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ABSTRACT 

The THEMIS program aims to demonstrate reusable 
launcher technologies for future European space 
transport. This paper presents the design and validation 
of the program’s first landing-leg, with emphasis on the 
deployment phase. The leg kinematics were parametrized 
and optimized using a Monte Carlo–based solver to 
reduce encumbrance while ensuring reliable motion. 
Then, a detailed multibody dynamics model was 
developed to simulate the deployment sequence and 
guide the selection of the rotary damper characteristics. 
The final design was validated through a test campaign, 
exhibiting high fidelity with simulation across all 
configurations. The results confirm the robustness of the 
deployment mechanism and the accuracy of the model, 
supporting future Landing Leg System developments. 
 
1 INTRODUCTION 

The European Space Agency’s (ESA) THEMIS program 
aims to develop and demonstrate reusable launcher 
technologies, with the T1H demonstrator serving as a 
critical testbed. This paper presents the modelling, 
design, and experimental validation of the first reusable 
landing leg prototype developed for the THEMIS T1H 
vehicle. It focuses on the kinematic parametrization, 
optimization, deployment dynamics prediction and 
validation of the landing system. 
The landing leg primary functions are: a) deploy and lock 
in position prior to touchdown, b) protect the launcher 
from landing shocks, and c) provide static and dynamic 
stability to the launcher. 
This paper is focused on function a): deployment and 
locking.  
 
2 LANDING LEG DESIGN AND MODELLING 

2.1 Architecture 

The landing leg concept is based on an articulated pivot 
architecture with 6 tubular parts rotating relative to each 
other. When the command is sent to the hold down and 
release mechanism (HDRM, permanent electromagnet) 
the leg deploys by gravity without any active control 
required. Two adjustable rotary dampers at the lower 
interfaces are used to slow down the motion before the 
locking event. The two pairs of locking struts are locked 
in an aligned configuration using a spring-loaded pin 
system.  

 
 
 

 

 
 

Figure 1: landing leg description, folded and deployed 
configurations. 



 

Once deployed and locked, the landing leg system is in a 
stable load carrying truss configuration and ready for 
landing. A shock absorber is placed in the upper leg to 
absorb the energy of the touchdown phase.  
 
2.2 Kinematic model and optimization 

The geometry of the system, specifically the length of 
each element, was obtained from an optimization for both 
the deployment phase but also the touchdown during 
which the shock absorber shortens, while some clearance 
between the vehicle and the ground is still required. 
Additional constraints included interferences between 
the structural parts, launcher, and ground. The purpose of 
this analysis was to find the optimum in terms of: 
• Encumbrance in folded configuration 
• Shock absorber stroke 
• Performance indices (e.g. mass, forces …) 
• Robustness to geometrical tolerances 

 

 

Figure 2: kinematic model reference diagrams for the 
deployment phase, folded (left) and deployed (right). 

 

Figure 3: kinematic model reference diagrams for the 
touchdown phase, unloaded (left), loaded (right). The stroke of 

the shock absorber (SA) causes a motion which reduces the 
height of point B (ground clearance).  

The model consists of three primary components: 
• Deployment kinematics module: enables analysis of 

deployment phase with parametrized 2D kinematics.  
• Landing kinematics module: enables analysis of 

landing kinematics with parameterized 2D 
kinematics. 

• Integrated data module: enables collection of input 
and design data, filtering and visualization. 

The parametric model was implemented to explore 
feasible and optimal solutions, in terms of defined design 
attributes, to enable early definition phases as well as 
iterations in the design process. In this particular 
development, optimality was sought with respect to 
minimization of folded encumbrance to limit 
aerodynamic drag contribution. A Monte Carlo solver 
(rectangular randomized probability distribution 
functions with specified range per variable of interest) 
was used in parallel to the core model to (a) visually 
explore the tradespace and select constrained-optimal 
concepts (see Fig. 5), and (b) to support the sensitivity 
analysis activities. In particular, sensitivity to 
manufacturing tolerances (e.g. length of legs) on design 
variables was executed on the presented design.  
The functional flow diagram is presented in Fig. 4. User 
input settings (constraints, parameters) are provided to 
the solver which systematically queries the model 
(composed of several sub-modules), retrieves the data 
and provides back to the user the relevant information for 
further analysis, checks and decision support.  

Figure 4: kinematics model functional flow block diagram. 

The graphs below show some examples of the results 



 

from the kinematic study and the search of the optimal 
solution with different performance indicators.  

 

 

Figure 5: Monte Carlo analysis graphs and search of the 
optimal solutions on the Pareto frontier. 

Parametrized requirements included: minimum strokes 
compatibility (damping phase), attachment points 
limitations (vehicle interfaces), minimum ground 
clearance to be respected. Several constraints needed to 
be met in order for a given design solution to be classified 
as ‘feasible’, including: geometrical foldability 
(avoidance of singularities), interference avoidance 
between any point of the landing leg and the vehicle 
(during deployment), effectiveness of landing 
configuration (stroke to vertical motion ratio). 
Thousands of solutions were generated with the 
algorithm described above, and ranked based on 
feasibility and, in a second step, by a performance index 
that incorporates both encumbrances aspects and 
robustness (sensitivity to geometrical changes, both at 
interface location level and at landing leg elements level). 
Finally, the optimal solution has been selected and 
further elaborated in the detailed process. 
 

2.3 Deployment dynamics 

Once the geometry of the leg was set with kinematic 
optimization, the dynamics of the deployment was 
studied. The target for this model was the deployment 
under 1𝑔 conditions. With a mass close to 1 ton and a 
drop of more than 10 m on the footpad, the energy 
involved in the motion is very high and proved to be the 
sizing case for some components. It was thus necessary 
to include an energy dissipation feature in the landing leg 
and this was added in the form of two rotary dampers on 
both lower interfaces with the launcher. A multibody 
dynamics model was developed to: 
• select a suitable damping constant for the rotary 

dampers 
• analyse and visualize the deployment dynamic 

behaviour 
• measure the deployment time  
• compute the velocity of each component, especially 

the rotational velocity of the locking system 
• assess the deployment loads for components sizing  

The geometry of the landing was simplified to have only 
hollow cylinders linked to each other with hinge joints 
(no friction). The upper leg and the main leg are split into 
2 and 3 domains with different cross sections and 
material properties (linear elastic). Note that there is no 
additional degree of freedom for the shock absorber as it 
is not active during deployment. This partitioning allows 
to approximate the stiffness of the components but most 
importantly, it allows to closely match the mass 
distribution which is critical to accurately model the 
deployment dynamics, driven by the gravity acceleration 
(1𝑔) applied to the complete system. Moreover, localized 
masses are added on some edges to represent additional 
components. 
The rotary dampers are represented with a linear damping 
behaviour where the torque is proportional to the 
rotational velocity: 𝑀 = 𝑐𝜃̇ with 𝑐 the damping constant. 
Due to component limitations, the rotary dampers are 
engaged only after an initial free-fall phase of 33° of 
rotation of the lower legs. Also, the lower legs have a 
back-and-forth rotational motion which goes through a 
maximum angular position (lowest position of the 
footpad) and then moves up again slightly for the locking 
(see Fig. 7). The rotary dampers are inactive during this 
last phase since they work only in one direction.  
Finally, the locking of the two locking strut pairs was 
modelled with a torsional spring which stops the 
rotational motion at the locking strut knee. When they 
reach a trigger angular position, the spring activates, and 
the deployment of the landing leg is stopped. It is actually 
bouncing on this spring and not effectively being locked 
but this simplification was sufficient to represent the 
relevant deployment dynamics. The spring constant 
(input) and the maximum torque (output) were used to 
size the locking system in parallel with the rotary damper 
constant. 
All these features were included in the multibody 



 

dynamics model, using COMSOL Multiphysics®. 

 

Figure 6: multibody dynamics model, initial configuration 
(left) and start of rotary dampers (right) after 33° rotation. 

 

Figure 7: multibody dynamics model, lowest footpad position 
(left) and locked position (right). Rotary dampers are inactive 

in this phase. 

To limit the deployment loads on the components 
(maximum occurs on configuration shown on left picture 
of Fig. 7) as well as on the locking system, the goal was 
to slow down as much as possible the deployment with a 
very high damping constant. Nevertheless, due to the 
deployment kinematics, some residual velocity is 
necessary to reach the locked position (transition from 
left to right image on Fig. 7). Therefore, a key metric used 
was the residual kinetic energy which was computed as 
the minimum kinetic energy of the system before the 
locking system is activated. If the damping constant was 
set too high, the remaining kinetic energy was not enough 
to reach the locked position. If it was set too low, some 
components would break (here the shock absorber 
interface in tension). The goal was to find the right 
balance.  
The upper bound was thus set by the residual energy 
crossing the 0 J level (see Fig. 8) and the lower bound by 
the maximum allowed force in the shock absorber (see 
Fig. 9). 

 

Figure 8: damping constant upper bound determination with 
crossing at 0 residual kinetic energy. 

 

Figure 9: damping constant lower bound determination with 
the maximum allowed force of 250 𝑘𝑁. 

The rotary damper manufacturer could provide a 
selection of 5 levels distributed freely to adjust the 
damping constant. Considering the possible design 
changes after this study (e.g. increase of mass), the model 
limitations (no friction in hinges) and some margin, the 5 
levels were distributed linearly as shown in Fig. 10. An 
adjustment of ±10.5% was thus achievable to account 
for any kind of deviations.  

 

Figure 10: damping constant distribution. 5 possible levels 
illustrated with the green bars. 
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3 DEPLOYMENT TEST CAMPAIGN 

3.1 Test setup 

The first landing leg of the THEMIS program was 
manufactured, assembled and then sent to ArianeGroup’s 
test centre in Vernon for deployment tests. It was 
attached via its three interfaces to a large concrete wall 
structure. A hoist with a releasable pneumatic hook was 
used to fold and unfold the leg and release it for 
deployments from reduced altitude. The test campaign 
was performed with the leg initially partially deployed 
with little motion to start with and then going step by step 
all the way to the full deployment using the designed 
HDRM.   

 

 

Figure 11: pictures of the deployment test setup. 

The leg was equipped with various sensors but the most 
insightful for comparisons with simulations was the 
inertial measurement unit (IMU) attached to one of the 
lower legs to measure the rotational velocity around the 
hinge axis. 
A total of 6 deployments were performed using 4 

different initial configurations and 2 rotary damper 
settings (minimum or maximum damping simultaneously 
on both dampers). 
 

Table 1: list of deployments and their configuration. The 
initial angle corresponds to the lower legs angle with vertical 

axis. 

Deployment 
name 

Initial angle 
[°] 

Rotary dampers 
setting 

1_0 121.08 Maximum 
1_1 121.08 Minimum 
2_0 96.66 Maximum 
2_1 96.66 Minimum 
3_0 65.89 Maximum 
4_0 5.66 (HDRM) Maximum 

 
3.2 Results 

First of all, the multibody dynamics model described in 
§2.3 was updated with the detailed mass distribution 
from the weighted parts and the rotary damper constants 
were set from measurements performed by the supplier 
to model as closely as possible the real system.  
The main achievement was that the deployment worked 
as expected in all cases. The motion was smooth, and the 
inertial locking system functioned properly. The first 3 
deployments did not reach the locked configuration 
because the kinetic energy was not sufficient, exactly as 
predicted by the simulations. Starting from deployment 
2_1, which is a repeat of deployment 2_0 with a different 
damping setting, the landing leg deployed and locked as 
anticipated.  
This good match between test and simulation was further 
verified with the measurement of the rotational velocity 
of the lower leg. After applying a low-pass Butterworth 
filter with a cutoff frequency at 20 Hz to filter out the 
measured noise on the test data and applying it as well as 
to the simulation data to remove the structural modal 
response, an excellent correspondence with simulation 
was obtained as illustrated in the following graphs.  
It is to note that since the leg did not lock for deployment 
2_0, it ended up oscillating like a pendulum. Even so, 
both curves on Fig. 12 follow closely the same pattern 
past the “nominal” motion up to 2 s where the leg was 
close to the locking position but then opened again 
(backward motion).  



 

 

Figure 12: simulation and measurement comparison of lower 
leg rotational velocity, deployment 2_0. 

For deployment 2_1, the result is similar except that the 
leg is locked after 1.5 s. The effect of the rotary damping 
setting can clearly be seen with a maximum rotational 
velocity of 50 °/s with this minimum damping setting 
compared to the previous maximum of 45 °/s. 

 

Figure 13: simulation and measurement comparison of lower 
leg rotational velocity, deployment 2_1. 

For the complete deployment (4_0), one interesting 
aspect is the change of slope at 1.6 s. This is due to the 
limited range available on the rotary damper which is 
activated only after an initial free fall of 33° as explained 
in §2.3. The damping effect is clearly visible on the graph 
as it caps the deployment rotational velocity at around 
~50 °/s (max at 55 °/s from test data). Again, the 
simulation and the measurement match almost perfectly. 

 

Figure 14: simulation and measurement comparison of lower 
leg rotational velocity, deployment 4_0. 

It is interesting to notice that the maximum angular 
velocity reached is nearly equivalent to the maximum 
reached during deployment 2_1 although the amplitude 
of the deployment is now much bigger and lasts for 
longer. This is explained by the behaviour of the rotary 
dampers which apply a torque proportional to the angular 
velocity. The higher the velocity, the higher the damping 
torque and thus the maximum rotational velocity tends to 
be capped at the 50 °/s level. 
The sequence of images below show the complete 
deployment in chronological order, namely deployment 
4_0. 
 

 

Figure 15: deployment 4_0, initial position. 



 

 

Figure 16: deployment 4_0, rotary dampers start to be active. 

 

 

Figure 17: deployment 4_0, lower legs almost horizontal. 

 

Figure 18: deployment 4_0, upper leg and main leg aligned, 
point of return, lowest position for footpad. 

 

 

Figure 19: deployment 4_0, locked configuration.



 

 

4 CONCLUSION 

In this paper, the architecture of the first landing leg for 
the THEMIS T1H program was briefly described.  
The focus was then set on the deployment phase of the 
landing leg: 
• The parametrization of the kinematics and the 

optimization process which allowed to get to the final 
design were presented. 

• The multibody dynamics model was described. It 
allowed to better understand the dynamic behaviour 
of the deployment as well as the selection of the 
damping constants of the rotary dampers.  

• Finally, the test campaign and its results were 
presented. The system worked as expected and as 
predicted by the simulation in all configurations and 
a very good match with the simulation was observed. 

Together, these results closed the loop between early 
design, optimization, simulation, and experimental 
validation, demonstrating a high degree of confidence in 
the fidelity of the dynamic model and provided valuable 
insights for future landing leg developments. This 
integrated approach laid a solid foundation for the 
THEMIS program’s next phase and offers a template for 
future development of deployable space‐flight 
mechanisms. 
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