the 
adapter to motor driver adapters. Holes C are used to connect the adapter to the motor. 
Holes D are used to tighten the coupler between the shaft which goes inside the axis 
and the motor shaft. Figure 6-14 presents drawings of the driver adapters. They connect 
to motor adapters with holes marked A and with a DIN rail holding the drivers with 
holes marked B. 
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Figure 6-12. YZ connector drawing 

 
Figure 6-13. Motor adapters drawing 
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Figure 6-14. Drawing of motor driver adapters 

6.2.2.5 Energy chains 

For each axis a suitable energy chain has been chosen to organize the cables. IGUS e-
chain 10.038.038.0 has been chosen with 2 polymer pivoting mounting brackets. It has 
a cross section of 38 x 18 mm2, which should be enough for required cables (up to 6 
USB cables and 12 power wires). The design requires three, separate energy chains for 
x, y and z axes. They are respectively 2,318 mm, 580 mm and 610 mm long, and consist 
of a total of 115 links. Energy chains have been shown in Figure 6-15. 

 

Figure 6-15. Energy chains 

Each energy chain requires a glider to support it. A general overview of the proposed 
glider for each axis has been shown in Figure 6-16. 
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Figure 6-16. Example glider drawing 

 

6.2.3 Gimbal 

The gimbal, shown in Figure 6-17, is the system of the ERICA that provides the three 
rotations along the X,Y and Z axis. It is composed of 4 subsystem. The Yaw subsystem 
ensures the rotation around the Z axis and is fixed to the gantry. Roll subsystem 
provides the X axis rotation and the Pitch subsystem provides Y axis rotation. The 
Target subsystem holds the Target. For each subsystem, there is a motor and a set of 
two sensors delivered by LinMotion. Kinematic chain of the system presented in Figure 
6-18, where 1 notes the Yaw subsystem, 2 is the Roll subsystem, 3 is the Pitch subsystem 
and 4 is the Target subsystem. 

The actuation is transmitted via a toothed belt. Both axis shafts and motor shafts have 
belt disks. A compatible belt has been chosen. Since the range is only ±20° or ±45°, the 
total linear distance travelled by the belt is less than 10 mm and 22 mm respectively. 
Thus, the belt can be cut, adjusted and reconnected with a simple coupler consisting of 
two metal plates (as shown in Figure 6-19). 
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Figure 6-17. The gimbal 
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Figure 6-18. Gimbal kinematic chain. 

 
Figure 6-19. Belt coupler 

6.2.3.1 Yaw subsystem 

This subsystem is composed of the support, 2 limit switches, 1 motor and 3 sets of 6 
terminal blocks, Motor Driver and DIN rail. 
 
The support will be made of aluminium and machined at ESTEC. Figure 6-21 shows the 
dimensions and Figure 6-20 its general shape. Point marked as A allows the energy 
chain to be fixed with the Z axis. B is the support for the DIN rails holding Motor Drivers 
for the gimbal. C is a plate screwed to the table of the Z axis. D and E mark the mounting 
spots for the motor and sensors respectively. G is the hole of the shaft.  
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Figure 6-20. Yaw subsystem 

 

Figure 6-21. Support of the yaw subsystem. 

6.2.3.2 Roll subsystem 

The roll subsystem makes the link between the rotation along the Z axis and the X axis. 
It is composed of the Z axis shaft set, the X axis shaft set, a set of 2 sensors and the roll 
subsystem support. 
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Figure 6-22. Roll subsystem. 

The Roll subsystem support, Figure 6-22, is made of aluminium and is machined at 
ESTEC. An overview drawing in presented in Figure 6-23. A is the hole for the Z axis 
shaft, B is a raised point, that will be detected by the limit switches on the Yaw 
subsystem to give information about the angular limits. C and F mark fixing points of 
the limit switches. D is the hole for the X axis shaft. E is the mechanical limit which 
limits the rotation of the Pitch subsystem. 
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Figure 6-23. Roll subsystem support 

The Z axis shaft makes the rotation between the sub-systems yaw and roll. According 
to Figure 6-24, it is composed of a steel shaft (D), 3 clamping rings (A, C, E), 2 plastic 
rings (B, F), 1 plastic bearing (G) and a belt disk (H). F, D and E are in contact with the 
Yaw subsystem support. G and B are in contact with the Pitch subsystem support. 
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Figure 6-24. Z axis shaft set. 

The Z axis shaft is a silver steel shaft Reely (Ø x L) 6 mm x 500 mm. It is machined to 
have the shape presented in Figure 6-25. 

 

Figure 6-25. Z axis shaft 

A is the surface where the belt disk is fixed. B is the key compatible to A in Figure 6-23. 
Translation movement is cancelled by a clamping ring.  
The plastic rings are IGUS TEN-06 polysorb disks. 

Plastic bearing makes the link between the two moving parts. IGUS iglidur® A181 
A181FM-0608-08 was chosen. 

The X axis shaft set is made with a shaft (F), two circlips (A,H), two plastic rings (D, C), 
two clamping rings (E, I), a plastic bearing (G) and one disk belt. Figure 6-26 shows the 
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disposition of the elements. D and G are in contact with the sub-system pitch. C, I and 
F are in contact with the sub-system roll support. B is in contact with the belt. The 
plastic and clamping rings as well as the plastic bearing and the disk belt are the same 
as the ones as used for the Z axis. 

 

Figure 6-26. X axis shaft set. 

The X axis shaft is a silver steel shaft Reely (Ø x L) 6 mm x 500 mm. It is machined to 
have the shape presented in Figure 6-27. A and C are places for movement limiting 
circlips. B is the surface compatible to D in Figure 6-23. 
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Figure 6-27. X axis shaft 

6.2.3.3 Pitch subsystem  

The Pitch subsystem is composed of 2 motor sets and the Pitch subsystem support. This 
support is shown in Figure 6-28. A and D are mechanical limit, which limit the rotation 
of the gimbal when no actuation is performed, e.g. when power is disconnected. B and 
F are elements that will be detected by the limit switches. E and C are the shafts’ holes. 
The part is made of aluminium and machined at ESTEC. 

 

Figure 6-28. Pitch sub-system support 
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6.2.3.4 Target subsystem 

The Target subsystem is composed of the target, the Y axis shaft set, two sensors and 
the Target subsystem support. Overview drawing has been presented in Figure 6-29. 

 

Figure 6-29. Target sub-system 

The Target sub-system support holds the target and is connected to the Y axis shaft set. 
According to Figure 6-30, A and B are the emplacements of the sensors. In E, there is 
the shaft and D is the mechanical limit. 

 

Figure 6-30. Target subsystem support 

The target has been provided by Airbus, its dimensions are presented in Figure 6-31.  
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Figure 6-31. The target 

The Y axis shaft set makes the link between the sub-system target and pitch supports. 
It is composed by one shaft (E ), one clamping ring (E), two plastic rings (C, D), three 
circlips (A, B, G), one plastic bearing (H) and one disk belt (I), according to Figure 6-32. 
The sub-system target support is placed between D, E and F. The sub-system pitch 
support is placed between H and C. 

 

Figure 6-32. Y axis shaft set 

The shaft is a silver steel shaft Reely (Ø x L) 6 mm x 500 mm. Drawing presented in 
Figure 6-33. The surface A is in contact with the sub-system target support while E is 
in contact with the disk belt. B, C and D are the emplacements of the circlips. 
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Figure 6-33. Y axis shaft 

6.2.4 The gantry system with the gimbal 

Mounted together, the gantry system and the gimbal, Figure 6-34, takes a volume of 
2148.5 x 970.1 x 1092 mm3.  

 
Figure 6-34: The gantry system with the gimbal 

This system provides the six degrees of freedom. The support of the CLU must be added 
as well as a protective frame. 

6.2.5 Additional parts 

This section provides a description of additional parts required to assembly ERICA. 

6.2.5.1 The support of the CLU 

The Camera and Lighting Unit (CLU) (Figure 6-35 left) is the camera that detects the 
position of the Target during ERA Proximity mode. CLU on the End Effector (EE) is 
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mounted on the CLU EE Interface (Figure 6-35 right). CLU will be fixed to ERICA’s 
frame via the same interface. There are four mounting holes with which the Interface is 
fixed to the End Effector. The same ones will be used to fix it to the frame of ERICA. 

 
Figure 6-35: CLU with EE Interface 

6.2.5.2 Protective enclosure 

ERICA must be equipped with an enclosure that protects the Operator from laser 
radiation of the CLU. The box is composed of a frame with plastic plates that isolate 
laser radiation. 
The frame is composed of extruded aluminium beams. Schematic drawing is shown in 
Figure 6-36. The Gantry System and the support of the CLU will be fixed respectively 
to additional beams marked as A and B. The plates will be fixed on the outside part of 
the frame (3D model presented in Figure 6-37). Those beams can be easily moved to 
adjust the distance between the gantry and the target. 
Full assembly of ERICA has been shown in Figure 6-38. 

 
Figure 6-36: Frame for the protective enclosure 
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Figure 6-37: 3D model of the frame with red plastic plates. Plastic plates set to 75% transparency to 

visualize the interior of the enclosure 

 
Figure 6-38: Full assembly of ERICA. Plastic plates set to 75% transparency to visualize the interior 

of the enclosure 

6.3 The total price 

The total price of the ERICA is 14,477.66 euros. The detail is presented in appendices 
8.2. 
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7 Conclusion 

The thesis aimed at making the mechanical conception of a six DoF system called 
ERICA. When the requirements have been written, the pre-conception part including 
the Gantt diagram and the software architecture have been done. This project lasts one 
year and the conception must be finished in February.  
 
Choosing the design has been a real challenge. Several options for example a Stewart 
platform were envisaged but a quotation of a gantry system was asked to the company 
Parker. They proposed a design with two principal problems. It was expensive and 
large.  Another solution with lenses and mirrors was imagined but it appeared that the 
precision, less than 1 µm of such system is not doable. By having more information 
about the ERA, the working envelope has been reduced and a solution with a smaller 
gantry by LinMotion with small motors from Maxon was selected. It has the advantage 
to be smaller and cheaper.  
 
Since ESTEC would machine the gimbal, its conception has been entire made without 
specialised companies. For that a code has been built to calculate its dimensions. It 
approximates the sub-systems of the gimbal as simple beams fixed at their edges. The 
code includes the variation of elastic deformations between extreme positions. The 
results show that the dimension missing for each beam is very small so that the only 
constraints were the positions of the motors, the sensors for example. 
 
Finally, the 3D conception of the ERICA is realised. It includes an electrical and a 
mechanical part. An electric schema is drawn to show all of the connections between 
the computer the USB HUB, the power supply, the drivers, the motors, the relay, the 
terminal blocks, the sensors and the emergency switches. All of that must be fixed on 
the mechanical gantry which is the principal part of the ERICA. The gimbal has been 
optimised so that it is as compact as possible. The CLU is placed thanks to a frame in 
front of the gantry. The frame is recovered with plates to protect the operators from the 
laser radiations of the CLU.  
 
The next part of the project is about conceiving the software that will control the motors 
and assembling all of the parts. Then the testing procedures will start and the 
documentation written. 
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8 Appendices 
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8.1 The Gantt diagram 
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8.2 The List of elements 

  I
D 

Part Price 
(€) 

No
. 
p
cs 

Total 
Cost 
(€) 

Description 

M
is

ce
ll

a
n

o
u

s 
p

a
rt

s 

1 Intel NUC NUC5PGYH 277.0
9  

1 277.09  ERICA Main 
Computer 

2 USB hub 63.99  1 63.99  USB hub to 
connecting EPOS 
drivers to PC 

3 Terminal block 1.19  48 57.12  Terminal block for 
connecting cables 

4 Emergency button 13.99  1 13.99  Emergency button 
placed on ERICA 

5 Receptable connector  0.35  10 3.50  Connectors to connect 
to the emergency 
button (2.8 mm 
blue) 

6 Emergency button 57.99  1 57.99  Emergency button 
placed on Operator's 
desk 

7 IEC socket with switch 24.99  1 24.99  Connector for motors' 
power 

8 IEC socket  6.99  1 6.99  Connector for PC 
power 

9 Receptable connector 0.53  6     3.18  Connectors to connect 
to the IEC socket (6.3 
mm red) 

1
0 

DIN AC socket 11.99  2 23.98  Internal AC sockets 
for connecting PC 
and USB hub power 

11 Ethernet socket 18.99  1 18.99  For connecting the 
internally mounted 
NUC with external 
Eth cable 

1
2 

Ethernet cable 4.89  1 4.89  For connecting the 
internally mounted 
NUC with external 
Eth cable 

1
3 

DIN rail 12.99  1 12.99  DIN rail to mount 
components on 

1
4 

DIN holders 5.99  6   35.94  DIN holders which 
connect components 
to the DIN rail 

1
5 

Casing 135.0
0  

1 135.00  Casing for the 
components 

1
6 

PSU 33.99  1   33.99  Power supply for the 
motors 

1
8 

Ferrules 0.14 mm2 2.99  1     2.99  For cable endings 100 
pcs 
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2
0 

Ferrules 0.75 mm2 1.29  1   1.29  For cable endings 100 
pcs 

2
1 

Energy chain 0.66  115  75.90  For holding the cables 
on the gantry, 
10.038.038.0 

2
2 

Energy chain mounting 
bracket 

2.66  3    7.98  For fixing the energy 
chain with gliders 
and axis tables, 
1038.34P 

2
3 

DIN relay socket  5.99  1     5.99  For holding the relay 
to power the brake 

2
4 

Relay    4.29  1     4.29  Relay for powering the 
brake 

2
5 

Aluminium clamping ring  6.99  3  20.97  clamping ring 

2
6 

Shaft 5.99  1  5.99  Silver steel shaft Reely 
(Ø x L) 6 mm x 500 
mm 

2
7 

Motor coupler 1.72  3 5.16  Aluminum Flexible 
Shaft Coupling 

2
8 

Plastic bearing -    1 -    iglidur® A181 
A181FM-0608-08 

2
9 

Circlips 3.09  1 3.09  Shaft retaining ring 
Reely Suitable for 
shaft diameter: 5 
mm 

3
0 

Polysorb - disc springs -    1 -    plastic plate D6.2 

3
1 

Disk belt 12.99  6 77.94  Aluminium Toothed 
belt disc Reely Bore 
diameter: 6 mm 
Diameter: 28 mm 
No. of teeth: 15 

3
2 

D shaft 34.32  3 102.96  20mm Shaft 32 
Hardened Rod 
Linear Motion 

3
3 

Belt   4.39  3 13.17  Flat toothed drive belt 
Reely Outside 
circumference: 330 
mm No. of teeth: 65 

3
4 

Coupler -    3 -    BKL 4.5 motor coupler 
with key 

3
5 

Motor supply wire black 0.39  30    11.70  1m black strand 0.75 
mm2 

3
6 

Motor supply wire red 0.39  30   11.70  1m red strand 0.75 
mm2 

3
7 

Wires for limit switches 17.99  1 17.99  25m, green, red, 
yellow strand 3 x 
0.14 mm2 
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3
8 

USB cables 27.99  6 167.94  5m USB cables to 
Motor Drivers       

  
      

M
o

to
r 

p
a

rt
s 

3
9 

ECmax30+AB20+HEDL55
40+GP32C 

938.0
9  

1 938.0
9  

Motor for the Z axis 

4
0 

EC-max22+GP22+enc 378.0
6  

5 1,890.
30  

Motor for the gimbal 
and the Y and X axis 

4
1 

mmc EPOS2 24/2 345.1
8  

6 2,071.
08  

Motor Drivers 

4
2 

mmc EPOS2 24/2 motor 
cable 

37.21  6 223.26  motor cable 

4
3 

mmc EPOS signal Kabel (L 
3m) 

  
37.21  

6 223.26  signal cable 

      

  
      

G
a

n
tr

y
 s

y
st

em
 

4
4 

Linear axis LME060-
SHS20-320-1600H 

1,823 1 1,823  X axis with motor 

4
5 

Linear axis LME060ST-
SHS20-320-1600H 

1,530 1 1,530  X axis without motor 

4
6 

Set of limit switches with 
axis connectors 

62.00  6 372.0
0  

sensors 

4
7 

Fastening strips 10.00  24 240 
 

4
8 

Connection 
LME60/LME60 

80.00  2 160.0
0  

X Y connectors 

4
9 

Linear axis LME060-
SHW27-320-400H 

1,202 2 2,404  Y and Z axis 

5
0 

Limit switches  32.00  3 96.00  
 

      

              

F
ra

m
e

 5
1 

Frame Item systems net 1,195 1.0 1,195 
 

      

        Tot
al 

14,477.
66  
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