
FH Aachen University of Applied Sciences

Department of Aerospace Engineering

Bachelor Thesis

Design, SpeciĄcation, and Implementation of the

Martian Moons Exploration RoverŠs Separation

Test

Ole Springer

Matriculation Number: 3115664

First Examiner: Prof. Dr.-Ing Bernd Dachwald

Second Examiner: Jan-Thimo Grundmann



Bibliographic Information

Author: Ole Springer

19.09.1996 in Hamburg

Title: Design, SpeciĄcation, and Implementation of the

Martian Moons Exploration RoverŠs Separation Test

Document type: Bachelor Thesis

Study course: Luft- und Raumfahrttechnik

Cooperation: UAS Aachen (FH Aachen)

Department of Aerospace Engineering

Institute for Space Systems

German Aerospace Center (DLR)

Institute for Space Systems

Bremen

Date of completion: July 1st, 2022

Keywords: MMX, ROVER, PHOBOS, MARS

JAXA, DLR, CNES, HDRM,

SEPARATION, TEST

I



Declaration of Independence

I hereby declare that I have written this thesis independently within the framework

of the usual care and have not used any sources or aids other than those indicated.

All text passages taken verbatim and in spirit from external sources have been

marked.

The work has not been submitted in the same or similar form to any other exami-

nation authority.

Bremen, 01.07.2022

Ole Springer

II



Acknowledgement

I would like to take this opportunity to thank Mr. Jan Thimo Grundmann. Not

only for the opportunity and the trust he has shown me from the beginning, but also

for the extensive support throughout my thesis. The meetings regarding the concept

and the implementation of the topic were very informative and of great beneĄt to

me.

Furthermore, I would like to thank all my colleagues at DLR, who have been unbe-

lievably open and helpful. The exchange with you was very inspiring and I learned

so much. Special thanks to Mr. Siebo Reershemius, whose experience in the Ąeld of

separation mechanisms was very helpful for this thesis.

III



Abstract

As part of the Martian Moons Exploration mission, the MMX rover will land on

the Martian moon Phobos. The rover has to be separated from the spacecraft to

touch down on the surface shortly afterwards. To validate the reliability of this

separation as well as to ensure that the requirements are fulĄlled, the separation

must be tested many times. To perform these tests cost- and time-effectively, the

single-use separation mechanisms were exchanged for reusable ones for the tests. To

actuate these mechanisms, an additional support structure had to be designed to

meet the demands. This thesis presents the concept for this support structure and

explains the exact adjustments that have to be made on the test subject as well

as on the existing test equipment. The required components for the structure were

selected and all necessary dimensioning was carried out. Additionally, the exact

test environment and the measuring instruments that will be used are described.

All scenarios to be tested were introduced and the possibility to test them was

considered in the concept. Unfortunately, a complete implementation of the concept

and the execution of the separation tests itself could not be realized and documented

in this thesis due to massive delays in the test schedule. Nevertheless, all possible

arrangements have been made to start the implementation of the support structure

and begin the separation tests as soon as external circumstances will allow.
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Scope of Work

This thesis deals with the separation tests of the MMX rover. For those tests a

reusable version of the separation mechanisms is used to keep the costs low. The

reason for this is the high number of separations required and the resulting lower

costs compared to disposable mechanisms. Therefore, a more complex test sup-

port structure is required, due to the altered type of triggering. The design will

be explained in more detail starting in Chapter 3. The elaboration of the different

scenarios to be tested is also part of the work. In addition to the normal separa-

tions, special cases are also simulated, which investigate possible impacts of partial

malfunction during the separation. Besides that, the documentation of the test pro-

cedure, the used instruments and description of the test environment is also part of

this thesis. The given requirements must be met and the possibility to reuse the

setup for later COR tests should be taken into account in the design.
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Introduction

1 Introduction

1.1 Mission

The Martian Moons Exploration (MMX) Mission by the Japanese Aerospace Ex-

ploration Agency (JAXA) will be launched to the Martian moons Phobos and

Deimos in September 2024. The goal is to better understand the moons, as there

are different theories about their origin. Launched by an H3-24L rocket which is

currently under development, the spacecraft with a total wet mass of about 4000 kg

will be sent onto a Hohmann-like transfer-orbit to Mars [1].

After a cruise of about eleven months the spacecraft will arrive at Mars in August

2025. During its three year stay the MMX spacecraft will primarily observe Phobos

and Deimos, but also the circum-Martian space as well as the atmosphere of Mars.

Another part of the MMX mission is the deployment of the MMX Rover, which

will be introduced in Chapter 1.2. The close observation of Phobos will also help

to determine possible landing sites. Subsequently, the spacecraft will land on two

different sites to take some samples from the surface. Afterwards, it will do mul-

tiple Ćybys of Deimos before leaving the Martian system, heading back to Earth,

where return of the spacecraft and its surface samples is expected in the year 2029 [1].

Figure 1: Mission proĄle of the MMX spacecraft [1].
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Introduction

Figure 2: The current design of MMX spacecraft.

From left to right, propulsion, exploration, and return modules (top).

On-orbit conĄguration (bottom). The size of a solar panel is 2.4 m×4.4 m

[1].

1.2 Rover

The french National Centre for Space Studies (CNES) and German Aerospace Cen-

ter (DLR) joined forces to contribute a rover to the MMX mission. Its total mass is

about 25 kg [2]. The box-shaped design is 310 mm in height, 375 mm in width, and

445 mm in length [3]. While CNES is responsible for providing the scientiĄc cameras

and the Service Module (SEM), DLRŠs part is to design, manufacture, integrate, and

test the roverŠs structure and provide two instruments; the Raman spectrometer in-

strument (RAX) and the thermal infrared radiometer (miniRad). The composite

parts of the structure are manufactured at DLRŠs Institute of Composite Structures

and Adaptive Systems in Braunschweig, Germany. Assembly, integration and test-

ing takes place at DLRŠs Institute of Space Systems in Bremen, Germany. DLRŠs

Institute of Robotics and Mechatronics in Wessling, Germany will provide the lo-

comotion including all four wheels, each located at the end of a leg. The legs are
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Introduction

pivoted at the rover and allow the rover to be lowered and tilted. Thus, the rover can

align the solar panels toward the sun as well as lower itself for surface experiments

of the RAX.

RAX is one of four instruments on board of the rover. To do scientiĄc research, the

legs will rotate, so the instrumentŠs distance to the surface will be decreased until

it is within its working distance. Then RAX will perform Raman spectroscopic

measurements to identify the mineralogy of PhobosŠ surface [2].

Another instrument is the NavCAM. Two cameras point in the direction of travel and

are arranged to provide a three-dimensional view. This view is important because

these cameras are used for autonomous navigation as well as taking images of the

landscape, which will help to better understand the surface materials composition.

The stereo camera setup will also provide vital data to determine the orientation of

the rover [3].

Besides the two cameras of NavCAM there will be another two called WheelCams.

One camera observing the left front wheel and one the left rear wheel. As the rover

moves, the interaction between wheel and surface material of Phobos can be studied

closely. This data will also provide additional knowledge about properties of the

regolith, which may reduce the MMX spacecraftŠs risk during landing and sample

collection [2].

The miniRad instrument is able to measure the surface brightness temperature and

determine thermal properties of the surface of Phobos. "The radiometer Ąeld of view

will be located within the Ąeld of view of the stereo navigation cameras (NavCams),

which will provide context for the brightness temperature measurements" [4].

Shutters are provided to protect the instruments from dust. They are preloaded by

a spring and swing open as soon as the retaining bolts are triggered. This action

takes place after the rover has landed, the wheels were extended and dust kicked up

by the landing has settled.
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Figure 3: MMX rover with deployed wheels and solar panels in the on-surface

conĄguration. Field of views of miniRad and Wheelcams are indicated in

yellow and red, respectively [5].

As shown in Figure 3, the rover has three solar panels in order to recharge the battery

and provide enough power for the scientiĄc actions during the planned mission

duration of at least 100 days. They are securely folded on top of the rover during

its cruise and landing phase. Shortly after landing, the panels will be deployed.

1.2.1 Mechanical and Electrical Chassis Support System

The Mechanical and Electrical Chassis Support System (MECSS) is the interface

between rover and MMX spacecraft. It is - like the rover itself - box-shaped and

has similar dimensions with a total mass of about 2.3 kg [2]. As long as the rover

is attached to the main spacecraft, data and power exchange is ensured through

the umbilical connector which is located in the middle of the MECSS and rover,

respectively. Four bolts, one at each corner, hold the MECSS securely to the MMX

spacecraft. Next to each bolt, the Hold Down and Release Mechanism (HDRM) is

embedded in the MECSS structure. Those keep the MECSS and rover mechanically

connected and can be triggered to detach the rover at given time. They will be

described in more detail in Chapter 1.3.1. Additionally, an x-shaped Push-Off Plate

(POP) is located at the center of the MECSS. It is secured with a bayonet-like

lock, containing a spring, completing the Push-Off Mechanism (POM). This lock is

shown in Figure 4 next to the pink protective cap of the umbilical connector. During

mating the plate is pushed down by the bottom-plate of the rover, compressing the

spring.
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Figure 4: MECSS QualiĄcation Model (QM)1 ready for testing with MECSS Multi

Layer Insulation (MLI) Ątted (left) and without (right).

1.3 Separation and landing

During cruise phase, the rover is attached to the bottom of the spacecraftŠs return

section, which is shown in Figure 2 and 5. As part of the MMX mission, the rover

will be dropped onto the surface of Phobos.

Figure 5: The Rovers position at the bottom of the MMX spacecraft.

As previously mentioned in Chapter 1.2, one of the roverŠs main objectives is to min-

imize the risk for the landing and sample collection of the MMX spacecraft. Thus,

the rover will be deployed Ąrst [6]. Therefore, the MMX spacecraft decreases its

altitude below 100 m (45 m is expected as of the publication of this thesis) and Ąres

the HDRMs on each corner of the MECSS. Most of the push-off force is applied by

the push-off plate. It is used to separate the rover from the spacecraft in a controlled
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manner. Besides the force provided by the spring inside this push-off mechanism,

there are two other factors that contribute to the push-off.

Firstly, the remaining parts of the bolts, which are held by the HDRMs and are

pulled into the rover as soon as the mechanism is released, as shown in Figure 7.

This initially generates a force against separation. However, when the pin reaches

the stop, the momentum generated by the bolt and spring mass helps with the sep-

aration.

And secondly, the compressive forces of the contact pins of the umbilical connector.

All three factors are playing part in pushing the rover away from the MMX space-

craft. Thus, they must be taken into account when investigating the separation

behavior.

After separation, the rover is in a ballistic free fall until it makes Ąrst contact with

the surface of Phobos. Due to PhobosŠ small average radius of 11.08 km and thus its

low gravity, the weight of the rover will be about 2000 times smaller than it would be

on Earth [6]. Since there is no attitude control system during the descent, the rover

could reach the surface in any position. After hitting the surface at approximately 1

meter per second, the rover is expected to bounce several times before Ąnally coming

to rest [5] [7]. The deployment of the wheels will upright the rover regardless of its

attitude. Once the rover is upright standing with its wheels on Phobos the solar

arrays and shutters can be unfolded [6].

1.3.1 Hold-Down and Release Mechanism

The Hold-Down and Release Mechanisms are - besides the umbilical connector and

POM - the only mechanical connection between MECSS and rover. Unlike the

other connections, which are frictional connections, the purpose of the HDRMs is

to hold the rover secured during cruise phase and release it reliably at a given time.

The HDRM consists of the cup-cone interface and the release unit, the Hold Down

and Release Component (HDRC). HDRCs, including the 061-005 by Glenair used

on this mission, are off-the-shelf components. A similar working component has

already been used on the MASCOT lander although the arrangement and design

of the HDRMs cup-cone interfaces differed. For example, MASCOT used only a

single, central HDRM while the MMX rover is kept in place by four, located at the

corners.

Figure 6 shows the assembly of an HDRM at different stages. A bolt is held by the

mechanisms and leads out of the center of the case. It has an internal thread, into

which a threaded rod can be screwed. The so-called cup-cone interface is necessary

to distribute the hold-down forces and prevent sticking between rover and MECSS
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during separation. Additionally, cup and cone are coated differently to minimize

friction and prevent cold welding. The MECSS-sided cup and the (shiny) rover-

sided cone are also shown in Figure 6. Screws through the three holes of the cone

attach the interface to the rover. A similar setup is used to secure the cup on the

MECSS. A special apparatus is used to preload the spring inside the mechanisms to

13 kN. This will help to pull the released bolt out of the triggered HDRM.

Figure 6: HDRM at different stages during assembly. Far right, a fully assembled

one.

To release the bolt it is necessary to cut a thin wire wrapped around two semicircular

shells. Therefore, a short electric pulse is applied to the wire, causing it to melt.

If the Ąrst pulse is unsuccessful a second pulse is Ąred shortly thereafter through a

second, separate circuit. Once the wire is cut, the shells are no longer held together

and the bolt comes loose. This can be seen in Figure 7.
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2 Problem

The Hold-Down and Release Mechanism, as described in the previous Chapter 1.3.1

is extremely reliable because there are no moving parts to wear out or seize up

during a long cruise phase. A thin wire is melted to trigger the HDRM. Once the

wire has melted, the mechanism has done its job and is no longer usable.

Figure 7: SimpliĄed representation of a Glenair HDRM 061-005 in hold-down (left)

and release (right) phase.

Instead of being Ąred only once to separate as envisioned in the mission proĄle,

separation must be performed multiple times during the test campaign to validate

the reliability of the separation process. The exact number is not set at the time

of this publication, but is in the range of 15 to 35. This includes various scenarios

in which the system behaves abnormally, to determine the impact of these errors in

terms of separation. More about this in Chapter 6.5. With four HDRMs needed

for each separation, it results in a total of more than 100. Using these would be

very expensive, thus an alternative is needed. Fortunately, Glenair already provides

a solution to this problem by offering a version of their HDRM, that is designed

for reusable use. This version does not require cutting a thin wire to release the

retaining bolt. Instead, the mechanism is triggered by a normal wrench. Chapter

3.1 takes a closer look at how it works and the problems it causes.

Since the HDRM is now triggered externally, an additional support structure is

needed. It must serve both, as a Ąxed mounting for the MECSS, and support the

external release mechanism. The concept and the design of this support structure

is an essential part of this thesis and is explained in more detail in the following

Chapter 3.
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3 Concept

The separation tests are the Ąnal of the whole test campaign, including vibration,

shock and thermal vacuum tests. They are performed with the second Structure

Model (SM) of the rover. Even if the SM2 follows the approach of being as Ćight-

like as possible, most parts and instruments are only represented by a mass dummy

with similar dimensions. The SM2 can be broken down into two assemblies. One

assembly is the MECSS, which was introduced in Chapter 1.2.1. The other one is the

rover model. Thus, the rover itself is also referred to as the Pre-Assembled Chassis

(PAC) in the context of the separation tests. This is to clarify which components are

meant speciĄcally as well as indicate that most of the instruments are still missing

or represented by mass and dimension dummies.

3.1 Substitute for the Hold Down and Release Mechanism

Since the reusable HDRM version is used in the separation tests, an external support

structure is needed for the HDRM to be triggered, because of its alternative trigger

mechanism. Instead of melting a wire inside, the reusable version of the HDRM is

triggered differently. As shown in following Figure 8, the Ćight version has two pairs

of cables coming out of the back. One for the main circuit, the other one for the

redundant backup.

Figure 8: Flight version Glenair HDRM 061-005 (left) with electrical trigger

wires (arrows). Reusable version as used in separation tests (right)[8].

The reusable version has a rectangular wrench size 8 interface. By turning this by

about 90 degrees, the retaining bolt is released and retracted due to the preloaded

spring. This version of the HDRM is - like the Ćight version 061-005 - developed by

Glenair and can be bought off-the-shelf. Except for its trigger, there is no difference

to the Ćight version, meaning that as written in Chapter 1.3.1 the same apparatus

is used to tension the spring inside the mechanism to 13 kN. Same applies to the

cup-cone interface. Anything that deviates from the actual Ćight proĄle may cause
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errors or even hide them. Thus, it is important to have as few differences as possible

to the Ćight version, so the test results represents reality. However, this "reusable"

triggering also causes some problems.

For the Ćight version it is easy to determine when the wire inside the mechanism

is cut. The required electric pulse takes only fractions of a second to melt the wire

and release the bolt [8]. Determining this for the reusable version proves to be more

difficult. The mechanism will release the bolt somewhere along the 90◦ turn. It is a

range of angles, rather than an exact angle. Thus, it is also impossible to determine

an exact point in time. It is rather a time period in which the release will take

place. Therefore, it is very difficult to identify the speciĄc time and position of the

rectangular interface when the bolt is released. Position and time, as well as the

required torque, also differ between triggers. This was already evident in the initial

tests and is described in more detail in Chapter 4.1.

3.2 Mechanical Ground Support Equipment

The previous Chapter 3.1 describes how the reusable version of the HDRC works,

what the differences are, and what problems have to be overcome. In this Chap-

ter the Mechanical Ground Support Equipment (MGSE) of the test campaign is

introduced.

The MGSE should be capable of the following:

• Suspension for the MECSS in 0◦ and 90◦ position

• Ability to trigger all four HDRMs simultaneously

• Possibility to trigger some HDRMs with a delay

• Provide mounting options for measuring instruments and cameras

• Use of as many standard components as possible to keep the costs low and be

able to adapt quickly.

• Possibility for continued usage of the MGSE for the Coefficient of Restitution

(COR) tests that may take place later on.

The MGSE can be broken down into two major parts. One part of it is the external

trigger support structure. It includes everything necessary to actuate the HDRM.
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The other part is the modiĄed Weight Compensation Instrument (WCI). The main

task of this is to provide the support structure to which the trigger and drop weight

- introduced in the upcoming paragraph - can be attached. Furthermore, the WCI

can also serves as mounting points for measuring instruments and cameras.

Figure 9: Complete test MGSE with attached MECSS and PAC. Additionally the

coordinate system used can be seen.

The basic principle of the test setup is as follows. A weight is released from a certain

height. After the weight has been accelerated by the free fall for about 0.4 s, this

weight pulls on a steel cable (Refer to Chapter 4.2). The cable runs over two pulleys

and is connected to a beam that transmits the force to four other steel cables. These

cables lead to wrenches and cause them to rotate, thus triggering the HDRM. The

impulse generated by the free-fall ensures that the release is as fast as possible and

therefore the delay between individual HDRMs is kept to a minimum. Since the

mass of the rover is much lower compared to the MMX spacecraft, the recoil effect

during separation can be neglected. Therefore, the MECSS can remain stationary at

the MGSE while the PAC is moving after separation. In addition to the 0◦ position

as shown in Figure 9, the structure should also allow to test the separation in a

position rotated around the Z axis by 90◦. The detailed test scenarios can be found

in Chapter 6.5. In the following Chapter 3.2.1 and 3.2.2 the design and the way it

works is described in more detail.
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Figure 10: Overview of the external trigger with the lever interface assemblies (1),

integrated into the spacecraft simulator plate (2) and the connecting

beam (3).

3.2.1 External Trigger

The external trigger support structure introduced in this chapter is essential to

perform the separation tests with the reusable version of the Glenair HDRM. The

advantage of being reusable is accompanied by some disadvantages, as already de-

scribed in Chapter 3.1. Thus, the mechanism can only be triggered mechanically,

unlike the Ćight version, which is triggered electrically. And as explained in more

detail in Chapter 4.1, the triggering must happen very quickly to keep the trigger-

ing delay among the mechanisms to a minimum. Taking this into account makes

it a difficult task, while the main requirement for the test scenarios must of course

still be met. In the following, the whole assembly of the external trigger and its

sub-assemblies are described. In order to keep costs low and delivery time short,

standard parts are used at every opportunity. The exact designations and speciĄca-

tions for each of those parts can be found in the appendix. A general summary of

all parts of each sub-assembly can also be obtained from the upcoming Tables 3.2,

3.3, 3.4, as well as Table 3.5 in Chapter 3.2.2 for the modiĄcation of the WCI.

The external trigger support structure can be broken down as shown in Table 3.1

below.
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Pos. Name Quantity

1 Lever Interface Assembly
2x long version

2x short version

2 Spacecraft Simulator Plate 1

3 Connecting Beam 1

Table 3.1: main sub-assemblies of the external trigger support structure.

Lever Interface Assembly

For this assembly following parts as shown in Table 3.2 are required.

Pos. Name Distributor Dimension Qty.
Must be

modiĄed

1 square socket wrench Amf
Size 8

OD = 16 mm
4 ✓

2 SWM-12 shaft Igus
D = 12 mm

L = 1000 mm
1 ✓

3 FJUM-01-12-LL Igus ID = 12 mm 4 ✗

4 ISO 7092 washer 5x9 8 ✓

5 DIN 705-A adjusting ring 12x12x22 4 ✗

6 ISO 4762 screw M4x20 16 ✗

7 ISO 4762 screw M2.5x6 4 ✗

8 ISO 4017 bolt grade A M5x25 4 ✗

9 ISO 4032 nut grade A M5 4 ✗

10 ISO 7090 washer grade A 5x10 4 ✗

11
467 ratchet combination

wrench
Facom

Size 8

L = 140 mm
4 ✗

Table 3.2: Parts list of the lever interface assembly.

In order to trigger the HDRM, the rectangular interface of it must be rotated by a

maximum of 90 degrees. This interface of rectangular shape has a wrench size of

8, thus an edge length of 8 mm, hence a diagonal of slightly more than 11 mm. To

Ąt into the plain bearing, an outer diameter of exact 12 mm is required. However,

with a required inner diameter of more than 11 mm, the wall thickness would be too

small, so the attachment would have to be thicker and thus no longer Ąt into the

bearing. As a result, the square socket wrench, mentioned before in Table 3.2, is

13
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used as the direct attachment (1) to the HDRC. It has an outer diameter of 16 mm

and is Ąxed on a 12 mm shaft that leads through the plain bearing.

There will be two versions of the assembly. A CAD view of the short version

lever interface assembly is shown in Figure 11. The length of the shaft is the only

difference. For the short version, a 56 mm long shaft is used, a 96 mm long shaft

is used for the long version. In order for the shafts to Ąt into the attachment,

the diameter of the Ąrst 10 mm must be reduced from 12 mm to 8 mm. Since the

machining can be made more efficient with the lathe, the shaft will remain round at

the end and will not be milled to the rectangular proĄle of the attachment. This is

because there is a risk that the rotation axis of the shaft will no longer be centered

after milling, due to the lack of precision of the existing machine. However, this

means that the shape of the shaft itself cannot transmit the torque, thus a screw (2)

is needed to secure it. For this, the attachment must Ąrst be shortened to 25 mm.

Additionally, a through-hole must be drilled from the side, where the screw that is

supposed to secure the joint can be inserted later. To ensure sufficient margin against

shearing, screws must be attached from both sides or a single through-bolt must be

counter-screwed from the other side with a nut. The socket wrench attachment

(1) is wider than the bearing. Thus, axial displacement away from the HDRM is

impossible. On the other side of the bearing, an adjustment ring (3) is placed onto

the shaft. In this way, the displacement in the other direction is also blocked. This

displacement is normally blocked by the HDRM from the other side. Thus, the ring

is only relevant when MECSS with its HDRMs is not attached. A joint is needed

at the end of the shaft in order to turn the shaft by using a ratchet wrench. As

mentioned in the previous paragraph, milling is not an option to shape the end of

the shaft as desired. There is a lack of personnel and machinery to accomplish this

with the required precision. To keep costs low, standard parts are used wherever

possible. First, a standard M5 thread is drilled 20 mm deep into the side facing away

from the HDRM. The washer (6) from position 10 in Table 3.2 is now placed on the

M5x25 bolt from position 8. In the next step, the M5 nut (5) is screwed onto the

bolt. For this, it is important to use the ISO 4017 bolt with a thread up to the head

instead of the more common ISO 4014 bolt. To leave enough space for the wrench,

two more ISO 7092 washers (4) are now placed on the bolts. These are already small

but still need to be sanded down a bit to get the outer diameter to 8 mm so that the

wrenches are not blocked by them. In the end, the ratchet wrench is placed onto

the nut before the whole bolt is screwed into the drilled hole of the shaft. Thereby,

the wrench is kept between shaft and washer and cannot slip off. The ratchet of the

wrench allows to adjust the wrenchŠs angle in steps of Ąve degrees, with respect to

the rest of the trigger setup. Different views of the assembly can be seen in Figure

11.
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Figure 11: Normal and sectional view of the short version of the lever interface

assembly. Square socket attachment (1), locking screw (2), adjusting

ring (3), ISO 7092 washer(4), M5 nut (5), ISO 7090 washer (6).

15



Concept

The direction in which the wrench is released is also the direction in which the

screw is loosened. This means that it must also be secured by a locking screw. As

mentioned before, there are four lever interface assemblies in two different versions.

Two are assembled as shown in Figure 11 and another two with a shaft length of

96 mm instead of 56 mm. In the shortened version, the screw head of the locking

screw as it was used for the attachment on the other side of the shaft would collide

with the adjusting ring, thus a grub screw is used instead. Again, a hole is drilled in

the side of the shaft about 15 mm from the edge. After the bolt is screwed into the

shaft, a smaller drill is used to make a small cavity in the screwed-in bolt through

the grub screw hole. This should give the grub screw more grip later on. It is

important that this step does not damage the thread for the grub screw. The grub

screw can then be inserted and the adjusting ring Ątted onto the shaft. In the long

shaft lever version, the assembly order of the grub screw and the adjusting ring is

irrelevant as there is no conĆict here.

Now that the lever has been assembled it is screwed onto the spacecraft simulator

plate. For this however the plate must Ąrst be assembled.

Spacecraft Simulator Plate

For the assembly of the spacecraft simulator plate the parts shown in Table 3.3, are

required.

Pos. Name Distributor Dimension Qty.

1 Milled plate 247tailorsteel

h = 530 mm

w = 500 mm

t = 10 mm

1

2 ProĄle 8 40x40 Item L = 420 mm 2

3 ProĄle 8 40x40 Item L = 500 mm 2

4 Automatic-fastening set 8 Item 8

5 ISO 4762 screw M6x20 12

6 ISO 7091 washer M6 12

Table 3.3: Parts list of the spacecraft simulator plate assembly.
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Figure 12: One quarter of the spacecraft simulator plate. With the MECSS/MMX

spacecraft holes (1), cup-cone access holes (2), M4 holes for the

attachment of the bearing (3), and the centered cutout for the push-off

spring shell (4).

The main component of the assembly is the plate itself. It is specially designed

and milled for this. As already mentioned in the previous paragraph, the DLR site

in Bremen has no real milling capabilities especially not for manufacturing such a

large component. Therefore, manufacturing is contracted to an external company.

In the past, the department has often worked with the manufacturer 247TailorSteel

due to its fast delivery time and sufficient quality for this purpose. The plate is

530 mm in height and 500 mm in width. A laser cutting process that allows a

maximum thickness of 10 mm is used for manufacturing. This maximum thickness

was chosen to ensure that the plate can transmit in-plane forces caused by the

separation without much warping. To enhance stiffness even further, a frame made

of aluminum proĄles is attached to the edges of the plate. These proĄles are also used

to attach the structure that has MECSS and PAC mounted to it to the WCI. The

plate has a cutout at the middle, to leave enough space for the back of the POM

spring shell. Near the corners, there are four additional cutouts where the lever

interface assemblies are placed and screwed onto the plate by four M4x20 screws,

listed in Table 3.2. Prior to this, the M4 thread (3) must be cut, because the laser

cutting procedure used by the manufacturer can only achieve core holes of 3.3 mm.
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The three slightly bigger holes concentrically aligned around the bearing exist in

case access to the bolted connection of the cup-cone interfaces is needed while the

plate is mounted. The outermost four holes in the corners as shown in Figure 12 are

needed to fasten the MECSS to the spacecraft simulator plate. More information is

given in the integration procedure during the separation tests in Chapter 6.2.

Connecting Beam

The previous paragraph deals with assembly of the spacecraft simulator plate and

the integration of the lever interface assemblies into it. Now all of the four ratchet

wrenches of each lever interface assembly must be combined into one cable in order

to trigger all four HDRMs simultaneously. How this is done is described in the

following.

Pos. Name Distributor Dimension Qty.

1 ProĄl 8 80x40 Item L = 420 mm 1

2 Extension spring Febrotec
L0 = 63.4 mm

c = 4.86 N

mm

4

3 Steel cable Drahtseile24.de L = 8000 mm 1

4 DIN 5299 grade C snap hook Drahtseile24.de 11x120 mm 1

5 DIN 741 clamps Drahtseile24.de D = 4 mm 63

6 Clamp stopper Drahtseile24.de D = 4 mm 1

7 DIN 1480 turnbuckle Würth M6 4

8 Hook (WCI) M6 4

Table 3.4: Parts list of the connection beam assembly.

The ratchet wrenches used in this setup only have one ratchet-end which is attached

to the shaft. At the other end the wrench has an open-end. In order to be able to

attach a steel cable to the open-end of the wrench a hole just large enough for the

steel cable to Ąt through must Ąrst be made. To Ąx the steel cable, it is put through

the hole and Ąxed with the wire clamp to form a loop. According to the clampŠs

data sheet, at least three clamps are required per loop to withstand the occurring

loads. It must be ensured that the clamping jaw is always on the side of the stressed

cable. The length of the cables is almost arbitrary. However, the relative length of

the cables is important. The difference between the longer cables for the two lower

wrenches and those for the two upper ones must be exactly 355 mm. This ensures

that the angles of all wrenches do not differ and thus, the required release force is

similar. To ensure that there is sufficient space for the release path, the shorter

cables should not exceed 80 mm in length.
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As shown in Figure 10, the other end of the cable is attached to a turnbuckle which

is connected in series with a spring. The turnbuckle is used to compensate for the

small irregularities in the preload. Thus, all cables are pretensioned with the same

force. This process is also described in more detail in Chapter 6.2. Due to the spring

deĆection, the tension present in the cable can be derived easily. The cables can

thus be pretensioned so that they are loaded just under the necessary release force.

This allows a faster release of the HDRMs. The ends of the springs are latched into

hooks which in turn are screwed to the connecting beam. These hooks are already

used in the thermal vacuum test campaign and can therefore be adopted just like

the basic structure of the WCI. The connecting beam is used to transfer the load

from the four cables of the HDRMs to one single cable without changing neither the

distances nor angles between those four. The hooks are attached on the lower side

of the beam. On the top side, there are four additional attachment points where

further cables are mounted. These cables must all have the same length around

200 mm. At each end, there are loops as they have been mentioned before. Each

loop is Ąxed to the connecting beam using a screw with washer. It is important

that the loop of the cable is just large enough for the screw to Ąt through, but

small enough that it cannot slip over the washer. The loose end loops are placed all

together in the snap hook, also listed in Table 3.4. The 120 mm wide end of the snap

hook ensures that the cables keep the same distance and thus the load distribution

is also the same. Additionally, placing the cables in a certain order can help. At the

narrower end of the snap hook, a single cable runs towards the upper pulley, which

is part of the WCI adjustments. These are described in the next Chapter 3.2.2.

3.2.2 Adjustments to the WCI

The separation tests will not be the Ąrst separation of MECSS and PAC. During

the preceding thermal vacuum tests, the separation is already being tested at least

once. In order to be able to perform the separation under space conditions inside

the vacuum chamber, the WCI is used. This MGSE provides a solid foundation on

which to build the MGSE for the separation tests.

The WCI is assembled from aluminum proĄles. The basic structure consists of four,

upright 100 mm proĄles, which are connected at the top and sides with horizontal

proĄles to give stability to the construction. Additional proĄles were attached to

this structure in order to perform the separation inside the chamber during thermal

vacuum test. They are no longer needed for the separation tests and were removed

in the Ąrst step.

The following parts which can be seen in Figure 13 will be dismantled:
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• inner proĄles, that help with the attachment (1)

• side proĄle with the pulley (2)

• catching structure for the compensation weight (3)

• trolley on the middle top proĄle (4)

Figure 13: Basic structure of the WCI (left) and the conĄguration for thermal

vacuum test (right).

While the separation in the thermal vacuum test takes place within the four pillars,

there is no space for it in terms of the separation tests. Thus, the test object

consisting of MECSS and PAC is attached on the outside of the MGSE as already

described in the previous Chapter 3.2.1. This leaves space for the trigger support

structure as well as a free separation path for the PAC.

After removing the parts that were necessary for the thermal vacuum test, it is

time to start attaching the required parts for the external trigger mechanism. In

Chapter 3.2.1, the external trigger components are explained. This chapter is about

the adjustments of the WCI as well as the attachment of the external parts onto the

WCI. In addition, this chapter also describes how the mechanism is triggered by the

drop weight.

A single cable leads from the connecting beam up to the pulley at the top edge of

the WCI. This pulley has a diameter of 75 mm and a maximal static load capacity
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Figure 15: Close-up view on the drop weight release section of the WCI with the

ProĄle 6 60x12 (1), the clamp stopper (2), cable to the drop weight, as

well as the release cotter pin (4).

Pos. Name Mfr. Dimension Qty.

1 ProĄle 8 40x40 Item L = 240 mm 2

2 ProĄle 8 40x40 Item L = 800...900 mm 2

3 Angle bracket set 8 Item 40 x 40 mm 18

4 Angle bracket set 10 Item 100 x 100 mm 2

5 ProĄle 6 60x12 Item L = 50 mm 1

6 Shackle GN 585-10-A Ganter Norm ID = 26 mm 1

7 Steel pulley w/ ball bearing Frank-seilrollen.de D = 75 mm 2

Table 3.5: Parts list of the WCI adjustments, as well as for the attachment of the

external trigger (Pos. 1-3).

the smaller the vertical translation of the PAC. Therefore, the distance between

the edge of the spacecraft simulator plate and the Ćoor is set to 110 mm. This

leaves enough space for the wrenches to rotate, and between PAC and Ćoor during

separation. Approximately 90 mm from the bottom edge of the spacecraft simulator

plate, just above the long versions of the lever interface assembly, an aluminum

proĄle is attached to the frame of the simulator plate with two angle brackets. The

two shorter aluminum proĄles from Table 3.5 are placed to the side of the upper

edge of the simulator plate frame and Ąxed with two bracket angles, as shown in

Figure 16. While the lower proĄle carries the main load, the upper proĄles primarily

prevent the tilting caused by the weight induced momentum.
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4 Calculations

4.1 Determination of the Required Torque

The HDRMs used in the separation tests require a torque to release. This Torque is

applied by a wrench, which is rotated by a drop weight. To calculate the required

mass for the drop weight, the needed release torque must be determined in the Ąrst

place. First of all, the HDRM is preloaded in exactly the same way as the Ćight

version. Chapter 1.3.1 already touches on the subject and Figure 6 shows various

steps of the Ćight version HDRM during this process.

To preload the Mechanism, the special apparatus as shown in Figure 17 below is

used. This is screwed onto the threaded rod compressing the spring together with

the upper cap. By tightening the brass-colored nut on top, the spring inside the

cup-cone interface is compressed. The cable leading out of the casing is plugged into

a computer, where the load of the bolt can be displayed.

Figure 17: Reusable version of the Glenair HDRM 061-005 during the preload.

Another nut between the spring cap and the clamping device is hand-tightened. This

keeps the spring compressed after the equipment has been removed. In order for the

device to determine the correct force on the spring, the load must be exclusively on

the nut of the device. This creates the problem that the actual load of the other,

permanent nut cannot be accurately measured with this apparatus. Therefore it

was determined experimentally by how many degrees the nut must additionally be

tightened to achieve the required preload of 13 kN.

Once the HDRM is preloaded, it was able to start determining the required torque

for triggering. Therefore, the mechanism remained screwed to the support plate as
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6 Test SpeciĄcation

6.1 Test Setup Environment

This Chapter is about the whole test setup. It includes the preparation of the test

environment as well as the enumeration and explanation of the measuring instru-

ments used.

6.2 Preparation of the Test Stand

The separation tests will take place in the Landing and Exploration Technology

(LET) laboratory at the DLR site in Bremen. It already exists a support structure,

which was developed for MASCOT follow-on technology tests, which is attached to

the ceiling of the laboratory. From this structure, the PAC is suspended with four

ropes. This allows it to move freely after separation from the MECSS.

A general overview of the test setup in the LET laboratory can be seen in Figure

19 below.

Figure 19: Sketch of the test setup at LET Laboratory.

First, the MGSE is placed under the ceiling structure. It should be placed a little

further towards the windows so that the ropes are almost orthogonal to the PAC,

which will be mounted later. Thus, the horizontal separation path is maximized

before the vertical error becomes a problem. The ceiling structure is shown in
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Figure 21: Detailed view of the rope pendulum attachment at the M6 MGSE holes

(left) and solar array structure model (right).

remaining tests. Since the separation tests are - as of the publication of this thesis

- the last tests for this model, this could be an option to consider.

Another, less invasive option would be to glue a TC-105 to these marked spots. A

TC-105 is a small 25x13 mm aluminum plate, with a kind of eyelet that is initially

designed for cable ties. These are also used for example in the cable routing of

the MECSS. With the two-component glue "Eccobond 285" with hardener "C27"

by Henkel Adhesives, a sufficient adhesive connection would be created to use the

TC-105 as a rope suspension. A similar solution was already used in the roverŠs drop

tests. Once the tests are completed, it could be removed without residue. However,

the preparation of this adhesive connection is somewhat more complex.

In either case, the ropes are attached to the PAC at approximately the same location

as shown in Figure 21.

6.5 Test Scenarios

As already brieĆy mentioned in Chapter 2, the entire separation test campaign will

contain many separations. The different cases are divided as follows:
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was chosen. Ten of which are done in the conĄguration, presented in this thesis. For

the other ten separations, the spacecraft simulator plate with the attached MECSS

and PAC are rotated by 90 degree around the Z axis to acquire data for the other

axis as well. The deĄned coordinate system is shown in Figure 9. This requirement

was already taken into account in the design process of the MGSE and can be im-

plemented without major adjustments. Therefore, it is not described any further.

6.5.2 Scenario 2: Delayed Separation - Redundancy

This and all following scenarios are performed in the initial position as shown ex-

emplary in Figure 9. Chapter 1.3.1 describes how the trigger mechanism of the

HDRC works. After the main electrical pulse the wire inside the mechanism should

be cut, releasing the retaining bolt. A second pulse - exactly one second after the

main pulse - is sent through the redundant circuit and cuts the wire from the other

side. This increases the tolerance for errors and ensures correct separation, even if

the Ąrst electrical pulse is unsuccessful. In this scenario, the separation behavior is

tested in this off-nominal case by Ąring one of the HDRCs with a delay.

6.5.3 Scenario 3: Push-of Spring

The by far largest push-off force is applied by the spring inside the POM, which

pushes the rover away by the POP. If the plate or spring has seized or snagged, this

force may be reduced or missing entirely. Therefore, when combining the MECSS

and the PAC, the POM is omitted and the effects on the separation behavior are

investigated.

6.5.4 Scenario 4: HDRM Untensioned

Chapter 4.1 explains the procedure for preloading the HDRMs with a force of 13 kN.

The preload ensures that no gapping happens due to the launch loads. The bolts

are pulled out by a dedicated spring. Those not working is another off-nominal

test scenario, which is listed on sixth position in Table 6.2. This rapid retraction

provides another - though small - force that assists the roverŠs separation from the

MMX spacecraft. If the preload is not applied to the mechanism, or the spring

inside has lost its load after the cruise phase, this result in a reduced push-off force.

The separation behavior in this special case is examined in this scenario.
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6.5.5 Scenario 5: Umbilical Connector Pins

The contacts of the umbilical connector are constantly pressing against each other to

ensure a continuous power and data connection between rover and MMX spacecraft

during cruise phase. This force - like the preload of the HDRMs of Scenario 6.5.4 -

plays a minor part in separation. This scenario examines the effects in case those

are missing.

6.5.6 Scenario 6: Missing Bolt Pull-Out Springs

The impact on the separation in case the pull out spring of the bolt is missing,

is tested in this scenario. The spring as shown in Figure 7 ensures that the bolt

is retracted quickly after release. This not only aids separation slightly but also

ensures that the released bolt does not collide with any of the spacecraftŠs structure

during separation.

6.5.7 Scenario 7: Tilted Push-off Mechanism

In this scenario the effects on the separation are observed when the POP of the

POM is slightly tilted. Faults during the integration as well as breakdowns during

the cruise phase may be reasons for this. To simulate this, a 1-2 mm thick Styrodur

wedge is placed between the POP and the bottom plate of the rover. Compliance

with the separation corridor must be particularly monitored here.

6.5.8 Scenario 8: Delayed Separation - 50 ms

This scenario will only be necessary under certain conditions. If the scatter of the

HDRMs during the nominal separations (Scenario 1) is very small, a artiĄcial created

delay of about 50 ms must be added. This can be achieved by varying the pretension

of the individual cables.

6.5.9 Scenario 9: Final Shot

In the last scenario, the separation is performed with the Ćight version of the HDRCs.

The rover is equipped with the electronically triggered HDRCs in the more inter-

esting position (0◦ or 90◦). The number of separations depends on the available

HDRCs. However, at least one separation of this conĄguration is performed.
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7 Results

The pre-tests described in Chapter 4.1 to determine the release torque showed a

maximum required release torque of 5 Nm. Furthermore, these tests showed that

the actual required force becomes signiĄcantly less once the mechanism is in motion.

It is then in the range between 3 and 4 Nm. Unfortunately, the way the reusable

HDRC functions does not allow a more precise determination of an exact value. On

this basis some calculations were made in Chapter 4 and 6.4.1.

It was calculated that the required release force per HDRM is F req = 56.12 Nm,

if the ratchet wrenchŠs starting angle is at 45◦. If a different angle is present, the

new projected lever arm can be determined with Equation 4.3. The deĄned fall

height of s = 0.8 m also allowed the calculation of the fall time t = 0.4039 s and the

Ąnal velocity v = 3.9618 m s−1. The required mass of the drop weight to ensure a

reasonably high safety margin for the release force was also estimated.

Furthermore, an internal document based on the entire Chapter 6 as well as step-

by-step instructions on how to prepare and perform the separation tests, is already

in preparation.

Due to the postponements already explained in Chapter 5, it has not been possi-

ble to include the results of the separation tests in this thesis. The measurement

instruments mentioned in Chapter 6.3 will generate a lot of data during testing.

By analyzing the data, much will be learned about the roverŠs separation behavior.

The results will include the separation speed and the potential rotation. This will be

used to determine the probability of the rover maintaining the required separation

corridor. Additionally, the sensitivity of the separation phase is being investigated

to see if there is signiĄcant change in the roverŠs rotation or velocity if the trigger

delay between the HDRMs grows.

As a result of the separations tests, it is also expected to determine whether off-

nominal behavior in the scenarios described in Chapter 6.5 would result in conse-

quences of concern.
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8 Discussion

Most of the design requirements, as listed in Chapter 3.2, were met. The MECSS

can be easily attached to the modiĄed WCI. In the 0◦ position as well as in a 90◦

rotated conĄguration. For this purpose, the design was constructed very simply and

from aluminum proĄles, so that a quick adjustment is possible. In this way, it is also

possible to react quickly and Ćexibly to any spontaneous problems that may occur.

Furthermore, the external trigger makes it possible to activate the HDRMs simul-

taneously. The springs play a major part in this, as they compensate for possible

differences in the pretensioning of the cables. Possible differences, caused by the

uncertain release time along the 90◦ rotation are kept to a minimum by the rapid

release. This is made possible by the drop weight, which Ąrst accelerates in free fall

and then suddenly pulls on the release cable. This effect is additionally reduced by

the pretension using the turnbuckles, as the elastic deformation is already mostly

present. One point that has not been clariĄed yet is the exact approach to delayed

release. It still has to be checked, whether it is possible to delay the release of in-

dividual HDRMs by varying the pretension in the cable or by adjusting the ratchet

wrenchŠs angle.

Almost exclusively standard components were used for the construction. This keeps

the costs low and allows Ćexibility in case something needs to be adapted between

separations and scenarios. The spacecraft simulator plate is the only component

which is custom made. Every other modiĄcation is designed to be quick, easy,

inexpensive and - most importantly - can be done in-house. Care was taken to

reuse most of the components of the WCI. In addition, it should be considered to

keep the proĄles longer if possible so that they can be reused in later constructions.

This approach also helps with the demand of having potential mounting points for

additional cameras or measuring instruments. Due to the vast use of standardized

aluminum proĄles, the possibilities are almost unlimited to do so.

Even though it has not yet been deĄnitively clariĄed whether a COR test will take

place, the design provides the opportunity to react Ćexibly to the test demands.

The determined release force is of a magnitude that will work well with the developed

design and the chosen spring is the perfect compromise of stiffness and sufficiently

visible deĆection for the forces that occur. The inaccurate triggering of the HDRMs

was initially problematic but should be compensated by the very fast triggering,

caused by the accelerated drop weight.

Unfortunately, the adjustment of the WCI could not be realized due to the delay

in the test schedule. Preliminary tests to Ąnally verify the functionality of the

design must also be carried out later. Because the WCI is already prepared for
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9 Conclusion

This thesis has shown that separation with the reusable HDRC is still possible. The

problem described in Chapter 2 could be solved by the concept presented as far

as predictable at the time of submission. Unfortunately, the Ąnal implementation

as well as the execution of the separation tests did not become part of this thesis.

Off-normal behavior, occurring during the early vibrations tests of the SM1, led

to an enormous delay of the whole test campaign. Thus, only a fraction of the

implementation that actually had to be done made it into this thesis. As a result

the associated tests have also slipped to the end of 2022 and could not be further

documented here.

Nevertheless, the concept was successfully developed and the required work was

prepared as far as possible. The complete test procedure has been elaborated as

well as the different scenarios described.
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Sign Description Unit

D diameter mm

F force N

ID inner diameter mm

L0 length mm

L length mm

OD outer diameter mm

S factor of safety -

T torque N m

∆l length mm

α angle ◦

a acceleration m s−2

c spring constant N mm

g gravitational acceleration m s−2

h height mm

m mass kg

r length, lever arm mm

s distance m

t time s

t thickness mm

v velocity m s−1

w width mm
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14 Abbreviations

CAD Computer Aided Design.

CNES National Centre for Space Studies.

COR Coefficient of Restitution.

DAQ Data Acquisition.

DLR German Aerospace Center.

FPS Frames Per Second.

HDRC Hold Down and Release Component.

HDRM Hold Down and Release Mechanism.

IMU Inertial Measurement Unit.

JAXA Japanese Aerospace Exploration Agency.

LET Landing and Exploration Technology.

MASCOT Mobile Asteroid Surface Scout.

MECSS Mechanical and Electrical Chassis Support Sys-

tem.

MGSE Mechanical Ground Support Equipment.

miniRad thermal infrared radiometer.

MLI Multi Layer Insulation.

MMX Martian Moons Exploration.

PAC Pre-Assembled Chassis.

POM Push-Off Mechanism.

POP Push-Off Plate.

QM QualiĄcation Model.

RAX Raman spectrometer instrument.

SEM Service Module.

SM Structure Model.

WCI Weight Compensation Instrument.
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