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Abstract

The Beresheet lunar lander required lightweight, compact, and structurally robust landing gear capable of
surviving high launch vibration loads and providing reliable landing performance across a wide envelope
of lunar trajectories. As a secondary payload on a Falcon 9 launcher, the lander faced stringent
constraints on mass, natural frequency, and stowed volume. This led to the development of a deployable
inverted-tripod Landing Gear Mechanism (LGM). The system incorporated telescopic composite material
struts, aluminum honeycomb energy absorbers, and novel bidirectional stainless-steel load limiters
designed to provide nearly constant compression force with controlled tension response. This paper
presents the design rationale, model philosophy, development testing, and qualification program of the
LGM, including implementation of hold-down and release mechanisms, deployment actuation, and
telescopic interfaces. Extensive structural, vibration, and landing dynamics testing, including validation of
multibody simulations, single leg drop tests on rigid and soil surfaces, and spacecraft-level landing trials
were performed. Test findings, such as undesirable contact behavior and long energy absorber collapse,
led to several design updates during LGM development. The final LGM met all launch and landing
requirements with adequate margin, demonstrated repeatable deployment performance, and provided
reliable energy absorption throughout the required landing envelope.

Introduction

The landing gear of the Beresheet lunar lander was developed under a combination of mission, structural,
and programmatic constraints. As a secondary payload on a Falcon 9 launcher, the spacecraft was
subject to relatively high launch vibration environments and a strict usable-volume limitation, requiring the
landing gear to meet a minimum natural frequency while fitting within a narrow stowed envelope. After
separation from the launcher, the legs were required to deploy outward to increase the lander’s footprint
for touchdown stability, making a reliable transition from stowed to deployed configuration a central
design requirement.

Programmatically, Beresheet operated under an extremely tight mass budget. Because the mission
trajectory depended on rideshare opportunities rather than a dedicated launch window, the spacecraft
had to remain compatible with a wide range of lunar transfer paths. Systems engineering therefore
required justification for every gram of the landing gear, influencing nearly every design decision, from
initial omission of energy absorbers to the later introduction of load limiters only after detailed simulations
proved their necessity.

Early in development, the lander was required to support two consecutive landings to meet the Google
Lunar XPRIZE mobility requirement. This drove the initial sizing of energy absorbers and main engine
nozzle clearance. Although the second-landing requirement was eventually removed, the landing gear
had already reached an advanced design stage. The result was oversized energy absorbers which
effectively expanded the safe landing envelope without requiring redesign or retesting under tight
program cost and schedule constraints.

Landing performance requirements included limiting spacecraft deceleration to values no higher than
those experienced during launch, preventing tumbling, and ensuring positive clearance between the main
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engine nozzle and the lunar surface. Because Beresheet was designed to be the lowest cost spacecraft
to reach the lunar surface, the landing gear had to achieve these requirements with minimal components,
low mass, and efficient use of available materials and tooling. The main design requirements for the LGM
are summarized in Table 1.

Table 1. LGM Main Requirements

Parameter At start of As flown
program
Touchdown velocity 44 0.4 [M/] 3.9+ 1.5 [M/]
Horizontal velocity 04 0.5[M/] 0.45 + 0.35 [M/,]
Stability/ ground slope 10 [deg] 10 [deg]
Maximum landing deceleration 10 [g] 13 [g]
Main engine ground clearance 100 [mm] > 0 [mm]
Landing mass 130 — 151 [kg] 169 — 190 [kg]

This work provides an overview of the development and qualification campaign of the Beresheet LGM,
emphasizing the lessons learned, the principal design decision points, and the mechanism-focused
considerations that guided the final design.
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Figure 1. (a) Spacell Beresheet lunar lander integrated atop the rideshare satellite inside the SpaceX
Falcon 9 payload fairing prior to launch. (b) Image captured by the Beresheet lander during its final
descent, showing the lunar surface moments before impact.

Landing gear design

The LGM was developed as an inverted tripod configuration consisting of a primary telescopic strut and
two secondary telescopic struts connected near the footpad. The initial concept used non-telescopic
secondary struts without energy absorbers, but later design iterations adopted telescopic secondary
struts coupled to external load-limiter energy absorbers to meet landing performance requirements.

The inverted-tripod architecture was selected to minimize bending loads in the landing legs during
touchdown. In contrast, the cantilever style configuration used in the Apollo [1] Lunar Module placed the
secondary struts at mid-height along the primary strut to increase geometric clearance from rocks and
terrain features. Although cantilevered legs offer better clearance and can simplify stowage volume, their
load path introduces larger bending moments in the primary strut. In a tripod configuration, the distribution
of loads depends on the footpad reaction force direction. A reaction acting below the plane formed by the
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secondary struts induces tension in the primary strut and compression in the secondary struts. A reaction
between the primary and secondary strut axes generates compression in all three struts. A reaction
acting above the primary strut axis leads to compression in the primary strut and tension in the secondary
struts. Historical designs highlight these distinctions; the Apollo Lunar Module used compressible
honeycomb in the primary strut (compression only) and dual honeycomb cartridges for the secondary
struts to absorb both compression and tension loads. The Viking lander implemented a conical bending
rod at the secondary strut interface, capable of absorbing energy in both tension and compression,
though at the cost of introducing bending moments at the lander interface [2,3].

Documentation on the need for bidirectional energy absorption in secondary struts exists in prior lander
heritage, but little reference is available regarding primary strut tension load management. Without a
tension stroke energy absorber in the primary strut, a tension event can transmit high loads directly into
the spacecraft structure. In the Beresheet design, the primary strut included compression-only aluminum
honeycomb absorbers, but tension loads were mitigated by the telescopic architecture itself. The
omission of end-of-deployment locks allowed the primary strut to retract freely against the deployment
springs for the full stroke before transmitting tension loads to the lander. This unconventional approach
was initially considered a landing safety risk, but validated simulations demonstrated that the tension
stroke remained within allowable limits and never reached full stroke, even under worst case landing
scenarios. An increased preload in the deployment springs was evaluated to further reduce the likelihood
of extended tension stroke and to ensure rapid redeployment following a tension event. Ultimately, this
additional preload was not required for the final flight configuration.

Deployed/ Landing configuration Stowed/ Launch configuration

Primary
telescopic strut
with internal SIC interfaces Hold down &
honeycomb Release Mechanism

energy absorber mounted on S/C

Deployment
springs

\ Secondary

telescopic struts

with external load

limiters for energy
absorbing

Figure 2. Landing Gear Mechanism Description

Footpad

Hold Down and Release Mechanism

In the stowed configuration, the primary strut was fixed to the lander using a Hold Down and Release
Mechanism (HDRM). The HDRM employed two mating conical surfaces, one male and one female, to
secure the landing gear during launch. Integrated concentrically with these conical interfaces was an
Ejector Release Mechanism (ERM-1000, Tini Aerospace), a resettable device based on Shape Memory
Alloy (SMA) actuation.
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The use of SMA-based resettable units provided substantial operational advantages during ground
testing. It allowed repeated cycling of the mechanism without hardware replacement and enabled reliable
final locking prior to launch. For the Beresheet mission, four independent ERM-1000 units were used, one
for each landing leg. Additional units supported the Engineering Model (EM) and Qualification Model
(QM). Across dozens of deployment cycles performed throughout development and qualification, no
malfunctions were reported.

Drive Mechanism Hinge

The Drive Mechanism Hinge (DMH) was the actuation unit responsible for rotating each landing leg from
the stowed configuration into the deployed position. The DMH connected the secondary struts to the
lander body and incorporated a spherical bearing and a torsional driving spring to provide controlled
deployment torque.

Each landing leg was equipped with two DMH units for redundancy, and each DMH was capable of
independently supplying sufficient torque to fully deploy the leg. This redundancy ensured reliable
actuation throughout ground testing, qualification, and flight. It also allowed deployment functionality to be
preserved even in the event of a single unit failure.

Telescopic struts

Each landing leg consisted of a single telescopic primary strut and two identical telescopic secondary
struts. All struts were constructed from carbon-fiber reinforced polymer (CFRP) composite tubes. CFRP
provided the high stiffness required to achieve the minimum launch natural frequency requirement while
minimizing structural mass. Titanium end fittings were selected to reduce thermal expansion mismatch
between the metallic interfaces and composite tubes across the wide temperature variations expected
during flight and landing.

The CFRP tubes were manufactured using prepreg layup over a male mandrel. Although filament winding
is typically advantageous for tube fabrication, prepreg layup was chosen for procurement and schedule
reasons, along with engineering flexibility. The use of a male mandrel produced highly accurate and
smooth internal diameters critical for telescopic sliding, while the outer diameters were inherently rough
due to the manufacturing process. Because the telescopic configuration required smooth and controlled
sliding between the inner and outer tubes, only the outer surfaces of the inner telescoping members
required strict surface control. To achieve this, three evenly spaced CFRP strips that defined the final
outer diameter and surface quality of these regions were applied externally during curing using a
secondary tool. Outside the three controlled strips, outer-surface roughness and local wrinkling were
acceptable because they did not participate in the sliding interface. This approach enabled reliable
telescopic motion without the need for full external machining, reducing both manufacturing effort and
cost. A detailed cross-section view of the primary strut is shown in Figure 5.

Primary strut energy absorber

The primary strut incorporated a crushable aluminum honeycomb energy absorber sized to meet the
required maximum compression stroke. The total stroke requirement led to a configuration of three
cylindrical honeycomb cartridges arranged in series. Sliding plates were installed between each cartridge
to ensure uniform and stable impact engagement throughout the compression stroke. This multi-segment
architecture provided the necessary energy absorption capacity while maintaining stability under high
axial loads.

The aluminum honeycomb energy absorber is a well-documented, high-heritage approach that delivers a
near-constant force throughout the stroke. Development testing therefore concentrated on sizing,
mounting, and force modulation rather than basic feasibility. Because early program phases required two
consecutive landings, the absorber had to dissipate a large total energy at a selected striking force, which
drove a long stroke requirement. Stock availability led to a configuration of three in-line cylindrical
cartridges. The team investigated cavitating one cylinder to reduce the compression force over part of the
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stroke without procuring alternate cores. Examples of the prepared cores are shown in Figure 3. The
cavitated variants performed well but were not included in the final design.

Figure 3. Aluminum Honeycomb Units Ready for Compression Testing

Early slow-rate compression tests revealed buckling-type behavior, traced to the initial implementation of
three radial sliding points (spherical contact pads) at the two cartridge interfaces. The design was
updated to use short cylindrical sliders at each interface, running against the inner diameter of the outer
telescopic member and treated with a dry film lubricant to achieve smooth, guided motion. The contrast
between the initial and flown absorber stacks is shown in Figure 4.

Figure 4. Initial (a) and Flown (b) Design of the Primary Strut Honeycomb Set Energybsorber

Secondary struts energy absorber

The secondary strut energy absorbers were developed specifically for the Beresheet lander. The design
was based on an arched stainless-steel bending element with a tailored, non-uniform cross section. By
varying the cross section along the element length, plastic deformation is distributed evenly throughout
the part, ensuring that no localized region accumulates excessive strain. This approach maximized the
usable material volume, prevented premature failure, and minimized the overall mass of each unit [4,5].

Each secondary strut contained two identical load limiters, resulting in a total of sixteen units for the
lander. Because of this relatively large quantity, substantial effort was invested in reducing individual
mass. Each Beresheet load limiter weighed approximately 56 g, and with the spacecraft's overall dry
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mass scaling, where every unit of dry mass required roughly 3.5 units of propellant mass for landing, the
mass of each limiter had a pronounced effect on total launch mass. A reduction of even a single gram per
limiter equated to a 72 g reduction in total launch mass when propellant scaling was considered.

For comparison, the Viking lander employed a conical bending rod at the secondary strut interface. Like
the Beresheet design, the varying cross section enabled efficient use of material volume for energy
absorption. However, the Viking implementation placed the load limiter directly at the lander interface,
eliminating the need for telescopic secondary struts but introducing bending loads into the lander
structure. The Beresheet telescopic implementation transmitted only axial loads to the lander, simplifying
interface design and reducing required structural reinforcement.

The Beresheet load limiter operated bidirectionally. In compression, it was designed to provide an almost
constant force throughout its stroke. In tension the force rose rapidly as the arched element straightened.
This tension force characteristic was intentionally shaped to ensure that maximum tension loads
transmitted to the spacecraft remained within allowable limits.

The secondary strut load limiters used annealed austenitic stainless steel to maximize elongation to
failure (the primary safety driver) accepting the lower yield stress relative to the hardened conditions.
While hardened conditions raise the striking force (or allow a reduced cross section for the same force
thus saving mass), they also reduce allowable elongation and thus safety margin. To control variability,
the team procured a single batch of raw material for the entire development effort and flight set,
performed a tensile coupon test to obtain the stress—strain curve, and incorporated those data into a
nonlinear Finite Element (FE) model. The design target was an almost constant force in compression over
the required stroke with large failure margins. The same model was then evaluated in tension, where the
force rises rapidly with stroke. A maximum tension stroke was defined at the spacecraft interface. The FE
model was validated under static and dynamic loading with high accuracy, after which the compression
and tension force stroke curves were imported into the multibody landing dynamics simulations. Extreme
load-limiter tensioning cases were analyzed to confirm that transmitted loads remained below the
allowable at the spacecraft interface. Although less heritage data was available for this approach than for
honeycomb, the precedent of stainless-steel bending elements on Viking provided confidence and an
initial reference point.

Model philosophy

The development and qualification program for the landing gear was structured around a series of
dedicated hardware models, each supporting specific phases of design maturation and testing. The first
hardware built was an Engineering Model (EM) of a single leg, used for early deployment tests and initial
launch vibration evaluation. Several design refinements were implemented based on lessons learned
from EM testing.

Following the EM phase, twelve landing gear legs were fabricated according to the model breakdown
summarized in Table 2. These included the Drop Test Model (DTM) used for single-leg impact tests, the
Qualification Model (QM) used for launch vibration, thermal vacuum cycling, deployment, and drop
testing, the Engineering Qualification Model (EQM) set used for spacecraft-level landing tests, and finally
the Flight Model (FM) set. Each model type served a specific role in validating performance, validating
simulation predictions, and qualifying the design for flight.
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Table 2. Landing Gear Mechanism Models

LGM Model use Number of Remarks
model models
fabricated
EM Preliminary vibration and deployment 1
testing
DTM | Single leg drop tests 1 Not including thermal

hardware and spacecraft
side HDRM hardware

e Launch vibrations
QM e Thermal Vacuum (TV) cycles 1

o Deployments

e Single leg drop test
EQM | Spacecraft level landing tests 4+1 spare set Not including thermal

hardware and spacecraft
side HDRM hardware

FM Flight hardware 4+1 spare set

EM vibration testing

An early EM was used for deployment evaluations and for exposure to space launch vibration
environments. During the vibration campaign, the EM failed. Post-test investigation revealed a
combination of design and fabrication issues that required updates before proceeding with QM, EQM, and
FM production.

The primary telescopic strut is folded and secured using the HDRM, which attaches to the outer
telescopic strut. The inner strut incorporated a circular end-fitting positioned with slight clearance inside
the outer member. The outer strut end-fitting was designed to contact the outer diameter of the inner strut
at three equally spaced locations, as described above and shown in Figure 5. In the initial EM design,
these contacts were implemented using three adjustable spherical-headed components. This resulted in
highly localized contact and elevated stress concentrations under vibration loads. Adjustment of these
spherical components was achieved through threaded self-locking helicoils. Aside from the helicoil’'s
locking feature, no secondary locking method was used. Due to limited accessibility, adhesives were
impractical. To support the concentrated radial loads, an internal fitting was adhesively bonded to the
inner strut. After the EM vibration failure, this internal fitting was found detached and free-floating,
confirming both the mechanical and adhesive interface as failure points.

At this phase, fabrication of the QM, EQM, and FM hardware was already underway. Inspections showed
that the inner-strut fittings on those units were still bonded, but to avoid any risk of similar failure, the team
implemented a corrective action: riveting the titanium inner fitting to the CFRP tube. This required
localized drilling through the composite and the titanium insert, followed by rivet installation.

A design update was also implemented to remove the adjustable spherical contacts entirely. The contact
points were replaced with machined sliding surfaces, increasing the load-bearing area and eliminating the
need for threaded adjustment interfaces that risked loosening during vibration. The sliding surfaces were
integrated into a newly machined component sized to match the already fabricated struts. A dry film
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lubricant was applied to reduce friction and wear. Teardown of the QM after testing (including vibration
and drop tests) showed minimal degradation of these surfaces, confirming the robustness of the updated

design.
(@ | ! (5) | '
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Figure 5. Primary telescopic strut initial design (a) and flown design (b). Only one of the three sliding
contacts is shown in cross-section.

Single leg drop test campaign

A dedicated single leg test model was used to evaluate the landing leg mechanism as an integrated
system. Testing was performed using a purpose-built drop rig designed to support both development and
qualification activities.

The campaign assessed landing leg performance across a wide range of impact scenarios.
Measurements included absorber stroke, transmitted loads, and rig acceleration, which were used to
validate a corresponding multibody simulation model. Test cases covered impacts on rigid surfaces (flat
and tilted) and on prepared soil beds composed of well-characterized fine quartz sand (WF34). The soil
parameters were incorporated into the simulation model, enabling direct comparison with experimental
data. After correlation was achieved, the validated model was updated with soil properties derived from
Apollo sample measurements and used for final lunar environment simulations.

Extreme tilt single leg drop tests were performed to evaluate off-nominal landing behavior and to observe
tension/compression transitions in the secondary strut load limiters. Figure 6 shows the landing leg
impacting a steeply inclined surface from two viewing angles. During these tests, one side of each
secondary load limiter operated in tension while the opposite side operated in compression,
demonstrating the bidirectional capability of the bending element design, and validating its performance
under highly asymmetric loading.
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Figu-rAe"6. Single-/eg drop test at extem tilt shown from two viewing angles. Note the secondary-strut
load limiters with one side in tension and the other in compression.

Landing dynamics

The Beresheet Altitude and Orbit Control System (AOCS) was designed to bring the lander to a
predefined terminal state (altitude and velocity relative to the lunar surface) within a specified envelope
and then shut down all thrusters, allowing a short free fall to touchdown. The resulting deceleration profile
is governed primarily by vehicle mass and the striking forces of energy absorbers. The kickoff
requirement capped landing deceleration at 10 g (Earth g), later refined to not exceed launch loads. Final
simulations predicted a maximum of ~12.5 g, still below launch qualification levels for the avionics and
other units.

Maximum deceleration case

In a level, two-dimensional landing where all legs are prevented from sliding on the surface, the vertical
force equals the sum of the absorber forces in the primary and secondary struts (with appropriate
geometry factors). By Newton’s second law, the peak deceleration occurs when those forces act
simultaneously in compression and the vehicle mass is at its minimum, assuming constant striking forces
and no soil interaction (hard surface landing).

Minimum deceleration / clearance case

To assess minimum engine-to-surface clearance, a contrasting 2-D level case is considered with
maximum mass, minimal surface friction (legs free to slide), and maximum pad sinkage into the lunar
regolith. In this regime, the secondary load limiters act in tension; although its tension forces are higher
than the compression forces, the reversed direction reduces the net vertical force transmitted to the
lander, yielding lower deceleration. Clearance between the main engine nozzle and the surface was a
formal design requirement at kickoff.

Tumbling and stability boundary
The most challenging dynamics arise in potential tumbling scenarios. The worst case occurs in planar
motion with maximum horizontal velocity, minimum vertical velocity, minimum rotational inertia, and
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maximum downslope terrain, all aligned. Instability can be studied via the plane spanning two footpads
and gravity. When the vehicle’s center of mass crosses that plane, tipping will occur [6]. The smallest
stability margin is when the horizontal velocity is directed between two pads. Initial contact by the trailing
legs followed by blocking of the leading legs can generate a tumbling moment. During testing, it was
discovered that the elastic energy stored in the stainless-steel load limiters (in addition to their dominant
plastic stroke) can be sufficient to push the system past the stability threshold under aggressive
conditions.

Correlation with testing and model update

To validate and probe the stability boundary on Earth (where Earth's gravity tends to stabilize the lander)
tests intentionally exceeded the nominal specification in terms of ground slope and horizontal velocity.
The pretest simulation neglected the 2-3 mm elastic stroke of the load limiters (versus >50 mm plastic
stroke), a seemingly negligible effect that nonetheless proved dynamically important. In testing, an initial
run landed safely with a horizontal velocity of 0.5 m/s. A second run with horizontal velocity of 0.75 m/s
intended to be stable, became unstable when a leading footpad struck an obstacle first. Because the
primary strut is unlocked in the deployed state, that leg briefly retracted, temporarily reducing the stability
margin. One leg was damaged despite passive rope restraints, and the spare leg model was installed to
continue. Post-processing and an updated model including elastic spring back of the load limiters showed
excellent correlation with measured angular velocity, revealed that the first run was already near the
stability boundary, and confirmed that the second run crossed it. The third planned case, which was
designed to exceed the stability boundary, was skipped. Figure 7 compares the original (uncalibrated)
simulation, the test measurements, and the updated simulation that includes elastic energy in the load
limiters, showing tight agreement after the model update. Simulations were performed using MSC
ADAMS multibody dynamics software.
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Figure 7. Angular-velocity comparison: pre-campaign simulation (solid red), test results (dashed green),
and updated simulation including load-limiter elasticity (dot dash blue).

Lunar landing predictions

Using the calibrated ADAMS multibody model, a series of lunar landing simulations were performed to
evaluate the landing gear's performance and verify compliance with all requirements. In these
simulations, the footpads interacted with a rigid surface with friction (a conservative simplification
compared to a full soil-interaction model). Despite this simplification, the model captured the key
behaviors of the landing dynamics.

A Monte Carlo (MC) analysis was then conducted to explore the range of possible touchdown conditions.
The MC parameters included engine shut-off height, residual vertical and horizontal velocities, angular
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rates, surface friction, remaining fuel mass (affecting all mass properties), vehicle orientation, and ground
slope. For each simulated landing, the model computed the peak deceleration, maximum stroke of every
energy absorber, total primary-strut retraction, and minimum engine-to-surface clearance.

In parallel, a separate 2-D numerical model was developed to incorporate footpad to soil interaction
forces directly. This model solved the lander’s equations of motion while accounting for energy absorber
characteristics and the evolving geometry of the primary and secondary struts. It was especially useful for
analyzing extreme landing scenarios (many of which are inherently planar) and provided an additional
validation path for the ADAMS results.

Before launch, as the AOCS algorithms matured, the controls team performed its own MC analysis for the
braking phase leading up to touchdown. The resulting terminal conditions were fed into the ADAMS
model to simulate the final descent and impact. The combined analyses confirmed that the Beresheet
lander met its landing performance requirements and was ready for flight.

Summary

The Beresheet lunar lander Landing Gear Mechanism (LGM) was developed under strict mass, volume,
and vibration environment constraints driven by its role as a secondary payload. The resulting inverted
tripod architecture, incorporating telescopic CFRP struts, aluminum honeycomb primary absorbers, and
custom stainless-steel bidirectional load limiters, was refined through an iterative program spanning
Engineering, Qualification, and Flight hardware. Extensive testing, including launch vibration campaigns,
deployment evaluations, single leg drop tests, and spacecraft-level landing trials, validated both the
mechanical design and numerical simulations. Key findings included the need to redesign sliding
interfaces in the telescopic assemblies and to account for previously unmodeled elastic recovery in the
load limiters.
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